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ABSTRACT

All herpesviruses have the common feature in which they have the ability to

establish long life latency throughout the lifetime of the host. The

gammaherpesvirinae are of considerable interest due to the disease they cause in

humans. Two human related gammaherpesviruses include Karposi’s sarcoma

herpesvirus (KSHV, or human herpesvirus 8) and Epstein’s barr virus (EBV). KSHVis

associated with multicentric Castleman’s disease (MCD), primary effusion

lymphoma(PEL). EBV is associated with Burkitt’s lymphoma, Hodgkin’s lymphoma,

nasopharyngeal carcinoma, infectious mononucleosis and many more. Research on

both viruses has been limited to in vitro studies. Murid herpesvirus 4 (also known as

MuHV4, murine gammaherpesvirus 68, MHV68) has been proposed as an animal

model for KSHV and EBV due to manyofits genes having high homology to these

two viruses. MHV68wasfirst isolated from the Myodes glareolus (formerly known

as Clethrionomys glareolus [bank vole]) and has constantly been used in

experimental studies by infection of mus musculus - BALB/c and C57BL/6 laboratory

mice. Many reports have now confirmed the natural host of MHV68 to be the

Apodemussylvaticus (wood mouse).

 

The open reading frame (ORF) 73, ORF74, and ORF50 are known to be conserved

among the gammaherpesvirinae subfamily including KSHV, EBV and MHV68.In

these studies, in vivo experiments have been carried out on the wood mouse.

ORF73 and ORF74 have been demonstrated to be key candidate latency associated

transcripts and expressed during the latent cycle of MHV68 in latently infected

cells. ORF50, the major lytic switch has also been found to be transcriptionally

active in latent memoryB cells.

This thesis aims more clearly to define the role of ORF73 and ORF74in viral

pathogenesis. This was addressed by constructing an ORF73 and ORF74 mutant,

and examining the effects of the frameshift mutation on viral growth and latency.

Growth of the ORF73 and ORF74 mutantviruses in NIH-3T3 cells was similar to that

of the marker rescue control virus, indicating both ORF’s are not required for

efficient lytic replication in vitro. Howeverin in vivo studies, both ORF73 and ORF74

indicated a role in acute phase replication in the lung of wood mice. Disrupting

ORF73 and ORF74 increased the viral load and the intensity of the inflammatory

responseatthe initial stages oflytic infection in the lung.

Transcription mapping of ORF73 in vitro using a variety of rapid amplification of

cDNA ends (RACE) kits identified spliced and unspliced ORF73 transcripts in the

latently infected B cell lymphomacell line $11E, MHV68 infected C127 cells, BHK-

21, NIH-3T3 and the newly created C127ARTAlatent cells. This study demonstrated

potential promoters of ORF73 mayexist in ORF74 and ORF68, with polyadenylation

signals as far downstream to the ORF72 gene.

Finally, construction of a new stable latent epithelial cell line was achieved by using

a MHV68 BAC clone containing a disrupted ORF50 which allowed the viral episome

to remain in its latent state within C127 cells. For futures to come this cell line can

be utilized for future research i.e. nasopharyngeal carcinoma research.
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CHAPTER1: Literature Review
 

1.1 Herpesviruses

Herpesviruses have the feature in which they havetheability to establish long life

latency within the host. Herpesviruses have the typical two cycle characteristic in

which they can lytically replicate and go in to latency. Herpesviruses are a large

family of double stranded DNA viruses which are knownto have a representative

species throughout the animal kingdom, ranging from homo-sapiens to

invertebrates(Farley et al., 1972; Le Deuff & Renault, 1999; Russoetal., 1996).

1.2 Structure

Herpesviruses contain four structurally apparent features. The DNAcore consists of

a linear, double stranded DNA genome andcan vary from 125 to 240kbpin size.

Herpesvirions can range from 100nm to 300nm in full size. The DNA core is

surrounded and encased by an icosahedral nucleocapsid which is around 100-

110nm in diametersize. This capsid is surrounded by the tegumentand then by the

outer layer envelope showing the distinct viral glycoproteins containing lipids

(Fields et al., 2007)

1.3 Classification of herpesviruses

In 2008 the classification of herpesviruses were updated by the International

Committee on Taxonomy of Viruses (ICTV) and resulted in certain taxonomic

changes (Davison et al., 2009). The ICTV website can be found on

http://www.ictvonline.org. The new order of Herpesvirales now contain three

families (Davison et a/., 2009). These families are now the Herpesviridae which

contains the mammals, birds, and reptilian viruses, the new Alloherpesviridae that

include the fish and frog viruses and the final new family called the

Malacoherpesviridae that contain the bivalvevirus (Davison et al., 2009). In the first

family, the Herpesviridae, contain three subfamilies which include the

Alphaherpesvirinae, Betaherpesvirinae, and the Gammaherpesvirinae. The

Alloherpesviridae and the Malacoherpesviridae contain no subfamily (Davison etal.,

2009). Table 1.1 showsa tableof the order of the Gammaherpesvirinae subfamily.



1.3.1 Gammaherpesvirinae

The subfamily of interest in this study is the gammaherpesvirinae due to two

human related gammaherpesviruses — KSHV (Karposi’s sarcoma-associated

herpesvirus / human herpesvirus 8) and EBV (Epstein-barr virus / human

herpesvirus 4). Diseases connected with KSHV include multicentric castleman’s

disease (MCD) and primary effusion lymphoma (PEL), and for EBV, Burkitt's

lymphoma, Hodgkin’s lymphoma and many more (Burkitt, 1958; Cesarmanet al.,

1995; Soulier et al., 1995; Weiss et al., 1989). KSHV and EBV will be discussed later

on in this chapter. Table 1.1 shows the amount of species, virus, and genera

associated with the gammaherpesvirinae. With KSHV and EBV, research workis

mainly limited to in vitro studies and with the discovery of MHV68 (also known as

Murid herpesvirus 4 strain 68 or MuHV4 or MHV-4), the proposed animal model,

this can be a useful tool for future research.

1.4 Herpesvirusinfection

Herpesvirus replication occurs in the nucleus and the infection life cycle can be

divided into six stages known as attachment, penetration, uncoating, replication,

assembly and release. All stageswill vary to a degreein each differenttypeofvirus.

1.4.1 Attachmentof the virus

Herpesviruses can bind to a cell via the glycosaminoglycan receptor (i.e. heparan

sulfate receptor) or by membranefusion (Birkmann eta/., 2001; Gillet et al., 2008b;

Van de Walle et a/., 2008). In order for herpesvirus attachment to occur,it has

been proposedthat at least three specific conserved glycoproteins are essential for

viral entry - gB, gH and gL complex, and sometimes other additional glycoproteins

are required (Spear & Longnecker, 2003). Heparan sulfate receptors are proposed

to be the initial receptors for attraction of virions, connected with non-specific

virion binding to the cell, and function to concentrate the amountof virus on to the

cell membrane to increase the efficiency of viral entry (Shukla & Spear, 2001;

Spillmann, 2001).



Table 1. 1. Virus taxonomy list concentrating on the Gammaherpesvirinae

subfamily as from 2008 (ICTV). Not all species in each genera are listed. Abb. =

abbreviation.

Tate eyes
Henneultrareali

Genus: Lymphocryptovirus

Nyfeta(=H Callitrichine herpesvirus 3

Cercopithecine herpesvirus

14

Gorilline herpesvirus 1

Human herpesvirus 4

Maccine herpesvirus 4

Panine herpesvirus 1

Papiine herpesvirus 1

Pongine herpesvirus 2

Genus: Macavirus

Species: Alcelaphine herpesvirus 1

Bovine herpesvirus 6

Capriine herpesvirus 2

Hippotragine herpesvirus 1

Ovine herpesvirus 2

Suid herpesvirus 3

Genus: Percavirus

Species: Equid herpesvirus 2

Equid herpesvirus 5

Mustelid herpesvirus 1

Genus: Rhadinovirus

Species: Ateline herpesvirus 2

Bovine herpesvirus 4

Human herpesvirus 8

Macacine herpesvirus 5

Murid herpesvirus 4

Saimiriine herpesvirus 2

Genus: Unassigned

Species: Equid herpesvirus 7

Phocid herpesvirus 2

Saguinine herpesvirus 1 

Abb.

CalHV3

CeHV14

GoHV1

HHV4

McHV4

PnHV1

PaHV1

PoHV2

AIHV1

BoHV6

CpHV2

HiHV1

OvHV2

SuHV3

EHV2

EHV5

MusHV1

AtHV2

BoHV4

HHV8

McHV5

MuHV4

SaHV2

EHV7

PhoHV2

SgHV1

Species

Marmoset lymphocryptovirus

African green monkey EBV-like virus

Gorilla herpesvirus

Epstein-barr virus

Rhesus lymphocryptovirus

Herpesvirus pan

Herpesvirus papio

Orangutan herpesvirus

Malignant catarrhal fever virus

Bovine lymphotropic herpesvirus

Caprine herpesvirus 2

Roan antelope herpesvirus

Sheep-associated malignant

catarrhal fever virus

Porcine lymphotropic herpesvirus 1

Equine herpesvirus 2

Equine herpesvirus 5

Badger herpesvirus

Herpesvirus ateles strain 810

Movarvirus

Karposi’s sarcoma-associated

herpesvirus

Rhesus rhadinovirus

Murine gammaherpesvirus 68

Herpesvirus saimiri

Asinine herpesvirus 2

Phocid herpesvirus 2

Herpesvirus saguinus



MHV68binds to heparin sulfate through glycoproteins - gp70 (ORF4 protein), or gH

(ORF22 protein), gL (ORF47 protein), and weakly via gp150 (M7 protein) (Gillet et

al., 2008a). MHV68 virions are highly dependent upon cell surface

glycosaminoglycans and notably epithelial cells (de Lima et a/., 2004; Gillet &

Stevenson, 2007a). B cells display poor expression of heparan sulphate on the

surface, and can resist MHV68infection (Jarousse et a/., 2008). Reports state that

gp150inhibits cell binding until glycosaminoglycansare involved (Gillet et a/., 2009).

Glycoproteins, gB (ORF8 protein) and gL are associated with binding of the virion,

and gB and gH glycoproteins are involved in membranefusion (Gillet & Stevenson,

2007b).

In KSHV, K8.1A protein (homologue of EBV gp350/220), KSHV complementcontrol

protein (KCP), gB, gH alone and gH andglare the glycoproteins associated with

heparan sulphate binding (Akula et a/., 2001; Birkmann et al., 2001; Hahn et al.,

2009; Mark et al., 2006). Additional receptors in KSHV are involved in the entry of

the virions into the cells - xCT cysteine transporter and DC-SIGN [dendritic cell

specific intercellular adhesion molecule-3-grabbing non-integrin] (Kaleeba & Berger,

2006; Rappocciolo et al., 2006). Not all herpesviruses require or use heparan sulfate

as the initial site of viral attachment. EBV utilizes the complement receptor 2

(CR2/CD21) for virion binding on B lymphocytes mediated by the interaction with

gp350 (Fingeroth et al., 1984; Grundy et al., 1987; Stannard, 1989; Youngetal.,

2007).

Different combinations of glycoprotein complexes for binding and viral entry have

been found to be cell specific. EBV infects B cells by utilizing the glycoprotein gp42

to attach to HLA class Il, and gp350, gB, gH and gL (Borza & Hutt-Fletcher, 2002;

Shannon-Loweetal., 2006). Infection of epithelial cells occurs via the gH, gl and gB

complex - see figure 1.1 (Borza & Hutt-Fletcher, 2002). Glycoproteins, gp42 and

gp350 (gp150 homolog) haveinhibitory effects and virions released from epithelial

cells infect B cells more efficiently and vice versa (Borza & Hutt-Fletcher, 2002).



Figure 1. 1. Reproducedillustration model for EBV infection of cells (Farrell, 2002).

EBV infects B cells by utilizing the glycoprotein gp42 to attach to HLA classIl, and

gp350 to CR2 (C3d receptor), gB, gH and gL. Virions released from cells bind to

epithelial cells, and the gp42protein is trapped by intracellular HLA classII allowing

gH, gL and gBto bind tothe epithelialcells.

 



1.4.2 Penetration

Three methodsofpenetrationof the cell can be adopted by a virus -translocation of

the whole virus into the cytoplasm through the cytoplasmic membrane, membrane

fusion, and endocytosis (Akula et a/., 2003; Bishop, 1997; Miller & Hutt-Fletcher,

1992). KSHV utilizes the receptor mediated endocytosis (also known as clathrin

mediated endocytosis) and an acidification process to infect fibroblasts and

epithelial cells (Akula et a/., 2003). For EBV, the virus attached and fused to B cells

using gp350/gH/gL/gp42/gB complex, endocytosis and an acidification process (low

pH) (Miller & Hutt-Fletcher, 1992). MHV68 infects adherent cells via the process of

a glycoprotein membranefusion binding process which initiates endocytosis and

acidification (Gillet et a/., 2008b).

1.4.3 Uncoating of the viral capsid

This process of uncoating is poorly documented and understood for the

gammaherpesvirinae. Herpesviruses are more associated with uncoatingof the viral

capsid upon interaction with the nuclear pores, although priorto binding and fusion

onto the cell membrane, the uncoating process has begun (Pasdeloupet al., 2009).

1.4.4 Viral capsid transport

After binding and fusion on to the cell membrane the next step would be for the

viral capsid to be transported into the nucleus. KSHV employs the dynein / dynactin

motor complex to transport the virus to the nucleus, and binds to kinesin in

conjunction with the ORF45 gene to direct viral egress (Naranatt et al., 2005;

Sathish et a/., 2009). Currently no reports have been published regarding how the

MHV68viral capsid is transported to the nucleus and to egress.

1.4.5 Genomereplication andviral transcription

After uncoating of the herpesvirus virion outer structures, the virion core binds to

the nuclear pore complex of the nucleusto releaseits viral genome into the nucleus

(Ojala et al., 2000). Once inside the nucleus, a cascade of transcription events

occurs in an orderly sequenceinitiated by host transcription factors and host RNA

polymerase. All herpesviruses follow a common three stage viral gene expression

profile - immediate-early (IE or a genes), early (E or 8 genes), andlate (L or y genes).

The IE genes preparethecell for viral gene expression and are synthesised directly



following infection (Wagner & Hewlett, 2004). The E genesare transcribed by host

RNA polymerase and code for enzymesessential for regulation of gene expression

and replication of DNA e.g. DNA polymerase. The L genes code for structural

proteins and proteins important for assembly, egress and virion progeny

maturation (Fields et al., 2007). The IE genes induce the transcription of E genes

and following initiation of the E genes, the E genes suppress the IE genes. L genes

follow after DNA replication and can reduce the expression of E genes(Fields etal.,

2007). Sometimesit is difficult to distinguish from true early and true late genes,

and somegenesare defined as having early-late kinetics (delayed early, By or leaky

L in some papers) as shown in MHV68 (Ebrahimi et a/., 2003). Table 1.2 shows the

transcription kinetics of each MHV68 geneas proposed by Ebrahimi (Ebrahimi etal.,

2003).

1.4.6 Assemblingof the herpesvirusvirion

During late infection, newly synthesized viral DNA is assembled into a basic

preformed empty nucleocapsid. During infection three types of capsid formation

can be found- the A-capsid which are emptycapsid shells containing no DNA dueto

the process of encapsidation being initiated, the B-capsid that contains the cleaved

form of scaffold protein such as the VP22a and no DNA,and the C-capsid that

contains the mature viral DNA capsid and no scaffold proteins (Gibson & Roizman,

1972).

In EBV, the capsid proteins, BcLF1 (major capsid protein), BORF1 (triplex protein),

BDLF1 (triplex protein), BFRF3 (small capsid protein), BdRF1 (scaffold protein), and

BVRF2 (protease), are all involved in the assembly of a stable capsid structure

(Henson et al., 2009). For KSHV, the following capsid proteins are involved in the

assembly of the capsid - pORF25 (major capsid protein), pORF62(triplex 1), pORF26

(triplex 2), pORF17 (protease), pORF17.5 (scaffold protein), and also pORF65 (small

capsid protein) (Perkins et a/., 2008). MHV68is least documented, however,it is

assumed that ORF62 and ORF26 gene aretriplex proteins, capsid proteins from the

genes, ORF25 (major capsid, homologue of BcLF1 of EBV and ORF25 of KSHV),

ORF65/M9 (small capsid), ORF43 (capsid; BBRF1 homologue), and ORF17 (protease;

BVRF3 homologue), all may play a part in the assembly process(Virgin et al., 1997).



Table 1.2. List of MHV68 genes which have beencategorized as IE, E, L or E-L as

using microarray analysis (Ebrahimiet a/., 2003).

  

      

  

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aasco
Viral tRNA’s 1-8 IE ORF21~ E-L ORF19 L

M4(latency IE ORF25~ E-L ORF22 L

associated)

ORF12 (K3) IE ORF30~ E-L ORF23

M6 / ORF6 (Single IE ORF31~— E-L ORF26

stranded DNAbinding

protein)

ORF38 (Myristoylated IE ORF32- E-L ORF27 L

protein)

ORF50 (RTA homolog) IE ORF34- E-L ORF29b L

ORF57 IE ORF35_—_ E-L ORF33 EL

ORF73 (LANA IE ORF37~ E-L ORF39

homolog)

ORF40_ E-L ORF42 L

ORF24 E ORF43- E-L ORF45 L

ORF29a (DNA E ORF44 E-L ORF46 L

packaging)

ORF36 E ORF47~—E-L ORF48 L

ORF54 E ORF49- E-L GP150(M7) L

ORF63 E ORF55~— E-L ORF52 L

ORF64 E ORF56~ E-L ORF53 L

ORF68 E M8 E-L ORF58 L

M10abc E ORF60~ E-L ORF59 E

ORF75b E M10a E-L ORF61 L

M12 E M10c E-L ORF62 L

ORF72~— E-L ORF65 L

M1 E-L M11 E-L ORF66 L

M2 E-L ORF74 E-L ORF67 L

M3 E-L ORF75a_E-L ORF69 L

ORF4 E-L ORF75c L

ORF7 E-L ORF6 L

ORF9 E-L ORF8 L

ORF10 E-L ORF11 L

M5 E-L ORF17 OL

ORF20 E-L ORF18 L    



Once the procapsid is formed the next stageis for the viral DNA to be enclosed in

the capsid (encapsidation). Proteins and genes associated with the encapsidation

process have yet to be defined in the gammaherpesvirinae. Presumed MHV68

genes associated with packaging include ORF7 (DNA packaging; encapsidation),

ORF19 (Herpes simplex virus -1 [HSV-1] UL25 homologue; DNA packaging), ORF29a

(HSV-1 UL6 homologue; DNA packaging; terminase), ORF29b ( HSV-1 UL6

homologue; DNA packaging), ORF32 (HSV-1 UL17 homologue; DNA packaging),

ORF67a (HSV-1 UL33 homologue; packaging; encapsidation), and ORF68 (HSV-1

UL32 homologue; packaging; encapsidation) (Virgin et al., 1997).

1.4.7 Release of the herpesvirus

The process of the release of the herpesvirus involves a multitude of stages in

which the nucleocapsid exits the nucleus and is transported through the cytoplasm,

and finally escapesthecell via the budding process (exocytosis). Two methods have

been proposed by twodifferent teams. One method proposesthat the viral capsid

within the nucleus exits the nuclear membrane via envelopment of the

nucleocapsid inside the inner nuclear membrane and followed by a process of de-

envelopment on the outer nuclear membrane. The de-enveloped capsid is

transferred through the cytoplasm via the endoplasmic reticulum and to the

secondarysite, the golgi apparatus, wherethe capsid is enveloped on the trans-face

of the golgi apparatus. This whole process is commonly referred to as either the

‘double-envelopment model’ or the ‘envelopment de-envelopment  re-

envelopment model’ (Leuzinger et al., 2005). The second proposed method of

nuclear egressof the viral capsid is via the nuclear pores (Pante & Kann, 2002).

To date, thereis little information specifically on the gammaherpesvirinae. For EBV,

BFRF1, BFLF2, BGLF4, BLRF1 (gN), and BBRF3 (gM) play a crucial role in DNA

encapsidation, packaging, and viral egress out of the nucleus (Farina et al., 2005;

Gershburg et al., 2007; Granato et al., 2008; Lake & Hutt-Fletcher, 2000). In KSHV,

the glycoprotein gB plays a crucial role in nuclear egress (Krishnan et al., 2005).



1.5 Gammaherpesvirinae

1.5.1 Background on KSHV

KSHV forms part of the gammaherpesvirinae subfamily and is of the rhadinovirus

genera (see table 1.1). The KSHV genomehas strong sequencesimilarity to MHV68,

HVS (Saimiri herpesvirus 2 or SaHV2 or herpesvirus saimiri), and RRV (Macacine

herpesvirus or McHV5orrhesus rhadinovirus) (see table 1.3). This is mainly due to

KSHV, MHV68, HVS, and RRV belonging to the same genera — rhadinovirus.

KSHV wasdiscovered in 1994 by Chang and Mooreby experimental DNA analysis on

Kaposi’s sarcoma (KS) tissues obtained from patients with AIDS, and was deemed as

the main etiological agent of KS (Chang et al., 1994). Two research teams

sequenced and released two different sets of KSHV genomes(Neipel etal., 1997a;

Russo et al., 1996). KS wasfirst described as a blood vessel tumour / type of skin

cancer and affects the skin, mouth, gastrointestinal tract and respiratory tract. KS

was found in immunocompromised individuals and commonly seen in AIDS

patients, the elderly or people with immune disorders. Globally, KS represents only

1% of the cancer-related diseases, however, it affects as much as 50% of the

population in African countries (Antman & Chang, 2000). There are four clinical

variants of KS, and these have been defined as classic KS, endemic KS,

immunosuppression-associated or transplantation-associated KS, and epidemic or

AIDS-related KS (DiGiovanna & Safai, 1981). KSHV has also been connected with

other diseases such as MCD and PEL (Cesarman etal., 1995; Soulier et a/., 1995).

1.5.2 KSHV Genome

The KSHV genome has manysimilar characteristics to the other rhadinoviruses and

contains many genes which have near homologuesorhigh similarity to the other

rhadinoviruses (see table 1.3). The KSHV genomeis roughly 170kbp in size and

consists of 86 genes. Like the rhadinoviruses, this genomeis double stranded DNA

which contains a long unique region flanked at each end by the variable numbers of

direct terminal repeat units. The terminal repeats have high G+C content [at 85%]

compared to other rhadinoviruses (Glenn et al., 1999; Neipelet a/., 1997b; Russo et

al., 1996). The complete genome sequence can be found using the genbank

accession number AF148805.
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1.5.3 Latency

KSHV long-term latency reservoirs are the B cells and a second site is the

endothelial cell (Boshoff et a/., 1995; Staskus et a/., 1997). KSHV can infect the

spindle cells of the KS lesions and genes known to be expressed in these tissues

include the K12/kaposin, ORF72, ORF73/LANA-1, ORF74,bcl-2, and MIP1B (Rainbow

et al., 1997). Due to this combination of genes found in the endothelial-derived

spindle cells, it is already assumedthat this site may not be the main site of long

term latency due to someof the abovegenesinvolved in reactivation of the virus or

immuneevasion (Boshoff et a/., 1995; Staskus et a/., 1997). Triantos and colleagues

cited that KSHV could also be found in the oral epithelium of individuals and

suggested that this site was another latency reservoir for the virus. This also

explains why some individuals who did notfit a certain criterion could still become

infected with KS, and further confirmed that KSHV could be passed on by the

salivary glands (Triantos et a/., 2004).

1.5.4 Limitations

Research of KSHV has been limited to in vitro studies as the natural host of KSHV

being in human. KSHVfails to persistently infect either mice or rhesus macaques

(Dittmeret al., 1999; Renneetal., 2004) Most studies have been carried out on PEL

(primary effusion lymphoma) cell lines harbouring KSHV, and these cell lines

infected with KSHV are predominantly latent (Arvanitakis et al/., 1996; Carbone et

al., 1998; Said et al., 1996). This makes the PEL cell lines a suitable in vitro modelfor

studying latent genes. Howeverit is difficult to make large amounts of KSHV from

this PEL cell line for experimental use. Due tothe difficulty and limitations of testing

the genes of KSHV using this cell line, many studies have reverted to animal models

involving rhadinoviruses such as MHV68.
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Table 1. 3. List of MHV68 ORFs with known homologyor high sequence similarity

or identity to genes in KSHV, EBV, and HVS.

 

 

MHV68 KSHV EBV HVS RRV Protein

ORF4 K4 Unknown ORF4 ORF4 CCP; complement regulatory

protein

ORF6 ORF6 BALF2 ORF6 ORF6 Single stranded DNAbinding

protein

ORF7 ORF7 BALF3 ORF7 ORF7 DNA packaging terminase

subunit 2

ORF8 ORF8  BALF4 ORF8 ORF8 Envelope glycoprotein B

ORF9 ORF9 BALF5 ORF9 ORF9 DNA polymerasecatalytic

subunit

ORF10 ORF10 RajiLF1 ORF10 ORF10 Protein G10 / DURPfamily

ORF11 ORF11 RajiLF2 ORF11 ORF11 Virion protein G11 / dUTPase

related protein family

ORF17 ORF17 BVRF2 ORF17 ORF17 Capsid maturation protease

ORF18 ORF17 BVLF1.5 ORF18 ORF18 Protein UL79; gene regulation

of late genes

ORF19 ORF19 BVRF1 ORF19 ORF19 DNA packaging tegument

protein UL25

ORF20 ORF20 BXRF1 ORF20 ORF20 nuclear protein UL24

ORF21 ORF21 BXLF1 ORF21 ORF21 Thymidine kinase

ORF22 ORF22 BXLF2 ORF22 ORF22 Glycoprotein H

ORF23) ORF23 BIRF1 ORF23. ORF23 Egress Protein UL88

ORF24 ORF24 BcRF1 ORF24 ORF24 Virion protein UL87

ORF25 ORF25 BcLF1 ORF25 ORF25 Major capsid protein

ORF26 ORF26 BDLF1 ORF26 ORF26 Capsid triplex subunit 2 /

Triplex-2

ORF27 ORF27 BDLF2 ORF27 ORF27 Envelope glycoprotein 48

ORF29a ORF29 BGRF1 ORF29a ORF29 DNA packaging; DNA packaging

terminase subunit 1

ORF29b ORF26 BDRF1 ORF29b ORF29 DNA packaging and cleavage

ORF31 ORF31 BDLF4 ORF31 ORF31 Protein UL92

ORF32 ORF32 BGLF1 ORF32 ORF32 DNA packaging tegument

protein UL17

ORF33. ORF33 BGLF2 ORF33. ORF33 Tegumentprotein UL16

ORF34 ORF34 BGLF3 ORF34 ORF34_ Protein UL95

ORF35 ORF35 BGLF3.5 ORF35 ORF35 Tegument protein UL14

ORF36 ORF36 BGLF4 ORF36 ORF36 Tegument serine/threonine

protein kinase

ORF37. ORF37 BGLF5 ORF37  ORF37 Deoxyribonuclease

ORF38 ORF38 BBLF1 ORF38  ORF38 Myristoylated protein

ORF39 ORF39_ BBRF3 ORF39  ORF39_ Glycoprotein M

ORF40 ORF40 BBLF2 ORF40 ORF40 Helicase-primase subunit

ORF43 ORF43 BBRF1 ORF43  ORF43_ Capsid portal protein
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Table 1.3 cont. List of MHV68 ORFs with known homology or high sequence

similarity or identity to genes in KSHV, EBV, and HVS.

 

 

MHV68 KSHV EBV HVS RRV Protein

ORF44 ORF44 BBLF4 ORF44 ORF44_ Helicase-primase helicase subunit

ORF45 ORF45 BKRF4 ORF4S5 ORF45 Tegumentprotein G45 / vIRF7

binding protein?

ORF46 ORF46 BKRF3 ORF46 ORF46_ Uracil DNA glycosylase

ORF47 ORF47  BKRF2 ORF47 ORF47_ Glycoprotein L

ORF48 ORF48 BRRF2 ORF48 ORF48 Tegumentprotein G48

ORF49 ORF49 BRRF1 ORF49 ORF49_ Protein G49

ORF50 ORF50 BRLF1 ORF50 ORFS5O RTA/Replication & transcriptional

activator

ORF52 ORF52 BLRF2 ORFS2 ORF52 Virion protein G52 / Putative

capsid protein

ORF53 ORF53 BLRF1 ORF53 ORF53_ Glycoprotein N

ORF54 ORF54 BLLF3 ORF54 ORF54 dUTPase/ deoxyuridine

triphosphatase

ORF55 ORF55 BSRF1 ORF55 ORF55 Tegument protein ULS1

ORF56 ORF56 BSLF1 ORF56 ORF56 Helicase-primase primase subunit

ORF57 ORF57 BMLF1 ORF57 ORF57 Multifunctional expression

regulator

ORF58 ORF58 BMRF2 ORF58 ORF58_ Envelope protein UL43

ORF59 ORF59 BMRF1 ORF59 ORF59 DNA polymerase processivity

subunit

ORF60 ORF60 BaRF1 ORF60 ORF60 Ribonucleotide reductase subunit

2, small

ORF61 ORF61 BORF2 ORF61 ORF61 Ribonucleotide reductase subunit

1, large

ORF62 ORF62 BORF1 ORF62 ORF62 Capsid triplex subunit 1 / Triplex-

1

ORF63 ORF63 BOLF1 ORF63 ORF63 Tegument protein UL37

ORF64 ORF64 BPLF1 ORF64 ORF64 Large tegumentprotein

ORF66 ORF66 BFRF2 ORF66 ORF66 Protein UL49

ORF67 ORF67 BFRF1 ORF67 ORF67 Nuclear egress type 2 membrane

protein

ORF68 ORF68 BFLF1 ORF68 ORF68 DNA packaging protein UL32

ORF69 ORF69 BFLF2 ORF69 ORF69 Nuclear egress lamina protein

ORF72 ORF72 BKRF1 ORF/72 ORF72_ v-cyclin

M11 ORF16 BALF1 ORF16 ORF16 Apoptosis regulator / v-Bcl2 (anti-

apoptotic)

ORF73 ORF73 EBNA- ORF73 ORF73_ LANA (Latency associated nuclear

1 antigen)

ORF74 ORF74 BLR1 ORF74 ORF74_ Viral G protein coupled receptor

ORF75abc ORF7S BNRF1 ORF75 ORF75 Tegument protein (FGARAT)
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1.6 Background on EBV

EBV forms part of the lymphocryptovirus genera, and has the least sequence

similarity to MHV68, KSHV, HVS and RRV as these herpesviruses are from the

rhadinovirus genus. Burkitt cited a form of sarcoma involving the jaws of children in

equatorial Africa, and this was named as Burkitt’s Lymphoma (Burkitt, 1958).

Epstein and colleagues isolated EBV from cultures obtained from Burkitt's

Lymphoma (Epstein et a/., 1964). In 1968, a laboratory technician working with EBV

in the Henle laboratory experienced symptoms associated with infectious

mononucleosis (IM — also knownas glandular fever), and this pointed towards EBV

as the main causative agent of IM (Niedermaneta/., 1968).

It is believed that at least 90% of the world population are carriers of EBV and do

not express any symptoms (Rickinson, 2002). The main mode of transmission of

EBV is thought to be orally, and it is presumedthe virusfirst site of infection is the B

cells or the epithelial cells located in the Waldeyer’s tonsillar ring (lymphoid tissue)

or the adenoids (pharyngeal tonsil) (Sixbey et a/., 1984; Thorley-Lawson & Gross,

2004). Symptoms can occur in immunocompromised individuals harbouring the

virus, in which IM develops, demonstrated by the influx of atypical lymphocytes

(mainly memory B cells and activated T lymphocytes) accumulating in the

peripheral blood (Hochberg et al., 2004b). The IM usually completely resolves

within 4 weeks time. Other symptoms include tonsillitis, fever, fatigue, muscle

pains, headache, malaise, lymphadenopathy, hepatomegaly, and splenomegaly. In

very severe cases the spleen could rupture or acuteliver failure can occur (Thorley-

Lawson & Gross, 2004).

1.6.1 Latency

The natural latent reservoir of EBV is the germinal centre memoryB cells. These

cells express type | latency involving EBNA-1 and EBERS. Other latency patterns

includetype Il in whichfive nuclear antigens are expressed — EBNA1, LMP1, LMP2A,

LMP2B and EBERS. The typeIII latency pattern found in circulating B cells during IM

have an expression pattern containing all the latent antigens - EBNA1, EBNA2,

EBNALP, EBNA3A, EBNA3C, LMP1, LMP2A, EBER1, EBER2A and BARF. Infected B

cells in circulation contain the type IV latency profile expressing only EBERS and
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LMP2 (Hochberg et al., 2004a; Thorley-Lawson, 2001). EBNA1 is a crucial gene

which allowslatently infected memoryB cells to proliferate (Hochberg et al., 2004).

Latently infected memoryB cells tend to circulate within the Waldeyer’s ring and

the peripheral blood.

1.6.2 EBV Genome

The EBV genomeis 172kbpin size and is a double stranded DNA genome divided by

internal direct terminal repeats. The genome has a G+C content of 56%. The

common genbank accession numberfor EBV is AJ507799 or V01555 (strain B95-8)

(Arrand et al., 1981). Other strains include the Raji strain (genbank accession #

NC_007605), strain GD1 (genbank accession number AY961628) and a typeIl strain

AG876 (genbank accession number DQ279927)(de Jesus et al., 2003; Dolan et al.,

2006; Parker et al., 1990; Zeng et al., 2005). There are two major strains linked with

EBV and these are knownas type 1 and type 2 strains and most health individuals

harbouring EBV only contain one type of EBV strain. Both strains are actually very

similar in homology except for the genes — EBERS, EBNA2, EBNA3A, EBNA3B,

EBNALP and EBNA3C which have all sequence polymorphisms. The western

countries harbour the type 1 strain of EBV (Dolanet al., 2006; Yao et al., 1998).

1.6.3 Limitations

EBV has many limitations for experimental study as the host of EBV is humans.

Experimental study of the pathogenesis of EBV is limited to in vitro studies but

some in vivo models have been created. The lymphoblastoid cell line (LCL), BL cell

lines, and the NPC (nasopharyngeal) cell line C666.1 are the classic in vitro cell lines

for the study of EBV (Cheung et al., 1999; Kataoka et al., 1997; Yoo et al., 1997).

Other in vivo models include the incorporation of EBV infected B cells and

transferring them to SCID (severe combined immunodeficiency) mice and the

creation of transgenic mouse models (Mosier, 1996). Other animal models include

the lymphocryptovirus-free rhesus monkeys and the marmoset — callitrichine

herpesvirus 3, which have been proposed for EBV pathogenesis studies (Rameret

al., 2000; Wang, 2001). Problems with actually using primates are the cost and

obtaining the project licence for experimental studies. Due to MHV68 also
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expressing IM symptomsand forming latency primarily in the B cells, MHV68 is now

being used for EBV studies.

1.6.4 Diseases associated with EBV

Surprisingly although for EBV the main latent reservoir is in B cells, many diseases

associated with EBV can either be B-cell or T cell or NK cell —associated

lymphoproliferative disorders. Table 1.4 shows the diseases / disorders which are

associated with EBV.

1.7 HVS

Herpesvirus saimiri (HVS), referred to as Saimiriine herpesvirus 2 or SaHV2, is a virus

of the squirrel monkey (Saimiri sciureus) and is genetically-related to other

gammaherpesvirus such as EBV, KSHV, and also MHV68(Efstathiou et a/., 1990;

Virgin et al., 1997). HVS can actually persist in the natural host, Saimiri sciureus,

asymptomatically without disease. If HVS infects other New World primates suchas

the tamarins (Saguinus spp.) and the common marmosets (Callithrix spp.), T cell

lymphomas can be seen (Kaschka-Dierich et al., 1982; Melendez et al., 1968;

Schafer et a/., 2003). Unlike MHV68, EBV and KSHV, HVSis a T-cell tropic virus and

the HVS genome maintains latency (stable non-integrated circular episome)

primarily in T cells (Biesinger et a/., 1992). Three subgroups exist for HVS — A,-B,-C,

and only subgroup C has been demonstrated to transform human lymphocytes

(Biesinger et al., 1992). The strains of HVS associated with subgroupC are the C488

and C484 (Biesingeret a/., 1990; Medveczkyet a/., 1984).

1.7.1 HVS genome

The HVS genomeranges from 145 to 165kbp in size and is a double stranded DNA

genomedivided by multiple tandem repeats. The genome has a G+C content of

only 34.5% and encodesaround 83 potential genes(Albrecht et a/., 1992). HVS also

has genes which are homologousor have high similarity to MHV68, KSHV and even

EBV (see table 1.3).
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Table 1. 4. Table showing EBV-associated B cell, NK/T cells associated and AIDS-

associated lymproliferative disorders.

| Disease : Cell type Reristesatests

 

  association

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Burkitt’s lymphoma (Young &

Rickinson, 2004)

Hodgkin’s lymphoma(classic) B cell (Weiss et al.,

1989)
Post-transplant lymphoproliferative B cell (Thompson &

disorders Kurzrock, 2004)

Lymphomatoid granulomatosis B cell (Myers et al.,

1995)
Pyothorax associated lymphoma B cell (Aozasa, 2006)

Senile EBV associated B- cell Bcell (Oyama et al.,

lymphoproliferative disorders 2003)

Angioimmunoblastic T-cell lymphoma T cell (Knecht et al.,

1990)
Extranodalnasal NK/Tcell lymphoma NK/Tcell (Ho et al., 1990)

Hepatosplenic T cell lymphoma T cell (Ohshima et al.,

2000)

Nonhepatosplenic y6 T-celllymphoma cell (Arnulf et al,

1998)
Enteropathy-typeT cell lymphoma T cell (de Bruin et al.,

1995)

Primary central nervous system AIDS related (Ivers et al., 2004)

lymphoma

Primary effusion lymphoma AIDS related (Fan et al., 2005)

Plasmablastic lymphoma AIDS related (Lee et al., 2006) 
 

17



1.8 RRV

Rhesus rhadinovirus (RRV), also known as McHV5 or macacine herpesvirus 5 is one

of the most recent rhadinoviruses discovered (see table 1.1). Two isolates were

discovered, the first identified from a healthy colony of rhesus macaques (Macaca

mulatta) — RRV 26-95H, and the second from SIV-infected macaques- RRVisolate

17577 (Alexanderet a/., 2000; Desrosiers et al., 1997; Wongetal., 1999). The RRV

isolate 17577 display symptoms of splenomegaly, hepatomegaly, angiofollicular

lymphadenopathy, and hypergammaglobulinemia, similar to symptoms of MCD

(Bergquametal., 1999). Both isolates are highly homologousto each other, and the

main site of viral latency and persistence is the B lymphocyte (Alexanderet al.,

2000; Bergquam etal., 1999; Searles et a/., 1999b). RRV is proposed as a potential

primate model for KSHV research, but thereis only limited research information on

the virus.

1.8.1 RRV genome

The RRV isolate 17577 (genbank accession number AF083501) — long unique region

is 131,364bp in length with a G+C content of 52.2%, and encodes 79 ORFs with

roughly 67 ORFs whicharehighly similar or homologous to KSHV and HVS.Eight of

the twelve unique genes of RRV havehigh similarity to genes of KSHV, eg. vIL-6,

vMIP, and vIRFs (Searles et al/., 1999a). The RRV isolate 26-95 genome (genbank

accession numberis AF210726) contains a long unique region that is 130,733bp in

length with a G+C content of 52.1%, and encodes for 84 ORF’s (Alexander etal.,

2000). The genomic organization of the RRV isolate 26-95 resembles the KSHV

genome, and the only differences are that some ORFs of KSHV are not present in

this isolate, such as K3, K5 (vMIR2), K7 (viral inhibitor of apoptosis), and K12

[kaposin] (Alexander et al., 2000). Table 1.3 demonstrates potential genes which

havehigh similarity or identity and even homology to KSHV, MHV68, HVS, and even

EBV.

1.9 MHV68

MHV68 was first isolated from the Myodes glareolus (formerly known as

Clethrionomys glareolus (bank vole) during a field study in 1976 in Slovakia

(Blaskovic et al., 1980). In this study, five different isolates of herpesviruses were
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discovered in two species ofliving rodents. In the bank vole, three strains were

found - strains 60, 68, and 72, and in the Apodemusflavicollis (yellow necked

mouse), strains 76 and 78 (Blaskovic et al., 1980). MHV68 is part of the

gammaherpesvirinae subfamily and from the rhadinovirus genus (Virgin et al.,

1997). The natural host of MHV68 is the wood mouse [Apodemussylvaticus]

(Blasdell et a/., 2003; Telfer et a/., 2007). MHV68 is knownto infect laboratory

animals such as mus musculus — BALB/c and C57/BL6 mice, and in the wild — bank

vole, yellow necked mouse and also the field vole (Microtus agrestis) (Nash et al.,

2001; Virgin et al., 1997). MHV68 transmission can occur throughthelactic glands,

breast milk, kidneys, urine, salivary glands (saliva), and tear glands, explaining why

other non-natural host rodents can be infected in the wild (Hricova & Mistrikova,

2008). A majority of information known about the pathogenesis of MHV68is based

mainly uponthe infection of laboratory strains of mice - BALB/c and C57/BL6 mice

(Nash et a/., 2001). Experimental infection with MHV68 in the wood mice has only

been performed in D.J Hughes (PhD thesis) prior to this study, in which he

demonstrates the importance of using the wood mousefor investigating MHV68

pathogenesis (D.J. Hughes PhD thesis).

1.9.1 Difference in the immuneresponse to MHV68

Differences in the acute response of MHV68in bank voles, wood mice, and BALB/c

mice exist, in which the bank voles infected with MHV68displayed poor infection

efficiency compared to the wood mice (Unpublished data from DJ.Hughes thesis,

Liverpool). The infectiousvirus titres from the lungs of MHV68 infected wood mice

were much lower (PFU 10°) in comparison to MHV68 infected BALB/c mice (PFU

10°-10°). Hughes noted that the histological evaluation of the lungs of MHV68 mice

differed the most. Hughes reported that the inflammatory response was much

more intense in BALB/c mice compared to wood mice and bank voles, and noted

that the BALB/c mice showedincreased inflammatory and necrotic cells compared

to the wood mice. Infected wood mice showed severe multi-focal granulomatous

infiltration (dominated by macrophages) in the lungs and the bank voles showed

little of this (Hughes unpublished data). The BALB/c mice inflammatory response

was dominated by CD8° cytotoxic T cells for acute MHV68 clearance, whilst in the
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wood mice, B cells dominated the acute phase infection with few T cells and

macrophagespresent (Ehtisham et a/., 1993). With the bank voles, macrophages,

neutrophils, T cells and B cells dominated but at a much lower degree than the

wood mouse (Hughes unpublished data). All these results show that these different

rodent species have different ways of counteracting the MHV68infection. Hughes

also reported that splenomegaly which is markedly present in the infection of

laboratory mice (i.e. BALB/c and C57BL/6 mice) was almost absent in the wood

mice, although levels of latently-infected splenocytes were similar to those of the

BALB/c mice (Hughes unpublished data). Thus, it must be stressed that great care

must be taken for accurate assessment on MHV68 pathogenesis, using the correct

species, and this raises the question should all future MHV68 research be carried

out using the natural host, the wood mouse?

1.9.2 Pathogenesis profile of MHV68: From the lungto the spleen

Analysis of the pathogenesis of MHV68 has been mainly in laboratory mice (such as

BALB/c and C57BL/6 mice) and different routes of infection have been used, such as

intranasal, intraperitoneal, subcutaneous, intravenous, oral, intracerebral, and by

gavageinoculation (Blaskovic et a/., 1984; Gill et a/., 2009; Gillet et a/., 2009; May et

al., 2004; Milho et al., 2009; Peacock & Bost, 2000; Raslova et al/., 2001; Sunil-

Chandraetal., 1992; Terry et al., 2000). The natural route of MHV68infection is still

unknown but the most likely route is to the respiratory tract (via the intranasal

route), and on to the primarysite of productive viral replication in the lung (Nash et

al., 2001).

1.9.3 Lung

MHV68infection via the intranasal route can be detectedin lung alveolar epithelial

cells and mononuclear cells at roughly 6 days post infection (Ehtisham etal., 1993;

Sunil-Chandra et al., 1992). This is accompanied by bronchiolitis and an intense

mononuclear cell infiltration in the peribronchiolar, perivascular, and interstitial

areas of the lung (Ehtisham et a/., 1993). Macrophagescan be foundat their highest

levels at day 3 post infection (p.i.), and by 12 days p.i. the lytic infection is usually

controlled in the lung epithelium (Ehtisham et a/., 1993; Sunil-Chandra et a/., 1992).

CD8* T cells are required for MHV68 clearance at the acute stage, and reach their
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peak at 7 to 11 days p.i. whilst maintaining high detectable levels until day 30

(Mrmusova et al., 2002; Sunil-Chandra et a/., 1992). This is associated with a sharp

increase of CD4* T cells, activated CD19" B cells and natural killer cells at around day

11 p.i. (Mrmusova et al., 2002). Peak chemokine levels occur around day7 p.i., and

the initial influx of T cells and macrophagesto the lung tissues are the result of

trafficking of the cells by chemokines such as CCL5/RANTES (regulated upon

activation and normal T expressed presumably secreted), CCL11/eotaxin,

CCL3/MIP1a and CCL4/MIP1B (macrophage inflammatory protein 1), CCL2/MCP1

(monocyte chemoattractant protein 1) and CXCR3/IP10 (Lee et a/., 2005; Sarawar et

al., 2002).

1.9.4 Lymph Node

After 10 to 12 days post infection, the virus spreads towards the spleen via the

mediastinal lymph node (MLN) and infects populations of macrophages, dendritic

cells and B cells. The MLN has also been implicated as the primary site for B cell

infection, and infection of the B cells results in the rapid expansion of latently

infected B cells whichtraffic to the spleen and other lymphoid compartments (Nash

et al., 2001).

Concurrent with the transient lymphocytosis at 3 weeks p.i. which is dominated by

VB4*CD8* T cells in the peripheral blood, MHV68 acute infection induces an

infectious mononucleosis (IM) similar to EBV, and this coincides with the resolution

of the acute MHV68infection (Tripp et al., 1997). This IM is fully concurrent with

polyclonal B cell activation, autoantibody production, splenomegaly, enlarged

lymph nodes, atypical mononuclear cells and T cell lymphocytosis in peripheral

blood (Flano et al., 2004). IM can be defined by the presence of activated CD4’,

CD8*, and CD62’ cells in the peripheral blood (Tripp et a/., 1997). Expansion of the

VB4*CD8* T cell response increases from 6% to as much as 30-80% during the 30

days post infection, and remains at these levels throughout latency (Flano et al.,

2004). Expansion of the VB4°CD8"T cells can be stimulated by proliferating B cells

expressing the virus genes M2 and M3, as well as the M1 protein (Evanset al.,

2008; Flano et a/., 2003).
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1.9.5 T cell evasion

For long life persistence of the virus, MHV68 evades CD8° cell attack by utilizing

ORF12 (K3 homologue), ORF73 and M3. ORF12/K3 downregulates MHC class|

expression by the process of ubiquitination, degradation of the MHCclass | heavy

chains and by the degradation of TAP [transporter associated with antigen

processing] (Bonameet al., 2005; Boname & Stevenson, 2001). The ORF73 gene

can provide cis-acting CD8° T cell evasion bylimiting T cell epitope presentation and

M3 is a secreted chemokine binding protein which functions to inhibit chemokine

functions by some analogy acting as a decoy receptor (Alexander-Brett & Fremont,

2007; Bennett et a/., 2005). M3 can bind all four classes of chemokines and has dual

glycosaminoglycans and GCPR mimicry, in order to inhibit chemokine binding and

its associated activation of endogenous receptor signalling (Alexander-Brett &

Fremont, 2007).

1.9.6 Splenomegaly

At around 14 days, splenomegaly is at its peak due to the accumulation of

leukocytes (B cells and T cells) and the rapid expansion of latently-infected B cells

which increases to 10’ spleen cells at its peak. The germinal centres and the

memory cells of the spleen act as the main sites for harbouring latently-infected

cells. After roughly 5 weeks p.i., the splenomegaly resolves and the amount of

infected spleen leukocytes levels off to 10° to 10° infected cells (Sunil-Chandra et

al., 1992; Usherwood et al., 1996a). Throughout the life of the animal, the spleen

harbours a constant number of infected latent spleen leukocytes (1 per 5x10”)

(Nash et al., 2001).

The cytokine IL-12 level peaks at day 15 p.i. in the lung and this is correlated with

the peak levels of leukocytosis (Elsawa & Bost, 2004). IL-12 is secreted from cells

such as dendritic cells and macrophages, and this contributes to the virally induced

splenomegaly and leukocytosis at roughly 15 days p.i. (Elsawa & Bost, 2004). Other

cells which have been cited as involved in splenomegaly are CD4* T cells

(Usherwoodet al., 1996a).
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1.9.7 Lytic genes

Reactivation from latency is an essential function of herpesviruses and plays a great

part in transmissionof the virus from host to host ensuring survival of the virus. The

major lytic gene associated with reactivation from latency to lytic replication is

ORFSO (Wuet al., 2000). The ORF50 gene and functions will be described in the

chapter7. Please refer to chapter 7 for more discussion of the role of ORF50. What

we can assumeis that once the reactivation occurs as a result of ORF50 expression,

a cascade of activation of other lytic genes of replication occurs. Table 1.2 and table

1.3 showsall the genes whichplay a partin the viral replication of MHV68.

1.9.8 MHV68 genome

The MHV68 genomeis a linear double-stranded DNA molecule that consists of

118kbps of flanked DNA and multiple numbers of terminal repeat regions [1231bp

in size] (Virgin et al., 1997). The total size of the MHV68 genomeis 119,450 bp and

the G+C content of the terminal repeats is 78%. The unique region of the genome

contains a G+C content of approximately 46%. The MHV68 genome has been

sequenced by two different laboratories and can be found with the genbank

accession numbers U97553 (MHV68 WUMS) and AF105037 (MHV68 g.24strain).

For the purpose of this thesis, | have used the genbank accession number

AF105037. The genome itself encodes 82 ORF’s (Nash et al., 2001; Virgin et al.,

1997). The difference between the sequences of U97553 and AF105037 have been

explained thoroughly in Nash’s paper (Nash, 2001). U97553 has a missing T residue

at the genomic coordinate 4945, a missing copy of the non-coding 100bp repeat

sequence at genomic coordinate 98982-99091, and a marked differencein size of

the two tracts of G-rich residues in the terminal repeat sequence at genomic

coordinates 118355-118366 and 118903-118904 (Nash et a/., 2001). Figure 1.2

showsthe full MHV68 genomeas depicted by A. J. Davison.

1.9.9 Homologous genes

The MHV68 contains genes which are homologous with other gammaherpesviruses.

Approximately 60 open reading frames (ORF) have been found to be homologousto

KSHV, EBV and HVS, but most of their functions are unknown. Table 1.3 shows the

MHV68 ORFs with known homology to genes in KSHV, EBV and HVS(Albrechtetal.,
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1992; Alexanderet al., 2000; Arrand et a/., 1981; de Jesus et al., 2003; Dolan et al.,

2006; Glenn et al., 1999; Neipel et a/., 1997a; Parker et a/., 1990; Russo et al., 1996;

Searles et al., 1999b; Virgin et a/., 1997; Zeng et al., 2005).

1.9.10 Genes unique to MHV68

MHV68contains genes that are unique to MHV68 and these genesare found on the

6.162kbp left hand end sequence of the genome - genes M1, M2, M3, M4 and the

viral tRNAs (Virgin et al., 1997). With the M1 gene of MHV68,it has already been

mentioned that this induces the expansion of VB4" CD8"T cells, has the ability to

control the CD8" T cell response in regulating latency and the suppression oflatent

reactivation (Clambey et a/., 2000; Evans eta/., 2008). The M2 and M3 genes have

already been mentioned and play a great part in CD8° T cell evasion and virus

persistence (Alexander-Brett & Fremont, 2007; Marqueseta/., 2008). The M4 gene

plays a role in establishing the efficiency of latency in the spleen, and the

modulation of the immuneresponsein a way to control the reactivation efficiency

in the acute phase responsein the lung (Geereet a/., 2006; Townsleyet al., 2004).

As for the viral tRNA like sequences, there are eight tRNAs at the left hand end of

the genome and that they have been classified as immediate-early genes (Ebrahimi

et al., 2003; Virgin et al., 1997). The eight tRNAs are transcribed during latency and

can be found abundantly around B cell areas of the spleen, making them excellent

markers for latency (Bowdenetal., 1997). They can also localize around the nucleus

and cytoplasm during lytic infection but at much higher levels around the cytoplasm

at late times of infection (Cliffe et a/., 2009). The same team also explained that the

viral tRNAs could be found packaged within the MHV68 virion particle and noted

that they were mostly likely associated with virion maturation(Cliffe et a/., 2009).

1.9.11 Latent Infection

As the majority of this section may overlap with other chapters discussing specific

genes of MHV68 such as ORF73 and ORF74, | have limited the amount of

information in this section to prevent repetition. Currently, B cells, dendritic cells,

macrophages, and lung epithelial cells contain the latent form of the virus (Flano et

al., 2000; Stewart et al., 1998; Weck et al., 1999). Latency-associated genes are

ORF73 (LANA homologue - discussed in chapter 3, 4 and 5), ORF74 (vGPCR
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homologue - discussed in chapter 6), M11 (Bcl-2 homologue), which are associated

with latent virus maintenance and reactivation in the spleen and the lung (Virgin et

al., 1999). M2, M3 and ORF12/K3 are also expressed in latency. M2 expression

appearsbriefly during the first 2 weeks post infection and M3 can be expressed for

a period of upto 10 months (Marqueset al., 2008).

The spleen germinal centre B cells and memoryB cells are proposed to be the main

site for long-term latent infection (Flano et a/., 2002). During latency, memory B

cells express the M1, M2, M9, ORF50, ORF72, ORF73, ORF74, and K3 genes, and the

germinal centre B cells contained only M1, M2, M9, and ORF72 (Flanoet a/., 2002).

ORF50 and ORF12/K3 are noted as lytic genes but play a part in reactivation and T

cell evasion.

1.10 Overall aim

Current there are no cheap, inexpensive and well characterised mouse models

available to study the pathogenesis of gammaherpesviruses such as EBV, KSHV, RRV

and HVS. In order for MHV68 to be used as a mouse modelfor the aboveviruses,

the whole genome gene functions mustbe fully characterized.

ORF73, ORF74, and ORF50 genes are known to be conserved among the

gammaherpesvirinae subfamily and include MHV68, KSHV, HVS, RRV and EBV.In

KSHV, HVS, RRV, and MHV68there are homologues of ORF73 commonly knownas

either LANA-1 (latency associated nuclear antigen). As for the ORF74 gene,it is

referred to as ORF74 or BLR-1 in EBV, and the ORF5O gene asRTA (replication and

transcriptional activator) or BRLF-1 in EBV. Virgin and colleagues demonstrated that

four key candidate latency-associated transcripts (M2, M11, ORF73, and ORF74)

were expressed during the latent cycle of MHV68 (Virgin et a/., 1999). Flano and

colleagues later cited that other genes were transcriptionally-active in latent

memoryB cells, and one of the genes mentioned wasthe lytic gene — ORF50 (Flano

et al., 2002).
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Figure 1. 2 showsthe full MHV68 genomeas depicted by A.J. Davison based on

Virgin et al., 1997. Blocks indicate ORF. Scale in kbp.
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In chapter 3 and 4, the main aim ofthis part of the study was to determine therole

of the ORF73 gene in MHV68. During these studies,little information was known

about the MHV68 ORF73 gene and the majority of the functions of this gene were

predicted to be similar to that of the other gammaherpesvirus (Virgin et a/., 1997).

MHV68 ORF73 has been demonstrated to be one of the key candidate latency

associated transcripts expressed during the MHV68latent cycle (Virgin et al., 1999).

Transcriptional analysis using in vitro studies by other groups confirmed that the

ORF73 gene of MHV68is an immediate-early gene (Martinez-Guzman etal., 2003;

Virgin et al., 1997). The main idea of this study was to ascertain the role of the

ORF73 gene in MHV68 byfirst constructing a MHV68 BAC (bacterial artificial

chromosome)plasmid containing a disrupted MHV68 ORF73 gene. The idea was to

find the precise function of ORF73 in vivo and to clarify the role it plays in the

MHV68 life cycle. This was carried out by making a mutation with the minimum

disruption at a transcriptional complex area of the genome,and the least disruption

to the DNA and RNA structure. The mutated ORF73 was predicted to produce either

a truncated ORF73 protein which would be non-functional due to the amino acid

sequenceafter the deletion being changed, or it would produce an unstable mRNA

which would be degraded by the ubiquitin proteasome pathway (Dudek, 1999;

Sarikas et al., 2005). In chapter 4, a functional analysis of the MHV68 ORF73 gene

would be carried out by infecting the natural host - wood mice, with the MHV68

BAC mutant and analysing using a mixture of techniques. Epidemiology studies

carried out in Leahurst (Wirral, UK) have shown that MHV68 is endemic in wood

mice. Further pathological and virological studies from David Hughes (PhD thesis),

who carried out comparative studies with wood mice, bank voles and BALB/c mice,

have shownthat a clear significant difference in the immunological response to

MHV68infection. It is hypothesized that the MHV68 ORF73 will play a crucial role in

the establishment of latency. This is based on the fact that KSHV and HVS ORF73

homologuesplay a keyrole in the establishmentof latency (Lan et a/., 2004; Schafer

et al., 2003). Due to the disruption of the MHV68 ORF73,it is hypothesized that the

virus will fail to establish latency in the spleen and lung, and the amountofviral

DNAloadin the lung should increase due to suppression on ORFSO being disrupted.
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In chapter 5, the main idea was to define the transcription profile and pattern of

the MHV68 ORF73 gene. The point at which transcription of MHV68 genes begin

and end remains to a great extent unknown. At the start of this project little was

known about the transcription of MHV68 ORF73. During this project the only thing

known was that KSHV and HVS ORF73 gene transcribed a polycistronic mRNA

containing ORF71, ORF72 and ORF73 gene from a commonpromoterjust upstream

of ORF73 (Hall et a/., 2000a; Talbot et al., 1999). Due to these two studies, it was

hypothesised that the MHV68 ORF73 gene would contain a similar ORF73 mRNA

transcript. The main aim of this chapter was to provide a detailed analysis of the

transcription of MHV68 ORF73 by using 5’ and 3’ RACE (Rapid Amplification of cDNA

ends by PCR) to find potential ORF73 mRNAtranscripts which could be co-

expressed with other transcripts, potential spliced variants, and potential viral

promoters associated with ORF73. It was also hypothesized that ORF73 would

contain an mRNAtranscript which co-expressed with other transcripts by utilising

initiation of translation and alternative splicing.

In chapter 6, the main aim was to define the role of the MHV68 ORF74 gene in

wood mice. MHV68 ORF74is an early-late gene and has been demonstrated to be a

key latency associated candidate transcript expressed during the latent cycle (Virgin

et al., 1997; Wakeling et a/., 2001). Using a MHV68 BAC plasmid containing a

disrupted ORF74 gene, wood mice will be infected intranasally, and functional

analysis will be carried out on the gene. What was known during the time of this

study was that the ORF74 gene of MHV68 encoded a CXCR2 homologue (G-coupled

receptor) similar to the other gammaherpesvirus and was highly conserved

throughout the gammaherpesviruses (Ebrahimi et a/., 2003; Virgin et a/., 1997). It

was cited that the ORF74 gene could be expressed during latency and lytic

replication, and confirmed that the gene could encode a polycistronic mRNA

transcript containing ORF74, ORF73 and M11 (vBcl2) (Wakeling et a/., 2001). Due to

the lack of information about the role of MHV68 ORF74,initial assumptions about

its role are based upon other ORF74 gammaherpesvirus homologues(see section

6.1.2; 6.1.3; 6.1.4; 6.1.5). It is hypothesized that MHV68 ORF74 mayplay a role in

lytic replication and latency in the MHV68virus cycle. It is also hypothesized that
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disruption of MHV68 ORF74 will result in reduced efficiency of latent reactivation

and may havean effect on MHV68virus replication.

In chapter 7, the main aim wasto create a newlatentcell line in C127 epithelial

cells using the MHV68 BACcontaining a disrupted ORF50 gene. The ORF5Ogenein

MHV68is considered as the main switch responsible for the reactivation of the viral

lytic cycle from latency (Wuetal., 2000). The main idea of this part of the study was

to disrupt the ORF50 gene of MHV68 and transfect the BAC plasmid, in order to

create a stable latent cell to facilitate the study of latency in an epithelial

background. It was hypothesised that by using a BAC clone of MHV-68 with ORF50

disrupted the viral episome will remain in its latent state within the epithelial cell.

The thesis has been split into different sections, where each chapter will have its

own introduction coinciding with the laboratory work that was carried out

throughoutthe thesis.
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CHAPTER2: Materials and methods
 

2.1 TISSUE CULTURE METHODS

2.1.1 Cell lines

The NIH-3T3 (ATCC CRL1658 — mouse fibroblast cells), C127 (ATCC CRL1616 —

mouse mammary epithelial cells), BHK-21 (ATCC CCL10 — baby hamster kidney

cells), were all obtained in-house. NIH-3T3 cells and C127 cells were maintained in

Dulbecco’s Modified Eagle medium (Cambrex) supplemented with 10% fetal calf

serum (GIBCO), penicillin (100U/ml) / streptomycin (100ug/ml) (GIBCO) and 1% L-

glutamine (GIBCO). BHK-21 cells were maintained in Glasgow modified Eagle’s

medium (GIBCO) supplemented with 10% newborn calf serum (GIBCO), 5%

tryptose-phosphate broth (GIBCO), penicillin (100U/ml) / streptomycin (100yg/ml)

(GIBCO) and 1% L-glutamine (GIBCO). The C127ARTAcell line was maintained in

Dulbecco’s Modified Eagle medium (Cambrex) supplemented with 10% fetal calf

serum (GIBCO), penicillin (100U/ml) / streptomycin (100yg/ml) (GIBCO), 1% L-

glutamine (GIBCO) and puromycin (3yug/ml). Owl Monkey Kidney (OMK — ATCC

CRL1556 — inhousestock) cells were maintained in EMEM + 1% Non-essential amino

acids (Gibco) supplemented with 10% fetal calf serum (GIBCO), penicillin (100U/ml)

/ streptomycin (100yug/ml) (GIBCO) and 1% L-glutamine (GIBCO).

2.1.2 Harvesting of the cell lines

All cell lines except the S11E cell line were split / harvested to newflasks using

trypsin to detach adherent cells. Cell lines near 90% to 100% confluent were

washed with PBS solution twice, harvested by adding 5 to 10 ml of a mixture of

0.25% Trypsin-EDTA-Tetrasodium (GIBCO) / 0.1% Versene (GIBCO) / PBS, and 37°C

incubator (5% COz) for 1 to 2 minutes. Once the cells were tappedoff the flask, the

trypsinisation process was inhibited by adding tissue culture medium containing

fetal calf serum. Cells were then distributed to other flasks or plates after counting

(section 2.1.3) and fresh medium was added. Around 1 x 10° cells were enough to

seed a 150cm’ tissue culture flask. The flasks were then incubated at 37°C / 5% CO

incubator until the nextsplit.
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2.1.3 Counting of cells using a haemocytometer

During the trypsinisation process of the cell lines, the trypsinised mixture of cells

was inhibited by tissue culture medium containing fetal calf serum up to a

maximum volume of 10 ml. This mixture was then centrifuged to pellet the cells.

The cells were resuspended in 1ml of fresh tissue culture medium. Approximately

100ul of the mixture was added to equal volume of 0.4% Trypan blue (Sigma) in

orderto stain dead cells. 10pl of the mixture was loaded in to the chamber and the

numbers of clear white cells were counted undera light microscope. Roughly 1x10°

cell / ml weredistributed into a T150cm’tissue culture flask as required.

2.1.4 Storage andfreezingofcell lines in liquid nitrogen

Using a cell-confluent T150cm’ tissue culture flask, the tissue culture medium was

aspirated and the cells trypsinised in order to remove them from the tissue culture

flask (section 2.1.2). Once the cells had been removed and the trypsinisation

process stopped, the cells were pelleted down at 300xg for 5 minutes at 4°C in a

centrifuge (Sanyo Mistral 3000). The cell pellet was then resuspended in freezing

mixture containing 40% Fetal Calf Serum v/v [GIBCO]; 10% v/v DMSO [BDH]; 50%

v/v of tissue culture medium). The cells were distributed into cryovials and placed

in an isopropanol container / bath and placed in a minus 80°C freezer overnight.

The cells were then finally stored in liquid nitrogen.

2.2 VIROLOGICAL METHODS

2.2.1 Virus

The stock of MHV-68 (clone G2.4) was obtained from J. P. Stewart (University of

Liverpool, Liverpool, United Kingdom). Working stocks of the virus were prepared

by infections of either NIH-3T3 cells (ATCC CRL1658; in house stock) or BHK-21 cells

(ATCC CCL10;in housestock) or the C127 cell lines (ATCC CRL1616;in house stock).

2.2.2 Generating MHV68virus stocks

The MHV68virus stock was made byinfecting 10 flasks of 150cm’ tissue culture

flasks containing one of the abovecell lines (i.e. usually BHK-21 cell line at 80%

confluent) at a multiplicity of infection (MOI) of 0.1 using the in-house stock of

MHV68.The cells were incubated with the virus for 1 hour with constant agitation
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in a 37°C (5% COz) incubator. After infection, the monolayers were washed twice

with sterile PBS, and fresh tissue culture medium was placed onto the cells and

incubated in a 37°C (5% CO2) incubator. Fully-infected cells were scraped off 4 to 6

days post infection (PI) when full cell cytopathic effect (CPE) was observed and cells

and virus pelleted by centrifugation at 5000xg for 20 minutes at 4°C (Sanyo Mistral

3000i). The cell pellet containing the virus was resuspended in 5ml of ice-cold

sterile PBS, transferred to an ice cold chilled Wheaton-Dounce homogeniser and

dounced 30 times. The dounced PBS-pellet resuspension wasthen transferred into

fresh Nunc tubes and spun at 5000xg for 20 minutes at 4°C. The virus-rich

supernatant was transferred in to a fresh nunc tube and stored on ice. The

remaining pellet was resuspended in 3ml of fresh PBS solution and transferred to

another Wheaton-Dounce homogeniser. The resuspended viral pellet was then

dounced 30 times on ice to disrupt the cells once moreto release the virus. Once

dounced, the resuspension wastransferred into a fresh nunc centrifuge tube and

centrifuged at 5000xg for 60 minutes at 4°C.Finally the virus-rich solutions were

pooled into the same nunc tube containing the 5ml virus solution, distributed into

cryovials and stored at -80°C.

2.2.3 Titration of virus to determine concentration by plaque assay

In order to determine the virus titre, a modified plaque assay technique was used

(Simaset a/., 1998). In duplicate, 6-well plates containing the NIH-3T3 cell line were

incubated overnight at 37°C (5% CO2) until the NIH-3T3 cells were subconfluent

(60% confluent). Serial dilutions of virus stock from 107 to 10° were used to

inoculate the cells, and these were incubated for 1 hour at 37°C (5% CO2) incubator.

After the incubation time, the virus suspension was aspirated, washed twice with

sterile PBS and 5 ml of fresh tissue culture medium was transferred into the

appropriate wells. The plates were then finally incubated at 37°C (5% COz) for 4

days until fixation. The cell monolayer was fixed with 4% formaline saline solution

(VWR)for 20 minutes at room temperature andcells stained with 0.1% oftoluidine

blue solution (toluidine blue [Sigma] in distilled water) for between 15 and 60

minutes. The virus-induced plaques formed werecounted using a plate microscope

and the virus titre measured as plaque forming units (PFU) per ml.
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2.2.4 Calcium-Phosphate Transfection of DNAintocells.

DNA plasmids to be transfected into animal cell lines were transfected using the

calcium-phosphate method (Wigler et al., 1977). 24 hours before transfection, the

cell line was seeded into a new flask and allowed to grow to approximately/0%

confluency. 4 to 6 hours before the start of the transfection, tissue culture medium

wasreplaced by fresh medium. In one tube, 10ug of DNA, 18yl of 2M CaCl, (0.22um

filtered) and sterile HO up to a total volume 150u! was mixed. In the second tube

2x HEPES buffer (280mM NaCl; 50mM HEPES, 1.5mM NaPOu, pH7.1) was added. To

the HEPES buffer tube, the DNA-CaCl, mixture was added drop-wise whilst shaking

the tube. The full mixture was allowed to incubate at room temperature for 30

minutes until a fine precipitate formed. To the 6 well plate containing the cells, the

mixture was added drop-wise with gentle swirling and incubated overnight at 37°C

(5% CO.) incubator. Next, the tissue culture medium was removed, wells washed

with PBS twice, and 2ml of DMSO solution (10% DMSOin 1X PBS) was addedfor 1

minute to shock the cells to further take up the DNA. The DMSO solution was

aspirated, replaced with fresh tissue culture medium and the 6 well plate ofcells

wasthen incubated at 37°C (5% COz) incubator.

2.2.5 Viral plaque purification

Viral co-cultivates were plaque-purified three times using a 0.5% (w/v) low

temperature melting agarose overlay containing standard 1X tissue culture medium

on the abovecell lines. The individual viral plaques were picked using a sterile, extra

long gilson pipette tip, and placed into fresh tissue culture medium. This process

wasrepeated twice,until a clonal preparation was achieved.

2.2.6 Reconstitution of WT MHV68BAC and MHV68BAC +

ORF73Mutation as a virus

BAC plasmids were reconstituted into the NIH-3T3cell line by co-transfection of the

cells with the Cre-expression cassette plasmid, pOG231, using the calcium

phosphate method [section 2.2.4] (Tirabassi & Enquist, 1998). A maximum of 10ug

of total plasmid was used per reaction. The resultant singular virus was plaque-

purified using plaque purification (section 2.2.5).
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2.2.7 Generation of the ORF73 revertant MHV68 BAC plasmid

The MHV68 ORF73 revertant (rescue virus) was obtained by co-transfecting the

cos26 plasmid, ORF73 mutated MHV68 BAC plasmid, and pOG231 plasmid onto

BHK-21 cells using the calcium phosphate transfection technique (section 2.2.4).

The cosmid vector, ‘cos26’, contained the MHV68 viral genome spanning from the

genomic coordinates 79830 to 116763. Wood mice were infected with 4 x 10° PFU

in 40ul in sterile PBS of the above mix byintranasal infection (see section 2.2.8) and

the spleen extracted from the mice whenready. Virally infected splenocytes were

used to infect NIH-3T3, and the monolayers grown until plaques were seen (section

2.2.10 and 2.2.11). The resultant singular infectious virus was plaque purified using

the plaque purification method (section 2.2.5) and examined by PCR and restriction

digestion (section 2.3.2 and 2.3.7).

2.2.8 Infection of laboratory animals using virus

Intranasal infection of laboratory animals was performed under the personal

licence number 60/6501 held by Professor J.P. Stewart (University of Liverpool) and

under the United Kingdom homeoffice project licence numbers 60/2429 and

40/2483. BALB/c mice were purchased from Bantin and Kingman (Hull UK) and

wood mice which were tested negative (serology) for MHV-68 infection were

housed at Leahurst veterinary field station (University of Liverpool). All animals

used for experiments were deemed immune competent and laboratory animals

were aged between 6 to 12 weeks. Animals to be infected were anaesthetized

underlight halothane and inoculated for intranasal infection with virus at a titre of

4 x 10° PFU virus in 40ul sterile PBS. At various times after infection, mice were

euthanized by CO, asphyxiation and lungs or spleens were harvested for analysis.

All mousetissues(if required for storage) werefixed in 4% (w/v) paraformaldehyde

and placedin cryovials (nunc) for storagein the -80°C freezer.

2.2.9 Measuringvirustitre from infected tissue

Tissues were removed from the -80°C freezer or fresh and placed directly in tissue

culture medium (Dulbecco’s Modified Eagle medium [Cambrex] supplemented with

10% fetal calf serum [GIBCO], penicillin [100U/ml] / streptomycin [100yug/ml]

[GIBCO] and 1% L-glutamine [GIBCO]). The tissues were homogenised using the
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wheaton-dounce homogenizer and were subjected to three rounds of freeze-

thawingto release the viral particles. The homogenate was centrifuged at 3,000xg

for 15 minutes (Sanyo Mistral 3000i), the supernatant was diluted 10 timesin fresh

tissue culture medium, and titrated on to NIH-3T3 cells on 6 well plates (see section

2.2.3). The concentration of virus in each particular tissue was calculated in PFU per

ml of organ.

2.2.10 Extracting virus from the spleen

The spleens from infected mice were harvested and keptin ice cold tissue culture

medium (RPMI medium 1640 (GIBCO), 10% fetal calf serum (GIBCO), penicillin

(100U/ml) / streptomycin (100ug/ml) (GIBCO), 1% L-glutamine (GIBCO), B-

mercaptoethanol (Sigma), and 25mM HEPES buffer (GIBCO)). A small snip of

capsule tissue was cut at the end of the spleen and infected splenocytes were

slowly teased out with a curved tipped forceps. This was done as gently as possible

without disrupting the spleen capsule and the cell suspension wastransferred to a

sterile nunc tube, and centrifuged at 3,000xg at 4°C for 15 minutes to pellet the

whole cell suspension. The supernatant was carefully discarded and the cell pellet

(red blood cells) was lysed by osmosis by simply adding 1ml of ice cold sterile water.

Oncethe cells were resuspended, 9ml of ice cold RPMI tissue culture medium was

added to restore the isotonic equilibrium. The mixture was then mixed and

centrifuged at 3,000xg at 4°C for 15 minutesto pellet the cells. The cell-pellet was

resuspended in 5ml of fresh RPMI medium and allowedto settle in order for the

cell debris to settle to the bottom of the tube. The cell suspension wastransferred

to aclean nunc tube andthe splenocytes were counted(see section 2.1.3).

2.2.11 Infection of splenocytesonto cells

The splenocytes were freezed thawed 3 times, and a small aliquot from the cryovial

was used to infect a well containing cells. In order to extract a single virus, a plaque

purification was carried out and repeatedthrice (section 2.2.5).

2.2.12 Generation of the C127ARTAcell line

The MHV68BACARTAwasfirst transformed into DH10B competentcells using the

method described in section 2.3.14. Using calcium phosphate DNA-mediated

transfection (section 2.2.4), the MHV68BACARTAplasmid DNAwastransfected into
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C127 cells (Tirabassi & Enquist, 1998). Cells were maintained in Dulbecco’s Modified

Eagle medium (Cambrex) supplemented with 10% fetal calf serum (GIBCO),

penicillin (100U/ml) / streptomycin (100pg/ml) (GIBCO), 1% L-glutamine (GIBCO)

and puromycin (3pug/ml). Using the ring cloning technique, each colony grownin a

well of a 6 well plate was not allowed to grow more than 2-3mm in diameter. The

tissue culture medium from the well was removed and cells were gently washed

with PBS twice. A greasedsterile plastic ring was placed over the selected colony

and the cells trypsinized. Once the cells were detached, these were transferred to a

fresh well of a 6 well plate to growin tissue culture medium containing puromycin.

This procedure was repeated 3 times and thenthecells were allowed to growfully

(section 2.2.5).

2.3 MOLECULAR BIOLOGY METHODS

2.3.1 Isolation of Viral DNA and MHV68 BAC DNAfromtissue culture

cell lines using the QIAamp DNA minikit.

Total cellular DNA of MHV68 wasisolated from infected cell lines using the QlAamp

DNA Mini Kit (Qiagen) following the manufacturer’s instructions. Virus infected or

BAC-virus infected cells were trypsinized, transferred to a sterile nunc tube, and

centrifuged. The pellet (maximum of 5 x 10° cells) was resuspended in a maximum

of 200! of PBS solution, and 20uI of Qiagen Protease (Proteinase K) and 4ul of

RNase A (100mg/ml) was added to the above 200uI virus resuspension. 200u! of

buffer AL (lysis buffer; composition unknown) from the kit was added to the sample

and vortexed to enable thorough mixture and efficient lysis. The whole mixture was

added to a QlAshredderspin column (Invitrogen) and centrifuged for 2 minutes at

maximum speed (Beckman Coulter Microfuge 22R). The sample was incubated at

56°C for 10 minutes to allow maximum efficiency of the lysis step. Addition of an

equal volume of ethanol (96%-100%) was incorporated into the sample reaction

and addedinto the QlAamp Mini Spin column. This was spun at 6000xg for 1 minute

and the filtrate discarded. 500ul of the wash buffer AW1 (composition unknown-

patented) was added to the QlIAamp mini spin column and centrifuged at 6000xg

for 1 minute and the filtrate discarded. 500! of the second wash buffer AW2

(composition unknown) was addedto the spin column and centrifuged at 20,000xg
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for 3 minutes and the filtrate discarded at the end of the spin. 50ul of the elution

buffer AE (10mM Tris-Cl; 0.5mM EDTA pH9.0) was addedinto the spin column and

incubated for 5 minutes at room temperature. The eluate was then centrifuged at

6,000xg for one minute and the concentration of DNA was measured in a UV

spectrophotometer (WP UV1101 Biotech Photometer).

2.3.2 Polymerase Chain Reaction (PCR) method

A standard PCR method was used for DNA analysis or sequencing unless stated

otherwise. Briefly, each PCR reaction wascarried out in a final volume of 50ul per

reaction. In each 50ul reaction, each PCR tube included a 1x final concentration of

the 10X PCR buffer mix; 0.2mM dNTP mixture; 1.5mM MgCl; 0.4uM of each

primer; 100ng — 200ng of DNA; and 1U of either Platinum Taq DNA polymerase

(Invitrogen) or 1.25U of Pfu DNA polymerase (Promega) or 0.02U KOD Hot Start

DNA polymerase (Novagen). Unless stated otherwise, the manufacturer’s guideline

and methods were adhered to. Double-distilled water filtered using the milli-Q

system (Millipore) was used throughoutfor all PCR reactions. To ensure a thorough

contamination-free environment, reactions were mixed in a clean room,andall

Gilson pipettes, filter tips, filtered Milli-Q water, and 10x PCR buffer mix were UV-

irradiated before carrying out each PCR reaction (using the Captair Biohood[Erlab]).

Filter tips were used to minimise aerosol borne contamination and gloves were

used throughout. All PCR reactions werecarried out using the Thermo Hybaid MBS

PCR system (Thermo Electron) and 0.5ml thin walled tubes.

Depending on the DNA polymerase used, a HOT-start reaction was carried out as

described by the manufacturer. Generally, an initial denaturation step (94°C for 2

minutes) would be incorporated into the PCR reaction mix containing the DNA

polymerase. After this, 30x — 50x cycles of amplification of the DNA would be

carried out. This entails a denaturation step at 94°C for 30-45 seconds, depending

on the DNA polymerase used. An annealing time of 30 — 60 secondsat the specific

primer temperature and an extension time at 72°C depending on the size of the

DNA product you wanted to amplify. DNA for cloning or sequencing was amplified

by the KOD Hot Start DNA polymerase (Novagen) or Pfu DNA polymerase (Promega)
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or platinum Taq DNA polymerase (Invitrogen). Reaction methodology was as

instructed by the company.

2.3.3 Agarose Gel Electrophoresis of DNA

Generally all DNA or RNA samples (depending on the experiment) were analysed

for quality using either tris-acetate-EDTA (TAE) gelor tris-borate-EDTA (TBE) buffer

/ agarose gel mix with the addition of Ethidium Bromide (0.5ug/ml) to detect the

intensity of the DNA product under UV. A 0.5% - 2% agarose gel is used and the

deciding factor is the size of the fragment to be analysed.

For standard screening of DNA or RNA, such as for restriction digest analysis,

agarose purchasedfrom Invitrogen was used and for purification of DNA fragments,

low melting point ultrapore agarose (Flowgen) was used. For purification of DNA,

an electrophoresis tank was used that was prewashed in DNase Away" reagent to

remove any DNA contamination. All TAE or TBE buffer solutions used for

purification experiments were made up using Milli-Q water and UV irradiated

before use. DNA or RNA samplesto be loaded ongels for analysis were made up to

a 20ul reaction mixture. DNA was mixed 1:5 in gel loading buffer (50% [v/v]

glycerol, 100mM Tris-Cl [pH7.4], 10mM EDTA, 0.02% [w/v] orange G dye). DNA

samples were loaded into the appropriate wells, and electrophoresis carried out

using the BIORAD horizontal electrophoresis tank containing the 1xTAE running

buffer at 100V. The molecular size of migrated DNA was estimated by comparing

with DNA molecular weight markers (1kb DNA ladder; Invitrogen). All RNA or DNA-

agarose gels were visualised under ultraviolet light using an UV-transilluminator

(BioRad) and captured on photographicfilm.

2.3.4 Site Specific Mutagenesis by PCR: Creation of the mutant ORF73

fragment

Using the Pfu DNA Polymerase (Promega) or Platinum Taq DNA polymerase

(Invitrogen), the following procedure was carried out. Briefly, the insertion of a

mutation within the ORF73 region of MHV68 wascarried out using a modified

version of the method knownassite specific mutagenesis by PCR (Higuchi et al.,

1988). This method requires two separate amplifications utilising two mutant

primers. In one reaction, pre-measured 100ng/ul of the MHV68 DNA plasmid
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containing the ORF73 DNA fragment, was mixed with PCR Pfu buffer mix (1X), dNTP

premix (0.2mM), ORF73Mut1 forward primer (1M), ORF73Mut2 reverse primer

(1M), and the proof-reading Pfu DNA polymerase (1.25U)in a final volume of 5Oul.

In a second reaction, 100ng/ul of MHV68 DNA plasmid containing the ORF73 region

was mixed under identical conditions but with the ORF73Mut3 (1M) forward

primer and the ORF73Mut4 (1M) reverse primer. A hot-start at 95°C for 1 minute

was carried out in order to fully denature the MHV68 DNA. 30 cycles of

amplification at the appropriate annealing temperature (60°C) were performed,

generating one mutant fragment with the mutation at the 3’ end and the other

mutant fragment with the mutation at the homologous 5’ end. Both fragments

were run separately on a 1% low agarosegel, and purified using the Roche high

pure purification kit method as specified by their instructions (section 2.3.5). The

two mutant fragments were mixed in a 1:1 molar ratio in the presence of the outer

flanking primers ORF73Mut1 forward primer (1M) and ORF73Mut4 reverse primer

(1M) under the above PCR conditions and amplified for an additional 30 cycles or

until the full length mutant fragments were seen on a 1% agarosegel. Briefly, 1pl of

both the newly created PCR products with the above mutations (100ng/ul) were

used for amplification. A mixture of the PCR Pfu buffer mix (1X), dNTP premix

(0.2mM), ORF73Mut1 forward primer (14M), ORF73Mut4 reverse primer (1M),

and the Pfu DNA polymerase (1.25U) were added in a final volume of 50ul. The

proof reading Pfu DNA polymerase (Promega) was once again used at the

appropriate annealing temperature of 50°C. A hot-start was also performed in

order to make sure the PCR DNAproducts werefully denatured beforehand. In line

with the above reaction, Taq polymerase (Invitrogen) was also used with the same

conditions as above. The reasonsforthis will be explained later on.

In order to detect if the specific mutant was created using this site specific

mutagenesis technique, each plasmid DNA wasdigested with BamH1 (see section

2.3.7) and analysed on a 1% TAE agarosegel (section 2.3.3). Once the exact PCR

product with the mutated site was found, the product at around the size of

approximately 900bp wasthen purified using the Roche High Pure purification kit

(section 2.3.5). A sufficient amount of purified DNA was stored at 4°C and the
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remainder was then cloned in to the pCR2.1-TOPO vector using the TOPO TA

cloning kit (Invitrogen) [section 2.3.8]. The cloned segment in the pCR2.1-TOPO

vector wasthen sent to Lark technologies for DNA sequencing (section 2.3.6). Table

3.2 (chapter 3) shows the primers used to generate the ORF73 mutation.

2.3.5 Purification of DNA / PCR fragments

All purification of DNA products or PCR DNA fragments wascarried out using the

Roche high pure purification kit and the methodology as described with the kit. All

DNA fragments were run on a low-melting high grade TAE agarose gel (Flowgen).

The DNA fragment was extracted, and the appropriate volume of binding buffer

(3M guanidine-thiocynate, 10mM Tris-HCl, 5% ethanol [v/v] pH6.6) from the kit was

added. This was incubated at 56°C for 10 minutes and isopropanol was added to

the dissolved gel mixture. This solution was addedto the High Purefilter tube and

centrifuged at 12,000g for 60 seconds. The High Purefilter tube was washed twice

with the supplied wash buffer (20mM NaCl, 2mM Tris-HCl pH7.5, ethanol) and

centrifuged at 12,000g for 60 seconds. The resultant DNA fragment was recovered

using the supplied elution buffer (10mM Tris-HCl pH8.5).

2.3.6 DNA sequencing

All DNA for sequencing was carried out by Lark Technologies and results were

obtained via email for analysis. 10! of purified DNA to be screened and sequenced

were sent in a 2ml autoclaved microcentrifuge tube.

2.3.7 Restriction enzyme digestion

All restriction enzymes were purchased from Roche Biochemicals or New England

Biolabs. All the manufacturer’s protocols were followed with recommended

buffers. Generally, SOul reactions would be carried out for analysis and in a typical

5Oul reaction, 0.2-1ug of DNA would be used for analytical purposes only. Unless

specified differently, the reaction mixture was incubated at 37°C for 60 minutes.

2.3.8 Cloning using the TOPO TAkit (Invitrogen)

Generally, all DNA cloning for sequencing was performed using the TOPO TAkit

(Invitrogen). This kit depends on a 3’ A-overhangsin orderto ligate to the pCR2.1-

TOPO plasmid vector, and any PCR reactions using proof-reading enzymes required

an additional step of post-amplification with 0.5U of Taq polymerase, Taq
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polymerase buffer, dATP (Invitrogen). 4ul of PCR reaction, 1yl of the supplied salt

solution (200MM NaCl; 10mM MeCl2), and 1p! TOPO pCR2.1-vector, was mixed and

incubated for 5 minutes at room temperature (optimum 22°C). Using the

manufacturer’s instructions, 2ul of the mixture was added into the vial of

competent cells, and incubated on ice for 5 minutes. The whole vial was heat

shocked at 42°C for 30 seconds and immediately placed onto ice. 250ul of the

supplied S.0.C. medium (2% Tryptone, 0.5% Yeast extract, 10mM NaCl, 2.5mM

NaCl, 10mM MgClz, 10MM MgSO,, 20mM glucose) was addedto the vial and the

vial incubated in a orbital shaker at 300rpm for 1 hour at 37°C. 20pl of the mixture

was spread on to a premade LB(Luria-Bertani) plate containing 50ug/ml of

ampicillin and 40yl X-gal (40mg/ml) and incubated from 8 hours to overnight at

37°C. Fragment sizes were checked by growing up the colonies for the

minipreparation of the DNA using the alkaline lysis technique (section 2.3.9).

Restriction digestion of the DNA using the enzyme EcoRI and a standard PCR

amplification for visualisation to detect if the correct fragment was inserted

(section 2.3.7 and 2.3.2). Once found, minipreparation of the DNAusing the Qiagen

Minipreparation kit (section 2.3.9.1) was carried out and sent out to Lark

technologies for sequencing (section 2.3.6).

2.3.9 Preparation of plasmid DNA

Minipreparation of DNA wasusually used only for small analysis and sequencing

purposes and maxiprep’s for large scale production of certain plasmid DNA. The

Qiagen Qiaprepkit is based on a modified procedure of the alkaline lysis of bacterial

cells technique (Birnboim, 1983). Briefly, no matter the starting point, one single

colony from a freshly streaked selective plate (with the appropriate antibiotic) was

grown in LB medium also containing the appropriate antibiotic. In this study with

ampicillin (100ug/ml) or chloramphenicol (170yg.ml).

2.3.9.1 Minipreparation of plasmid DNA (Qiagen)

For minipreparation of the plasmid DNA, a single colony containing the plasmid

DNAwasinoculated into 5ml LB medium containing the appropriate antibiotic and

grown overnight in a 37°C orbital shaker (230rpm). The bacterial cell culture was

pelleted by centrifugation at 6000xg for 10 minutes at 4°C (Beckman Coulter
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Microfuge 22R), supernatant removed and the bacterial pellet was resuspendedin

250ul of the supplied prechilled buffer P1 solution (SOmM Tris-Cl pH8.0, 10mM

EDTA, 100ug/ml RNase A). 250ul of the P2 lysis buffer solution (200mM NaOH, 1%

SDS [w/v]) was added to the resuspended bacterial mixture and inverted 6 times to

ensure complete lysis and mixing. 350ul of the neutralisation buffer N3

(composition unknown;variant mixture of potassium acetate) was added in order

to neutralise the P2 lysis solution and centrifuged at maximum speed for 10

minutes. The supernatant from the microcentrifuge tubes was transferred to the

Qiagen Qiaprep spin column and centrifuged for 60 seconds. The spin column was

washed with 500ul of the supplied binding buffer PB (composition unknown) and

centrifuged for 60 seconds. The spin column was washed with the supplied wash

buffer PE (variant mixture of potassium acetate, EDTA, Tris-Cl) and centrifuged for

60 seconds. 50ul of Buffer EB (10mM Tris-Cl, pH8.5) or water was usedto elute the

DNA plasmid in to a clean microcentrifuge. To ensure maximum DNAyield, the

elution buffer was allowed to stand and absorb maximum DNAfor 5 minutes at

room temperature. Once this was carried out the DNA from the spin column

membranewascentrifuged at maximum speed for 1 minute.

2.3.9.2 Maxipreparation of plasmid DNA (Qiagen)

All large scale production of plasmid DNA wascarried out by the Qiagen Plasmid

Maxi kit. A single colony from a freshly streaked antibiotic-selective plate was

grown in 5ml LB medium with the specific antibiotic required and incubated for 8

hours at 37°C in an orbital shaker (approximately 300rpm). The 5ml bacterial

plasmid culture was transferred to 500m! LB medium with the appropriate

antibiotic and incubated overnight at 37°C at 300 rpm in an orbital shaker. The

bacterial cells from the culture were harvested by centrifuging at 6000xg for 15

minutes at 4°C (Beckman Coulter Avanti J-E centrifuge — JS 13.1 rotor). The bacterial

pellet was resuspendedin the prechilled 10ml of buffer P1 (50mM Tris-Cl pH8.0,

10mM EDTA, 100yg/ml RNase A). 10mof the lysis buffer P2 solution (200mM

NaOH, 1% SDS [w/v]) was added to the same mixture, mixed by inverting the

solution 6 times and incubated at room temperature for 5 minutesto allow lysis of

the bacterial solution. 10ml of the neutralisation buffer P3 (3.0 M potassium
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acetate, pH 5.5) was addedto the mixture to stop the lysis reaction and centrifuged

at >20,000xg (Beckman Coulter Avanti J-E centrifuge — JLA 16.25 rotor) for 30

minutes at 4°C to allow separation of the supernatant and pellet. A further step of

centrifuging the supernatant at >20,000xg for 4°C was carried out to ensurefull

separation of precipitate. Before adding the supernatant into the Qiagen tip-500,

the equilibrium buffer QBT (750 mM NaCl; 50 mM MOPS,pH 7.0; 15% isopropanol

[v/v]; 0.15% Triton® X-100 [v/v]) was added to the Qiagen tip-500. The clear

supernatant was addedto the Qiagen tip-500 allowing the plasmid DNAto bind to

the silica membrane. The Qiagen-tip was washed twice with 30ml wash buffer QC

(1M NaCl, 50mM MOPS pH7.0, 15% isopropanol [v/v]). The plasmid was eluted

with 15ml buffer QF (1.25M NaCl, 50mM Tris-Cl pH8.5, 15% isopropanol [v/v]).

10.5ml of isopropanol was added to the 15ml eluted DNA, mixed, and centrifuged

at >15,000xg for 30 minutes at 4°C. The DNA pellet was washed with room

temperature 70% ethanol and centrifuged at >15,000xg for 10 minutes.Finally,

after allowing the pellet to air-dry for 10 minutes, the DNA pellet was resuspended

in either 1ml of Milli-Q water or TE buffer pH8.0.

2.3.9.3 Plasmid DNApreparationusing alkaline lysis preparation

For general screening of restriction digestion of plasmid DNA, the alkaline lysis

method for preparation of plasmid DNA from the molecular cloning laboratory

manual was used (Sambrooketal., 2000). Briefly, a single colony of bacteria from a

freshly streaked plate was incubated overnight in 5ml of LB medium with the

appropriate antibiotic. This mixture was placed in an orbital shaker at 37°C

overnight and 4.5ml of the bacterial culture was centrifuged at 660xg for 10

minutes (Hettich Rotofix32). 0.Sml of the remaining culture was stored and placed

at 4°C. The reason for this, if the correct plasmid DNA was found, this could be

regrown in the same day. The supernatant was removed and the bacterial pellet

wasresuspended in 100ulof ice-cold alkaline lysis solution | (50mM glucose, 25mM

Tris-Cl pH8.0, 10mM EDTA pH8.0, 20ug/ml DNase-free RNase A). 200uI of freshly

prepared alkaline lysis buffer Il (0.2N NaOH, 1% SDS [w/v]) was added to the

mixture to lyse the bacterial pellet. 150ul of ice-cold alkaline lysis solution Ill (5M

potassium acetate, glacial acetic acid, water) was used to neutralise the lysis step.
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This was then stored on ice for 5 minutes. The bacterial lysate mixture was

centrifuged at 8,000xg (Beckman Coulter Microfuge 22R) for 5 minutes at 4°C and

the supernatant was transferred to a fresh microcentrifuge tube. The DNAin the

supernatant was extracted and purified by adding an equal volume of phenol:

chloroform: isoamyl alcohol ([25:24:1] Sigma). The mixture was mixed by vigorous

vortexing for 30 seconds and centrifuged at maximum speed for 2 minutes at 4°C.

The top layer containing the DNA wastransferred to a brand new microcentrifuge

tube and equal volume of chloroform: isoamyl alcohol ([24:1] Sigma) was added to

the supernatant and vortexed for 30 seconds. The mixture was centrifuged at

maximum speed for 2 minutes at 4°C and the top layer transferred to a fresh

microcentrifuge tube. Two volumes of ethanol at room temperature were added to

the mixture. This was vortexed to mix the solution and allowed to stand at room

temperature for 2 minutes. The precipitated DNA was centrifuged at maximum

speed for 5 minutes at 4°C, the supernatant was aspirated and 1ml of ice-cold 70%

ethanol was added to the pellet. The DNA pellet was centrifuged once again at

maximum speed for 2 minutes at 4°C. All the supernatant was removed and the

DNA pellet was air-dried for 5 minutes. The pellet wasfinally dissolved in 20ul -

50ul of TE buffer (10mM Tris pH8.0, 1.0mM NazEDTA, RNase A).

2.3.10 Isolation and preparation of BAC Plasmids (Qiagen)

All BAC plasmids were isolated from EF.co/i cultures using the Qiagen Large

Construct Kit (Qiagen). MHV68BAC DNA plasmids were grown in LB medium with

12.5 pg/ml chloramphenicol (CM) at 37°C. Briefly, a single colony of the BAC DNA

plasmid was extracted from a freshly streaked LB agar plate containing CM. The

single colony was grown in 5ml of LB medium with 12.5ug/ml CM in an orbital

shaker at 37°C for 8 hours. After 8 hours, 1ml of the starter culture was placed in

500m! of LB medium with 12.5ug/ml CM and shaking overnight (12 — 16 hours) at

37°C orbital shaker. The whole 500ml of culture was centrifuged at 6000xg

(Beckman Coulter Avanti J-E — JS 13.1 rotor) for 15 minutes at 4°C to pellet the

overnight bacterial culture. The bacterial pellet was resuspended in 20mI of buffer

P1 (50mM Tris-Cl pH8.0, 10mM EDTA, 100ug/ml RNase A) and 20mI of the lysis

buffer P2 (200mM NaOH, 1% SDS [w/v] was addedto the mix with gentle inversion.
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This mix was then incubated for 5 minutes to allow completelysis of the cells. 20mI

of the chilled neutralisation buffer P3 (3.0M potassium acetate, pH 5.5) was added

and inverted 6 times to allow complete mixing. The whole mixture was placed on

ice for 10 minutes to allow formation of the precipitate and centrifuged at

maximum speed >20,000xg for 30 minutes at 4°C. Removing the supernatant

containing the BAC DNA, the whole solution was passed through a prewettedfilter

paper, 36ml of room temperature isopropanol was added and centrifuged at

maximum speed >15,000xg (Beckman Coulter Avanti J-E — JLA 16.25 rotor) for 30

minutes at 4°C. The supernatant was removed, 5ml of room temperature 70%

ethanol was added to the centrifuge tube and centrifuged at >15,000xg for 15

minutes. The ethanol was removed and the DNA pellet was allowed to dry for 5

minutes. The DNApellet was redissolved in 9.5 ml of buffer EX, 200u! of ATP-

dependent exonuclease and 300! ATP solution was added to the dissolved DNA

and incubated at 37°C for 60 minutes. Whilst waiting for this step, 10 ml of

equilibration buffer QBT (750 mM NaCl; 50 mM MOPS,pH 7.0; 15% isopropanol

[v/v]; 0.15% Triton® X-100 [v/v]) was added to the Qiagen-tip 500 column. 10mlI of

buffer QS (composition unknown) was added to the BAC DNA sample mixture and

the whole sample was placed in the Qiagen-tip 500 column to bind to the

membrane. The Qiagen-tip was washed twice with 30ml of wash buffer QC (1.0 M

NaCl; 50 mM MOPS,pH 7.0; 15% isopropanol[v/v]) and finally eluted with 15m! of

the elution buffer QF (1.25 M NaCl; 50 mM Tris-Cl, pH 8.5; 15% isopropanol[v/v})

which was prewarmed up to 65°C beforehand. Next the DNA wasprecipitated by

added 10.5ml of room temperature isopropanol and centrifuged at >15,000xg for

30 minutes at 4°C. The isopropanolwascarefully removed and replaced with 5ml of

room temperature 70% ethanol. The DNA solution was centrifuged again at

>15,000xg for 15 minutes at 4°C, the ethanol removed and the DNA pelletair dried

for 5 minutes on the bench. The pellet was then finally dissolved in 500ul of TE

buffer (10mM Tris pH8.0, 1.0mM NazEDTA, RNase A). As the DNApellet can be

sometimesdifficult to dissolve, an additional step of incubated the DNAin TE buffer

at 55°C for 2 hours wascarried out. The DNA concentration measured using a UV

spectrophotometer.
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2.3.11 Isolation of other plasmids

All plasmids such as pGS284 and the pOG231 DNA plasmids wereisolated from

E.coli cultures using the Qiagen Plasmid Maxi kit (Qiagen). pGS284 (25yg

carbenicillin) and pOG231 constructs were grown in LB medium with 50 pg/ml

ampicillin (amp) at 37°C respectively.

2.3.12 Preparation of chemically-competent DH10B, GS500 and

$17Apir competentcells

The preparation of competentcells was either carried out by the rubidium chloride

method or by the calcium chloride method. Both methodsweresufficient but the

rubidium chloride provided better efficiency compared to the calcium chloride

method.

2.3.12.1 Rubidium Chloride Method

Either GS500 (gift from G. Smith), DH10B (in-house stock), or S17Apir (gift from G.

Smith) werefirst streaked onto LB agar plates without antibiotic overnight at 37°C.

Using the overnight grown colonies in the LB agar plate, one single colony was

grown in 10m! LB medium (without antibiotics) at 37°C overnight in the orbital

shaker (225rpm). 100ul of the overnight culture medium werediluted in 10ml fresh

LB medium and weregrownin the orbital shaker at 37°C to an optical density OD¢o0

= 0.6. Cultures were then immediately placed onto ice. The cooled 10m! cultures

were centrifuged for 10 minutes at 5000xg at 4°C. Each cell pellet was resuspended

in Iml of sterile ice-cold TFB1 buffer (30mM potassium acetate; 10mM CaCl;

50mM RbCl; 15% glycerol; pH5.8), and transferred to an eppendorf tube, and was

centrifuged for 60 seconds at 4°C at maximum speed. After repeating the same

washing steps twice, the cells were finally resuspended in 100ul of ice-cold TFB2

buffer (10mM PIPES pH 6.4; 75mM CaCl; 10mM RbCl; 15% glycerol; pH6.5) and

stored at minus 80°C freezer for future use. If the stock was to be stored, the

chemically competentcells werefirst flash freezed using liquid nitrogen and then

stored in a -80°C freezer (Hanahan, D. 1985).

2.3.12.2 Calcium Chloride Method

Either GS500(gifted from G. Smith), DH10B (in house stock), or S17Apir (gift from G.

Smith) werefirst streaked onto LB agar plates without antibiotic overnight at 37°C.
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Using the overnight grown colonies in the LB agar plate, one single colony was

picked and grown in 10ml LB medium (without antibiotics) at 37°C overnight in the

orbital shaker (225rpm). 100ul of the overnight culture medium were diluted in

10m! fresh LB medium and were grownin the orbital shaker at 37°C to an optical

density ODgo9 = 0.6. Cultures were then immediately placed onto ice. The cooled

10mlI cultures were centrifuged for 10 minutes at 5000xg at 4°C. Each cell pellet

were resuspended in 30ml of sterile ice-cold MgCl2-CaCl. buffer (830mM MgCl);

20mM CaCl), and transferred to an eppendorf tube, and was centrifuged for 10

minutes at 4°C at 5000xg. After removal of the supernatant, the cell pellet was

allowed to fully dry and the cells were finally resuspended in 2ml of ice-cold CaCl.

buffer (SOmM CaCl; 17% glycerol in water) and stored at minus 80°C in a freezer

for future use. If the stock was to be stored, the chemically competent cells were

first flash freezed using liquid nitrogen and then stored at the -80°C freezer (Cohen

et al., 1972).

2.3.13 Generation of the MHV68BAC ORF73mutation plasmid

The MHV68 genomecloned as a BAC plasmid was kindly provided by H. Adler

(Adler, Messerle et al., 2000). The MHV68BAC-ORF73 mutation virus was generated

by allelic exchangein E.coli, with the protocol as described by Smith and Enquist

(Smith & Enquist, 1999).

2.3.13.1 Double digestion and purification of the ORF73 mutant fragment

The ORF73 mutation fragment wasfirst double digested out of the TOPO-pCR2.1

vector (1ug) by using the restriction enzymes Notl (Roche) and Sacl (Roche) [see

section 2.3.7; manufacturer’s instructions abided to]. Once this was complete the

20ul total sample was loading on to a 2% low melting agarose gel and the 950bp

ORF73 mutant fragment was purified using the High Pure PCR Purification Kit

(Roche) [section 2.3.5]. Eluted DNA wasstored at 4°C.

2.3.13.2 Double digestion and purification of the pGS284 plasmid

The plasmid pGS284 also contains restriction sites for Notl and Sacl in its multiple

cloning site. In order to ligate the ORF73 mutant fragment into pGS284, the plasmid

wasfirst digested with the Notl and Sacl restriction enzymes (section 2.3.7),
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purified using phenol / chloroform extraction (as mentioned in section 2.3.9.3) and

eluted in 10ul sterile milli-Q water.

2.3.13.3 Cloning of the ORF73 mutant fragment into pGS284

Using the double digested pGS284 and the ORF73 fragment, both plasmid and

ORF73 mutant fragment wereligated together. Using a modified method of the

Invitrogen manufacturer’s instructions, 1p! of the pGS284 (100ng), 2! of the ORF73

mutant fragment (50ng) was mixed with 4ul 5x ligation buffer (1X), 1p! T4 DNA

Ligase (1U) and the rest in milli-Q water up to 20uI. The microcentrifuge tube was

then placed in room temperature tap water and placed in a 4°C refridgerator

overnight (16 hours). Using 14ml BD Falcon polypropylene tubes, 200u! of the

freshly made S17Apir competentcells were placed on ice and at the same time, 5ml

of LB medium waspreheated at 42°C. 5ul of the ligated DNA was added to the

falcon tube containing the S17Apir cells and mixed gently by swirling with a pipette.

This mixture was allowed to stand on ice for exactly 30 minutes. After this, the

sample was heat-shocked at 42°C for exactly 60 seconds. Immediately the falcon

tube containing the heat-shocked mixture was placed back on to ice for 5 minutes.

800u! of the preheated LB medium was added to the sample and the falcon tube

mixture transferred to the orbital shaker for incubation at 37°C, 200rpm, for 45

minutes. The sample was finally spread onto LB medium agar plates containing

25ug/ml of carbenicillin and incubated overnight at 37°C for colonypicking. In order

to determine if the ligated ORF73 mutant fragment successfully ligated into the

pGS284 plasmid, each single colony were screened by colony PCR by using the

ORF73Mut1 and ORF73Mut2 primers, and digested using the BamHI restriction

enzyme. Glycerol stocks of the pGS284 and ORF73 mutant fragment werestored at

-80°C freezer.

2.3.14 Cloning of the MHV68 BAC plasmid into DH10B/GS500

competentcells

5ul of the MHV68 BAC DNA wasaddedto the ice-cold chemically prepared GS500 /

DH10B competent cells and was incubated on ice for 5 minutes. After this, the

sample was heat-shocked at 42°C for exactly 60 seconds. The heat-shocked mixture

wasplaced back onto ice for 5 minutes and 800ul of the preheated LB medium was
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added to the sample and transferred to the orbital shaker for incubation at 37°C,

200rpm, for 45 minutes. The sample was finally spread onto LB medium agar plates

containing 12.5ug/ml of CM. Glycerol stocks of the MHV68 BAC DNAin DH10B were

stored at -80°C freezer.

2.3.15 Generation of the MHV68BAC and ORF73 mutant plasmid by

allelic exchange

The MHV68BAC+ORF73mutation plasmid was generated byallelic exchange in

E.coli (Smith & Enquist, 1999). The glycerol stock of WT MHV68BACin GS500E.coli

(RecA+) cells and the glycerol stock pGS284+ORF73Mutation in S17Apir cells were

streaked on to a fresh LB-agar plates containing either 12.5ug/ml CM or 25ug/ml

carbenicillin respectively overnight at 37°C. From one single colony of each plate,

the colony werecross-streaked, mated, onto LB agar plates with no antibiotics and

were incubated overnight at 37°C. The next day, potential cointegrates were

selected on LB medium with CM (12.5ug/ml) + carbenicillin (25ug/ml) and

incubated in the orbital shaker (225rpm) overnight at 37°C. On day 3, 5ul of the

overnight culture were inoculated onto 10m! of LB medium containing only

12.5ug/ml CM and incubated at 37°C in the orbital shaker (225rpm) overnight.

Using only 50ul of the overnight culture, the bacterial cultures were spread onto

plates containing LB agar and 12.5ug/ml CM or plates containing LB agar (no salt),

7% sucrose and 12.5ug/ml CM in dilutions of 1:1000; 1:10,000; and 1:100,000

overnight at 30°C. On day 4,the colonies from the LB agar plates containing no salt,

7% sucrose and 12.5ug/ml CM wereisolated using a sterile tip and replica plated on

to plates containing LB agar and 12.5ug/ml CM or LB agar and 25yg/ml carbenicillin.

The plates were then incubated overnight at 37°C. Finally on day 5, the colonies

that were CM resistant and carbenicillin sensitive were grown up in LB medium

containing 12.5ug/ml CM. To be fully sure the process was successful, the MHV68

BAC containing the ORF73 mutant fragment was prepared using the

minipreparation kit (Qiagen) and screened using PCR (section 2.3.9.1 and 2.3.7).

2.3.16 Extraction of Total RNA from cell cultures

Total RNA wasextracted from cell lines using the RNeasy Mini Kit (Qiagen). Prior to

use, all surfaces, reagents, and equipment were decontaminated by using RNase
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free (Ambon). Cells were scraped off from the surface of the tissue culture flasks or

tapped off from the flasks (applies to infected cell lines only) and 1x10’ cells were

transferred to a sterile RNase free nunc tube. The cell suspension was then

centrifuged at 300xg for 5 minutes and the supernatant carefully removed. The

cells were resuspendedin sterile PBS, centrifuged at 300xg for 5 minutes, and the

cell pellet resuspended in 600ul of the lysis buffer RLT (component unknown but

known to contain guanidine isothiocyanate) containing B-mercaptoethanol. The

whole sample was transferred to a QlAshredder (Qiagen) spin column and

centrifuged for 2 minutes at maximum speed. 600uI of 70% ethanol was added to

the homogenised lysated and mixed by pipetting. 700u! of the sample was loaded

into the RNeasy mini column and centrifuged at 8,000xg for 15 seconds. 700ul of

wash buffer RW1 (content unknown) was added to the RNeasy column and

centrifuged at 8000xg for 15 seconds. The RNeasy column wastransferred to a new

tube and 500ul of RPE buffer added to the RNeasy column and centrifuged at

8000xg for 15 seconds. This step was repeated twice but the final step having a

longer centrifuge time at 2 minutes to ensure that all RPE buffer was removed.

Finally the RNA was eluted by transferring 30u! of RNase free water directly on to

the silica gel membrane, and centrifuging for 1 minute at maximum speed. The

eluted RNA was snap freezed on dry ice and stored in the -80°C to prevent

degradation of the RNA.

2.3.17 Purification of poly A+ RNA from total RNA

Extraction of mRNA was carried out by the Oligotex kit (Qiagen). The total RNA

sample (1mg) was made up to a volume of 500ul of RNase free water prior to use.

In the same tube, 500ul of the binding buffer OBB and the appropriate volume of

the oligotex suspension were addedto the mixture. The sample wasthen incubated

at 70°C for 3 minutes and allowed to cool at room temperate for 10 minutes. The

whole sample was centrifuged for 2 minutes at maximum speed and the

supernatant removed. The cell pellet was resuspended in the wash buffer OW2,

transferred to the spin column and centrifuged at maximum speed for 1 minute.

Further amount of buffer OW2 wastransferred to the spin column and spun again

at maximum speed for 1 minute. Finally, 70°C prior-heated elution buffer OEB was
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added to the membrane of the spin column and centrifuged for 1 minute at

maximum speedto elute the whole mRNA.

2.3.18 Measuring concentration and integrity of RNA

All total RNA concentrations were measured using a UV spectrophotometer.

Concentration of RNA can be measured at an absorbancereading of 260nm in the

spectrophotometer (P UV1101 Biotech Photometer). In order to detect if the total

RNA was degradedor not, the total RNA was run on a 1% TBE gel (i.e. RNase free)

with ethidium bromide staining or on a 1.2% formaldehyde agarose gel for

enhancedclarity. A formaldehyde agarose gel preparation consists of 1.2% agarose,

1x formaldehyde agarose gel buffer (200mM 3-[N-morpholino] propanesulfonic

acid [MOPS]; 50mM sodium acetate; 10mM EDTA; pH 7.0).

2.3.19 Rapid amplification of cDNA ends (RACE) - Roche method

RNAwasfirst extracted from MHV68infected cells (5 PFU per cell — for 18 hours) by

using the Qiagen RNeasy Mini Kit (Qiagen) [section 2.3.16]. A further step using the

Oligotex kit (Qiagen) wascarried out if mRNA wasrequired (section 2.3.17).

2.3.19.1 Amplification of the 3’ end of mRNA

Around 0.5 to 2ug of poly(A)” RNA or total RNA was mixed with cDNAsynthesis

buffer, deoxynucleotide mixture, the oligo-dT-anchor primer, Transcriptor reverse

transcriptase (Roche) and sterile milli-Q water up to a final volume of 20ul. The

mixture was incubated at 55°C for 60 minutes to amplify and synthesise the cDNA

sequence, and heated to 85°C for 5 minutes to inactivate the Transcriptor reverse

transcriptase (Roche). PCR amplification of the cDNA was carried out in a final

volume of 50ul which included 1p! of the amplified cDNA, PCR anchor primer

(Roche), own designed ORF73 3’RaceGSP1 primer, deoxynucleotide mixture, Taq

DNA polymerase (2.5U) or Expand long Taq DNA polymerase (3.75U; Roche),

Reaction buffer (1X), and milliQ water. The whole reaction was amplified as stated

by the manufacturer’s instructions but at an annealing temperature of 55°C to

59°C. Second round of PCR amplification was carried out with the first round PCR

product, PCR anchor primer, Roche 3’RACE GSP2 primer, deoxynucleotide mixture,

Taq DNA polymerase (2.5U) or Expand Long Taq DNA polymerase (3.5U), reaction

buffer (1X), and milli-Q water. The whole reaction mixture was amplified but at an
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annealing temperature of 57°C to 59°C. All samples were run on a 1% TAE agarose

gel (section 2.3.3) and cloned in to the TOPO vectorkit (Invitrogen) and sent out for

sequencing to Lark technologies (section 2.3.8 and 2.3.6). Table 2.1 shows the

primers used for this experiment.

2.3.19.2 Amplification of 5’ end of mRNA with the RACEkit (Roche)

In the first part of the reaction, poly(A) RNA or total RNA (0.2 - 2ug), cDNA synthesis

buffer, deoxynucleotide mixture, 5’ RACE GSP1 primer (12.5uM), transcriptor

reverse transcriptase, and the rest in milli-Q water, was incubated at 55°C for 60

minutes to synthesise cDNA. The transcriptor reverse transcriptase was inactivated

by heating the reaction mixture at 85°C for 5 minutes and purified using the High

PCR purification kit (Roche) [section 2.3.5]. The purified cDNA (19ul), was mixed

with reaction buffer (1X), dATP (0.2mM), and incubated at 94°C for 3 minutes and

immediately chilled on ice. Terminal transferase (80U) was added to the reaction

mixture above and incubated at 37°C for 30 minutes. A further incubation at 70°C

for 10 minutes was required to inactive the terminal transferase. Using the dA

tailed cDNA (5p), the cDNA was mixed with the supplied oligo-dT anchor primer, 5’

RACE GSP2 primer (12.5uM), deoxynucleotide mixture, Taq DNA polymerase (2.5U)

or Expand Long Taq DNA polymerase (3.5U), reaction buffer (1X), and made up to

50ul with milli-Q water. Several cycles were carried out with an annealing

temperature of 50°C to 55°C. A second nested PCR reaction was carried out with

the same procedures as above but with the 5’RACE GSP3 primer (12.5uM) and an

annealing temperature ranging from 55°C to 57°C. All samples were run on a 1%

TAE gel, cloned in to the TOPO vectorkit (Invitrogen) and sent out for sequencing to

Lark technologies (section 2.3.3, 2.3.8, 2.3.6). Table 2.1 showing the

oligonucleotides / primers used for the Roche RACEkit.

2.3.20 Rapid amplification of cDNA ends (RACE)using the Invitrogen

Kit

2.3.20.1 Amplification of 5’ end of Total RNA with the RACE kit

(Invitrogen)

Invitrogen 5’RACE GSP1 (2.5pmoles), total RNA (1-5yg), and milli-Q water was

incubated at 70°C for 10 minutes. Once chilled, PCR buffer (1X), MgCl2 (2.5m™),
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dNTPs mix (400UM each), dithiothreitol (DTT — 10mM), was added to the above

mixture, mixed, centrifuged and incubated at 42°C for 1 minute. SuperscriptIll

reverse transcriptase (200U) was added to the sample and incubated at 53°C for 50

minutes, and the SuperscriptIll reverse transcriptase was inactivated by heating the

reaction mixture at 70°C for 15 minutes. The mixture was centrifuged and 1l of

RNase mix added to the sample and incubated at 30 minutes for 37°C. Purification

of the amplified was carried out using the High PCR purification kit (Roche) [section

2.3.5]. Using the SNAP purified cDNA, tailing buffer reaction mix (10mM Tris-Cl

pH8.4; 25mM KCl; 1.5mM MgCl2), dCTP (200uM), and sterile milli-Q water was

added, and the whole sample preheated at 94°C for 3 minutes and chilled on ice.

Terminal Deoxynucleotidy! Transferase (TdT) was added to the above sample mix,

incubated at 37°C for 10 minutes, and heat inactivated by incubating at 65°C for 10

minutes. Using 5ul of the dC-tailed cDNA, Platinum PCR buffer (1X), MgCl2 (1.5mM),

dNTP mix (200UM each), Invitrogen 5’RACE GSP2 primer (400nM), Abridged Anchor

Primer (400nM), and milli-Q water, was added to the above cDNA. Using platinum

Taq (2.5U; Invitrogen), the whole reaction mixture was carried out in a PCR cycler as

specified by the manufacturer’s instructions (section 2.3.2) and at an annealing

temperature of 61°C. A further nested amplification step of the PCR product was

sometimes required. Using the abovefirst PCR reaction, further amplification was

carried out with the Invitrogen 5’RACE GSP3 primer (400nM) and the Universal

Amplification Primer (400nM) at an annealing temperature of 60°C. Amplified

samples were run on a 1% TAEgel, cloned in to the TOPO vector kit (Invitrogen) and

sent out to Lark technologies for sequencing (section 2.3.3, 2.3.8, 2.3.6). Table 2.2

showsthe oligonucleotides / primers used for the Invitrogen RACEkit.

2.3.20.2 Amplification of the 3’ end of Total RNA with the RACE kit

(Invitrogen)

Using total RNA (1 to 5ug), adaptor primer (S00nM) was added to the mixture,

centrifuged and heated at 70°C for 10 minutes. After the mixture waschilled on ice,

PCR buffer mix (1X), MgClo (2.5mM), dNTP mix (500M each), DTT (10M), and the

whole reaction was added and equilibrated at 42°C for 2 minutes. SuperscriptIII

reverse transcriptase was added to the mixture and the cDNA was amplified by

incubating at 55°C for 60 minutes and deactivated by heating at 70°C for 10
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minutes. Once this reaction was completed, RNase H was added to the mix and

heated at 37°C for 20 minutes. The next step was the amplification of the cDNA by

PCR. Before adding the target cDNA, platinum taq buffer mix was added to a

centrifuge tube with MgClz (1.5nM), dNTP mix (200M each), 3’RACE GSP1 primer

(200nM), universal adaptor primer (200nM), and platinum taq (2.5U). The whole

reaction was madeup to 50ul, mixed, centrifuged briefly, and normal PCR reactions

were carried out at an annealing temperature of 59.4°C (section 2.3.2). Sometimes

a nested amplification of the first PCR reaction was carried out using the same

reaction conditions but with the 3’RACE GSP2 primer (200nM), and universal

adaptor primer. Amplified samples were run on a 1% TAEgel, cloned in to the TOPO

vector kit (Invitrogen) and sent out to Lark technologies for sequencing (section

2.3.3, 2.3.8, 2.3.6). Table 2.2 shows the oligonucleotides / primers used for the

Invitrogen RACEkit.

2.3.21 Amplification of the 5’ end of RNA using the FirstChoice RLM

RACEKit (Ambion)or the GeneRacerKit (Invitrogen)

2.3.21.1 Dephosphorylating RNA

Total RNA (1ug to Sug) was mixed with CIP buffer (1X), 40U RNaseOUTinhibitor

(Invitrogen), CIP (10U), made up to 10! with RNase free water, and incubated for

60 minutes at 50°C. The CIP reaction was then terminated by phenol:chloroform

extraction, and RNA pelleted by adding glycogen (mussel glycogen: sigma:

10mg/ml), sodium acetate (3M; pH5.2), and 95% ethanol. The sample was freezed

in dry ice for 10 minutes and centrifuged at maximum speed for 20 minutes at 4°C,

500ul of 70% ethanol was added, centrifuged at maximum speed for 2 minutes at

4°C, and the ethanol removed,allowing the RNA pelletto air dry for 2 minutes. The

RNA pellet was finally resuspendedin 8p of RNase free water.

2.3.21.2 Removal of the mRNACapStructure

The resuspended dephosphorylated RNA (7ul) was added into TAP buffer (1X),

RNaseOUT (40U), and TAP (0.5U), and the whole sample was incubatedat 37°C for

1 hour. After incubation the TAP reaction was stopped by phenol:chloroform

extraction and the RNApellet resuspended in 8ul of RNase free water (method

same as section 2.3.21.1).
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2.3.21.3 Ligating the RNA adapterto the decapped RNA

The CIP / TAP treated RNA (7ul) was added to a tube containing 5’RACE oligo RNA

adapter (0.25ug) and the mixture heated at 65°C for 5 minutes. To the cooled RNA

mixture, RNA ligase buffer (1X), 10mM ATP, RNaseOUT (40U), T4 RNAligase (5U),

was added and incubated at 37°C for 1 hour. After this incubation step, the ligation

reaction was stopped by the phenol:chloroform reaction and the RNA pellet

resuspended in 10ul of RNase-free water(section 2.3.21.1).

2.3.21.4 Reverse transcription of mRNA

To the ligated RNA, random hexamers / decamers (250ng), dNTPs (25mM each),

werefirst added and incubated at 65°C for 5 minutes. Once the sample wascooled,

first strand buffer (1X), 0.1M Dithiothreitol (DTT), RNaseOUT (40U), Superscript III

RT (200U) was added to the sample and incubated at 25°C for 5 minutes then 50°C

for 60 minutes. The reaction was inactivated by incubating at 70°C for 15 minutes

and RNase H (2U) added to the mixture and further heated at 37°C for 20 minutes.

2.3.21.5 Amplification of cDNA ends by PCR

In this reaction, the GeneRacer 5’ primer and 5’RACE Generacer GSP1 primer was

used. The cDNA (1p!) was mixed with Platinum Taq DNA polymerase (2.5U), 1X PCR

Buffer mix, 3! GeneRacer 5’Primer (10M), own GSP1 (10M), dNTP mixture

(10mM each), MgSO, (50mM), and made up to 50u! with milli-Q water. The

conditions for PCR and nested PCR consistedofinitial denaturation cycle at 94°C for

3 minutes, forty cycles at 94°C for 45 to 60 seconds, 60°C to 65°C for 30 to 60

seconds, 72°C for 90 seconds, and an elongation step for one cycle at 72°C for 10

minutes.

2.3.21.6 Nested PCR

If a nested PCR reaction was required, a diluted amount of the first PCR product

was mixed with Platinum Taq DNA polymerase (2.5U), 1X PCR Buffer mix, 1ul

GeneRacer 5’Nested Primer (10M), own GSP2 (10uM), dNTP mixture (10mM

each), MgSO, (50mM), and made up to 50ul with milli-Q water. Cyclic conditions

for amplification being the same (section 2.3.21.5). Table 2.3 shows the

oligonucleotides / primers used for the FirstChoice RLM-RACE kit (Ambion) /

GeneRacer(Invitrogen) kit.
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Table Set of primers used in RACE kits

Table 2. 1 showing the oligonucleotides / primers used for the Roche RACEkit.

ats Tsetse Genomic coordinates

5’Race GSP1 5’-CTG GTT TTG CCT GAG GTT GT-3’ 104920-104939
 

5’Race GSP2 5’-TTT TGC CTG AGG TTG TGT TG-3’ 104924-104943
 

5’Race GSP3 5’-TGA GGG AAG TGT TGG TGA TG-3’ ~=—104733-104752
 

3’Race GSP1 5’-CCA CAG GAT CAC CTG GATCT-3’ 104061-104080
 

3’Race GSP2 5’-TTA CCA GAG CCC CCT ACA GA-3’ 104179-104198    
Table 2. 2 showing the oligonucleotides / primers used for the Invitrogen RACE

kit.

 

  
Primer Sequence Genomic coordinates

5’Race GSP1_ 5’-ATG TCT GAG ACC CTT GTC-3’ 104027-104044

5’-TGT AGG GAT GTG TGC TAC-3’ 104429-104446
 

5’Race GSP2_ 5’-GCT GTC ACC TGC AGG TGTCTT C -3’ 104509-104530

5’-GTT GTC CTG GAC TAG ATC CAG G-3’ 104048-104069
 

5’Race GSP3 _5’-GGT GGC TCA TGT ACT GGT GAT C -3’ 104695-104715

5’-ATC CTG TGG CAC CTT GCT CTG C-3’ 104072-104093
 

3’Race GSP1_ 5’-TTA CCA GAG CCC CCT ACA GA-3’ 104179-104198
 

3’Race GSP2_  5’-CGA CTA CAC GCA ACA CAACCTC -3’ 104932-104953    
Table 2. 3 showing the oligonucleotides / primers used for the FirstChoice RLM-

RACEkit (Ambion) / GeneRacer(Invitrogen) kit.

Tatilts Ten=e crpyinmeeyleeles

5’Race GSP1 5’-GCT GTC ACC TGC AGG TGT CTT CGC 104509-104536

ATT C-3’

 

5’Race GSP2._5’-GGA GAT GGT GGC TCA TGT ACT GGT 104689-104716

GAT G-3’    
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2.3.22 Quantitative Real Time PCR (qRT-PCR)

Quantification of gene expression or viral DNA load was carried out by qRT-PCR or

qPCR. To calculate gene expression, total RNA wasprepared using the RNeasykit

and 3yg of Total RNA waspre-treated with DNase (Invitrogen). A mixture of total

RNA (3g), 1X DNase | reaction buffer (100mM Tris pH7.5; 25mM MgCl; 5mM

CaCl), DNase | (2U), and RNase-free water was incubated at room temperaturefor

15 minutes. The DNase was deactivated by the addition of EDTA (25mM) and

incubation at 65°C for 10 minutes. The pre-treated total RNA was reverse

transcribed into cDNA by the addition of an Oligo-dT primer (0.75yM), dNTP mix

(0.15mM each), 1X first strand buffer, DTT (6mM), RNaseOUT RNase Inhibitor

(2.4U), Superscript Ill RT (12U) and incubated at 50°C for 30 minutes with the

reverse transcriptase deactivated by heating at 70°C for 15 minutes. Once the cDNA

had been obtained the qRT-PCR wascarried out using the Opticon Monitor 2 real-

time PCR machine (MJ Research / BioRad). Either 200ng of cDNA or 200ng of DNA

wasused in the experiment. All amplifications were carried out in a final volume of

20uI which contained a master mix of the forward and reverse gene specific

primers (0.5uM; MWG Biotech), Sybr Green diluted in DMSO (0.5X; Lamb

Biosciences or Finnzymes), MgClz (2.5mM; Invitrogen), dNTPs mix (0.25mM each;

Invitrogen), Tris-HCI pH8.4 (20mM; Invitrogen); KCI (50mM; Invitrogen), Triton X-

100 (0.15%; BDH), BSA (0.02mg/ml; Promega), Platinum Taq (1U; Invitrogen) and

finally CDNA/DNA (10ngfinal reaction). The cycling parameters used were one cycle

of a hot start at 95°C for 15 minutes, 35 cycles containing a 94°C denaturation step

for 10 seconds, annealing step at 59°C for 20 seconds, 72°C extension step for 15

seconds, a fluorescence data collection step / plate read, and a 75°C step to remove

possible primer dimers. A final extension time of 5 minutes, a melting curve step

between 65°C to 95°C and a reading every 0.2°C increments, and finally a final step

for re-annealing of the DNA at 72°C for 5 minutes was used.

The house keeping gene used throughout was the RPL8 [ribosomal protein L8;

Genbank accession number AF091511; (Stewart et a/., 2004)] and the gene was

used to normalize the DNA/cDNA data samples before data analysis. All standard

curves were created from the genesofinterest and serial diluted. For the standard
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curves, the genes of interest would be cloned into the pCR2.1-TOPO vector

(Invitrogen) [section 2.3.8], prepared by the standard alkaline lysis method (section

2.3.9.1) and quantified by UV spectrophotometry. The copy numbers of the genes

of interest would be first calculated using the formula:

(DNA in grams) x (6.022 x 1073)

(plasmid size) x (660)
 Plasmid copy number =

(6.022 x 102%) = Avogadro's constant

(plasmid size) = TOPO vector + Insert

(660) = Mr nucleotide

All the standards used were adjusted to 1 X 10* copies per ul and diluted down by

10 fold serial dilutions using sterile milli-Q water. In these experiments the standard

curves would have the serial dilutions factors from 1X 108 to 1X 10° copies of

plasmid. Table 2.4 shows the primers used for the quantitative real time PCR

technique throughout the study.

2.4 HISTOLOGICAL TECHNIQUES

2.4.1 Immunofluorescentstaining

First, C127ARTA cells were plated onto glass cover slips and the pFLAG-CMV-1

expression vector (Sigma # E 7273) containing the ligated MHV68 ORF50 sequence

(RTA) was transfected into the cells on the cover slips. A control for transfection

efficiency, the pEGFPN1 plasmid (Clontech CAT#6085-1) containing the GFP

cassette was used. The primary MHV68-specific antibody used in the experiment

was obtained by infecting rabbit embryonic kidney cells (HEK293 ATCC CRL1573)

with MHV68, washed to remove the serum, homogenized and injected into a

rabbit. Blood extracted from the rabbit was placed into glass vials overnight at 4°C,

and the serum supernatant was extracted for use as the primary antibody for

MHV68.After transfection of either the RTA or the control, the cells were washed

with PBS and fixed with 4% PFA (paraformaldehyde)for 30 minutes.
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Table 2.4. Primers used for the real time PCR experiment.

  

 

ORF72 Reverse Primer

ORF72 Forward Primer 5’-TCCAGTAAGGCGACCGCCA-2.

5’-1TGGGCGTCAACGTGGACCA-3’
 

Mii Forward Primer

Mii Reverse Primer

5’-GCCCTCAAGAACTGGAAAAGAGA-3’

5’-CTCCTC ACA CAC ATATCT GCC A-3’
 

ORF73 Forward Primer

ORF73 Reverse Primer

5’-ATGGCTGCTGGTTTGTTGAAGC-3’

5’-CCACATCCCCACCGACTAC-3’
 

M1 Forward Primer

Mi Reverse Primer

5’-TGCAATGTCAAGACCACCTTCC-3’

5’-CCTCAGCCAGAACCAACACC-3’
 

M2 Forward Primer

M2 Reverse Primer

5'-ACTCCTCGCCCCAC]€C-3°

5’-CCTACAAGACCTTTGCCTAAACTC-3’
 

M3 Forward Primer

M3 Reverse Primer

5’-CTGTTGAGGTGGGCCTCCAA-3’

5’-TGCCAGATCCCCGGTCTGTAA-3’
 

M4 Forward Primer

M4 Reverse Primer

5’-TCCTGAACTCTGAAACCTTGAACC-3’

5’-AATCGACCCACCAACGATAGAC-3'
 

ORF50 Forward Primer

ORF50 Reverse Primer

5’-CTACATACCTACTCCCAACTCAG-3’

5’-CTCATCGCTCTCCCTTAATCTC-3'
 

ORF74 Forward Primer

ORF74 Reverse Primer

5’-TGGAGCTAGGAGGGACCAC-3’

5’-CCGGACGCGACACACTAC-3°
 

GP150 Forward Primer

GP150 Reverse Primer

5’-CGGGATCTGTCGGACTGT-3’

5’-CTACTTCTTCATCGGACGCT-3’
 

RPL8 Forward Primer RPL8 Reverse Primer

5’-CAGTGAATATGGGCAATGTTTTG-3'

5’-TTCACTCGAGTICTICTIGGICIC-3’
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Cells were washed twice with PBS, and blocking solution (PBS; 0.1% Triton X-100;

2% BSA) was added andincubated for 30 minutes. For either the RTA or the control,

the primary antibody (1:200 dilution) was added and incubated overnight. The next

day, cells were washed four times (PBS; 0.1% Triton X-100), and the secondary

antibody containing anti-rabbit lgG was added (generated in a donkey conjugated

to Texas Red; Jackson Immunoresearch laboratories; CAT#A11036). The secondary

antibody was incubated for an hour and then washed with washing buffer (PBS;

0.1% Triton X-100), four times, followed by adding the vectorshield mounting

medium with DAPI (Vector laboratories; CATHH-1200), and lastly sealed with nail

varnish. Transfected RTA or the control was screened atdifferent time points using

the RFP and GFP filters on a fluorescent microscope (Zeiss Axioscop 40 microscope).

2.4.2 Immunohistology

Great gratitude goes to Prof. A. Kipar, Faculty of Veterinary Science, University of

Liverpool, for carrying out the histological experiments for this Phd thesis.

2.4.2.1 Haematoxylin and eosin examination

Paraffin-embedded wax tissue sections (5um thick) on BioBond-coated slides

(British Biocell International) were de-waxedin xylene (10 minutes), rehydrated by

isopropanol (2x washes), and in 96% ethanol (1x wash), 3 minutes each time. Slides

were stained with haematoxylin and eosin for examination. Slides were examined

using the light microscope.

2.4.2.2 Papanicolaou’s haematoxylin examination

Paraffin-embedded wax tissue sections (5um thick) on BioBond-coated slides

(British Biocell International) were de-waxed in xylene (10 minutes), rehydrated by

isopropanol (2x washes), and in 96% ethanol (1x wash), 3 minutes each time.

Endogenous peroxidase was inactivated using methanol (+0.5% v/v H202) by

incubating the slides for 30 minutes at room temperature (RT) and eventually

washed twice with TBS (Tris Buffered Saline). Table 2.5 summarises the pre-

treatment steps used for each primary antibody. Treatments were carried out as

follows: (a) for pre-treatment with trypsin, sections were incubated with 0.2% (v/v)

trypsin for 10 minutes at RT; (b) for protease treatments, slides were incubated in

PBS (pH 7.2) at 37°C for 5 minutes, incubated with 0.05% (w/v) bacterial protease
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type XXIV (Sigma) in PBS for 5 minutes at 37°C, and then washed (3X) with ice-cold

TBS; (c) for citrate buffer treatment, sections were incubated with 10mM citrate

buffer (pH 6 or pH 4) at 97°C for 35 minutes; (d) for microwave treatment, sections

with 10mM EDTA wereplaced in a microwave on full power for 5 minutes (2X) and

immediately washedin distilled H20.

Following either above treatment steps, slides were placed in a sequenza rack and

incubated with their respective blocking buffers (100uI; table 2.5) for 10 minutes at

RT, and then the primary antibody mix (100ul; table 2.5) overnight at 4°C. Slides

were washed in TBS and incubated with the secondary antibody (100ul; table 2.5)

for 30 minutes at RT. The avidin biotin complex method (ABC) or the peroxidise

anti-peroxidase (PAP) method was used for the detection of the secondary

antibodies or enzymes conjugated to secondary antibodies. Following

manufacturer’s instructions, slides were incubated for 30 minutes at RT with the

biotin-conjugated secondary antibodies, solution A (diluted in TBS; components

unknown) and solution B (diluted in TBS; components unknown) from the

Vectastain ABC-kit (Vector laboratories; PK-4600M). Sections incubated with non-

conjugated secondary antibodies were incubated for 30 minutes at RT with the PAP

mixture (table 2.5) and washed with TBS.All sections were placed in a staining jar

containing DAB (3,3’ diaminobencidintetra-hydrochloride; FLUKA) with 0.01% (v/v)

H»O> in 0.1M imidazole buffer (pH 7.1) and mixed continuously at RT for 10

minutes. Sections were washed with TBS (3X) and in distilled H20 for 5 minutes.

Tissue sections were counterstained using Papanicolaou’s haematoxylin.
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Table 2. 5. Summary of immunohistology methods used for tissue examination.

Antigen

LMAst=)

Macrophages

(F4/80)

Macrophages,

Dendritic cells

(Lysozyme)

Germinal

TagooI

eryale

agglutinin)

B cells

(CD45R/B220)

33]15

(CD79a)

T cells (CD3)

Proliferating

oC]BTV(FT

Antigen

(PCNA) 

acaeesantas

Citrate buffer

pH6.0

Trypsin

Protease

Citrate buffer

pH6.0

Citrate buffer

pH6.0

Microwave

Protease

Citrate buffer

pH4.0

Blocking

50% (v/v)

swine

serum in

TBS

Horse

serum

(undiluted)

50% (v/v)

swine

serum in

TBS

5% (w/v)

BSA 5%

(v/v) swine

serum in

TBS

Horse

serum

(undiluted)

Horse

serum

(undiluted)

50% (v/v)

swine

serum in

TBS

10% (v/v)

rat serum in

TBS
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erly

antibody

Polyclonal

rabbit anti-

MHV68

(1:2000)

Monoclonal

rat anti-

mouse

F4/80 (A3-1)

(1:40);

Serotec

Polyclonal

rabbit anti-

human

lysozyme

(1:800);

Dako

Biotinylated

PNA

(1:100);

Sigma

Monoclonal

rat anti-

mouse

(B220-Ly5)
1:1000;

Southern

Biotech

Monoclonal

mouse anti-

human

CD79a

(HM57)
(1:50); Dako

Polyclonal

human anti-

CD3 (pre-

diluted);

Dako

Mouseanti-

PCNA (PC10)
(1:100);
Dako

AYYorel atolla]

antibody

Swineanti-

rabbit IgG

(1:100);

Dako

Biotinylated

rabbit anti-

rat IgG

(1:100);

Vector

laboratories

Swine anti-

rabbit

(1:100);

Dako

N/A

Biotinylated

rabbit anti-

rat IgG

(1:100);

Vector

Laboratories

Biotinylated

horse anti-

mouse, IgG

(1:100);

Vector

Laboratories

Swineanti-

rabbit IgG

(1:100);

Dako

Rat anti-

mouse IgG

(1:100);

Jackson

Immuno

Research

pyeiceyaa(el

method

PAP; Rabbit

(1:100);

Dako

ABC

PAP; Rabbit

(1:100);

Dako

ABC

ABC

ABC

PAP; Rabbit

(1:100);

Dako

PAP;

Mouse

(1:500);

Jackson

Immuno

Research



Appendix |. General reagents used in these studies

  

Eetrytot | Ingredients / recipe

 

 

TE Buffer Tris-HCI (pH8.0 — 10mM), EDTA

(10mM)

TAE Buffer Tris Base (40mM), glacial acetic acid

(20mM), EDTA 1mM
 

Luria Bertani (LB) broth 1% (w/v) tryptone, 1% (w/v) NaCl,

0.5%(w/v) yeast extract, pH7.0
 

LB Agar LB medium containing 1.5% (w/v)

bacto-agar (Merck)

 

SOC medium LB medium containing glucose

(20mM), MgCl2 (20mM)
 

 

Tris Buffered Saline (TBS) Tris-HCl (SOmM), NaCl (150mM),

pH7.6

Phosphate Buffered Saline (PBS) NaCl (150mM), KCI (2.5mM), Na2PO4

(10mM), KH2P04 (1mM), pH7.4    
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AppendixII. Cloning vectors used in the studies

Cloning vector pEGFP-N1 (Clontech) used as a control (section 2.4.1) and pFLAG-

CMV1 containing the ORF50 sequence used for reactivation of the C127ARTAcells

(section 2.4.1).

pEGFP-N1 Vector Information PT3027-5

GenBank Accession #U55762 Catalog #6085-1

  
   

   

Mcs
(63'-671)     

    

  

   

 

puc Pomy lE

oriEco0109 1
(3856) Ss,

Lhasy TK

S- 8’ pEGFP-N1
\

EGFP|

4.7 kb BsrG 111389)

Kan’ aay Not 111402)
Neo! pay Xba(1412)

SV40 ori ft
Pp p or N
Sv40_ .

: Aff hiisag)

Dra Ih 1372)
Stu|
(2573)

 

NeTerminal

pFLAG-CMV 
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TOPO TA cloning vector pCR2.1-TOPO used to ligate and clone generate PCR,

digested products, products for sequencing throughoutthis study. pGS284 used

in chapter3.

 

   pCR*2.1-TOPO*

3.9 kb

  

  

Comments for pCR?2.1-TOPO°

3334 nuchootidas

Exnxzde58

BRS 2855

—a BamHi

, ° ori R6K vs

a
ttf

RP4oriT

8 hGS284
[-6.0 Kb}

/ BamHi

 

5 2 8

  

   

mcs: 2 ACG 702027
Bgill Sai jot Sphi Sacl Smal

, Nhel
fo of po

compatible: BamHi ——_Xhot Patt Eagl Xbat biset
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Chapter 3: Cloning and generation of the MHV68 BAC

containing the ORF73 mutation
 

3.1 Aim

ORF73 is highly conserved throughout the gammaherpesviruses. MHV68, KSHV,

HVS and RRV haveall shown to encode homologues of ORF73 (Virgin et al., 1997).

MHV68 ORF73 has been demonstrated to be one of the key candidate latency

associated transcripts expressed during the MHV68latentcycle (Virgin et a/., 1999).

With the lack of information about the role of MHV68 ORF73, majority of its

function were based upon other gammaherpesvirus homologues. In both KSHV and

HVS, their ORF73 homologues have been shown to establish viral latency by

suppressing the ORF50 homologue(Lan et al., 2004; Schafer et a/., 2003). Other

roles of the KSHV and HVS ORF73 homologuesinclude the facilitation of viral

episomal maintenance (Ballestas et al., 1999; Ballestas & Kaye, 2001; Cotter &

Robertson, 1999; Smith et a/., 2001). With this in mind, it is hypothesized that the

MHV68 ORF73will play a crucial role in the establishment of latency and episomal

maintenance.

The main aim of this part of the chapter was to create a recombinantvirus unable

to express ORF73 protein using the bacterial artificial chromosome (BAC)

technology. The idea wasto find the precise function of ORF73 in vivo and toclarify

the role it plays in the MHV68life cycle. This was carried out by making a mutation

with the minimum disruption at a transcriptional complex area of the genome, and

the least disruption to the DNA and RNAstructure. The mutated ORF73 was

predicted to produce either a truncated ORF73 protein which would be non-

functional due to the amino acid sequence after the deletion being changed,orit

would produce an unstable mRNA which would be degraded by the ubiquitin

proteasome pathway (Dudek, 1999; Sarikas et a/., 2005). The mutated ORF73 BAC

was designed so that a short section of 50 amino acids (aa) would remain in-frame

and still be translated. This section was not highly evolutionary conserved and has

no knownfunctional domains.
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The ORF73 mutated fragment would be created by the site specific mutagenesis

PCR protocol and transferred in to the MHV68 BAC. The MHV68 BACcontaining the

newly created ORF73 mutant would then be reconstituted into an animal cell line

as an infectious virus. Analysis of the ORF73 BAC mutantwill be discussed in detail

in chapter4.

3.1.1 Techniques

Previous techniques used to create mutations of individual genes were the site

directed mutagenesis by homologous recombination technique or by using

chemical mutagens such as ‘N-ethyl-N-nitrosourea - EtNU’ to cause chemically

induced mutagenesis within the DNA level of a viral genome (Drinkwater &

Klinedinst, 1986; Mocarski et a/., 1980). Eventually surpassing these two techniques

wasthe cosmid based systemsin manipulating a viral genome. This technique uses

overlapping cosmids to create an entire viral genome (Cunningham & Davison,

1993). All three techniques suffered from being too time consuming, unstable and

laborious, as well as one of them (i.e. chemical mutagenesis) being carcinogenic.

3.1.2 BAC technology

Recent advances in the last few years have brought about BAC technology which

can carry out mutations within virus genes, and this technique is deemed more

efficient and less laborious compared to the above mentioned. BAC, also known as

F-plasmids, were first mentioned in a journal for cloning specifically larger DNA

fragments (Shizuya et al., 1992). This was a major advantageas previous techniques

such as the cosmid based system had specific problemsin the cloning of larger DNA

fragments. The BAC system has now been used for many herpesviral genomes,

shownin table 3.1. The first being cytomegalovirus, in which the whole genome

was cloned as an infectious BAC (Messerle et al., 1997). BACs can incorporate DNA

fragments as much as 750 kbpin size (Stone et a/., 1996). The BAC system has the

major advantage of removing the time consuming steps in the other alone-

mentioned techniques which could take months to create a mutation or a viable

recombinant mutated virus.
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Table 3. 1. Viral genomes which have been successfully cloned and used in the

BAC system model.

 

 

 

 

 

  

Viral Genome fereTalednite)yAMem (Hi-1hTa=

| Murid gammaherpesvirus 68 119 kbp (Adler et a/., 2000)

(MHV-68)

Epstein Barr virus 172 kbp (Coren & Sternberg, 2001;

Delecluse et al., 1998)

Pseudorabiesvirus 142 kbp (Smith & Enquist, 1999)

Cytomegalovirus 230 kbp (Messerle et al., 1997)

Karposi’s sarcoma herpesvirus 165 kbp (Li et al., 2008)

/ Human herpesvirus 8

Herpesvirus saimiri 112 kbp (White et al., 2007)  
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3.1.3 Construction of the MHV68 BAC plasmid

The MHV-68 BAC plasmid waskindly provided by H. Adler (Adler et a/., 2000). The

whole MHV-68 genomewascloned as a BACin Escherichiacoli (E.coli). In this clone,

the left end of the MHV68 genome was chosen for the integration of the BAC

vector. This region is non-essential for lytic replication in vitro and for latent

infection in vivo (Simas et a/., 1998). Four of the tRNA-like sequences and ORF1

from the MHV-68 virus genomewere deleted and this was found notto affect the

ability of MHV68to replicate in vitro or to establish, and reactivate from latency in

vivo (Simas, Bowdenetal. 1998). The MHV68 BAC-cloned genome was constructed

in E.coli by homologous recombination of MHV68 DNA with a recombination

plasmid containing a 1.5kbp fragment homologousto the left end of the unique

region of the MHV68 genome sequence,as well as the BAC vector containing the

guanosine phosphoribosyl transferase gene (gpt) and the green fluorescent protein

(gfp) gene flanked by loxP sites (P). Gpt and gfp act as the selective screening

measure. Figure 3.1 illustrates the construction of the MHV68 BAC plasmid as

explained by Adler (Adler et a/., 2000). The MHV68 BAC plasmids were then

amenable to genetic techniquesestablished for E.coli. DNA transfection with either

a Cre expression plasmid or permissive eukaryotic cells will reconstitute the virus.

Co-transfection of the BAC plasmid with a Cre expressing plasmid or transfection

into a Cre-expressing fibroblast cell line will result in deletion of the BAC vector

sequence, hence, no gfp green fluorescencewill occur.

3.1.4 MHV68 ORF73

The MHV-68 ORF73 has homology at the amino-acid sequence level to KSHV LANA-

1 and HVS ORF73. However, ORF73 of MHV68is 314 aminoacids(aa)in size, KSHV

is 1162 aa and HVSis 407 aa (Virgin, Laterille et al. 1997). Virgin and colleagues

determined the homology of the regions and found that the ORF73 MHV68region

has only 24.2% identity to KSHV, and only 7.3% identity to HVS (Virgin, Latreille et

al. 1997). During the start of this PhD, the only information known about the

MHV68 ORF73 region wasthat it was an immediate-early gene due to its transcript

being detected in the presence of cycloheximide (Rochfordetal., 2001).
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Figure 3. 1. Construction of the MHV68 BAC plasmid as explained by Adler (Adleret al.,

2000). By homologous recombination, the MHV68 BAC plasmid was generated in

eukaryotic cells by the co-transfection of the wild type MHV-68 DNAand the recombination

plasmid (containing the 1.5kbp of flanking homologous sequence, BAC vector sequence,

gpt gene and the gfp geneflanked by loxP sites). Circular DNA was isolated from BHK-21

cells by three plaque purifications and the circular DNA electroporated into DH10B E.coli

cells.

  
 f-

 

Left MHV-68 DNA

 

loxP gpt BAC gfp loxP Left end

KY
  

 

 

HOMOLOGOUS

RECOMBINATION

 

loxP gpt BAC gfp loxP

 

MHV68 BAC
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Results and Discussion

3.2 Construction of MHV68 ORF73 mutation by site-specific

mutagenesis by PCRin E.coli

Careful consideration was used in order to mutate the ORF73 of MHV68 and to

create a restriction enzymesite to enable tracking of the mutated virus. A base pair

was deleted at nucleotide co-ordinate 104720 (Genbank accession number U97553

— see figure 3.2). By the removal of these bases, a specific BamHI site was created

(figure 3.3). This deletion generated a frameshift mutation which disrupted the

MHV68 ORF73, and only the first 50 aa of the N-terminus in frame was encoded

(see figure 3.4). The remaining 60 aa would be translated until it reached the

premature termination codon. Translation of the remaining 60 aa would represent

junk DNA / protein. Even thougha short section of 50 aa was still translated at the

N-terminal of MHV68 ORF73, this section was not highly evolutionary conserved

and has no known functional domains (figure 3.2). Comparison of ORF73

homologuesin rhadinoviruses mainly show sequence homologyat the C-terminus

end (Grundhoff & Ganem, 2003). Upon transcription and translation of the ORF73

protein, it was predicted that an ORF73 truncated protein would be formed which

would be non-functional, unstable and rapidly degradedin the cell (Dudek, 1999;

Sarikas et a/., 2005).

3.3 Creation of the frameshift mutation within the ORF73 gene

The deletion of a single nucleotide (MHV68 co-ordinate 104,720) was madein

ORF73 using site specific mutagenesis by PCR (Higuchi et a/., 1988). Detail of this

methodology can be found in the materials chapter (section 2.3.4). The proof-

reading PFU DNA polymerase was used to minimise the generation of additional

random mutations by PCR. Briefly, four primers were used (table 3.2), in which two

complimentary overlapping primers contained the mutated sequence and two

outer primers permitted amplification of the mutated fragment (Figure 3.5). Two

PCR reactions werefirstly carried out. One reaction contained the ORF73Mut1

forward primer plus the ORF73Mut2 reverse primer and the other reaction

contained the ORF73Mut3 forward primer and ORF73Mut4reverse primer.
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Figure 3. 2. Nucleotide sequence and diagram of MHV68 ORF73.The highlighted

region indicating the primer location. The C (Cytosine) / G (Guanine) nucleotide

wasdeleted (104720) from the ORF73 mutant sequence resulting in the potential

disruption of the whole gene(notto scale).

 

 

 

 

 

 

  
 

103926 TATGTCTGAGACCCTTGTCCCTGTTGTCCTGGACTAGATCCAGGTGATCCTGTGGCACCT 103985

103986 TCCTCTGCACCGGCATCCAGAGATGCTGTGGGACCATGTTGTGTGCCAGAAGCTTGTGTA 104045

104046 CTTGTGGATGGCTGCTCGGGGTCTGTAGGGGGCTCTGTAGGGGGCTCTGGTAAGGGAAAA 104105

104106 TAAGGCTTTGCCTTGACTATAGTACCTTCTACGCTGCTGTGGTATTTTTCACAGTAGGCC 104165

104166 AAGACAACCCTTTTTAGTTTTTTGGCCTGTTTCTTGTCTTCAACAAATGAAAGTAAATAG 104225

104226 TATGTTACACACTGTTGTGTTGTGCCTGGTACCAAGGGTAAACAGCTAACTGGTGTIGAG 104285

104286 AGTACATGTTTGCTTTGGATACACTTGTGAAGTTTATTCAAAGTGTAGGGATGTGTGCTA 104345

104346 CTAAACATAACAGCTGACTTAAAATGTGTTGGGGGGTGACCCTCGGGATCAAATAACCTG 104405

104406 GGTSGCTGTCACCTGCAGGTGTCTICGCATTCCCTGATATTTTTTAGGCAATGGATCAGAT 104465

104466 GGATTATGCGGTTTTTGATACCTGGAGTATCTTTTTGGTGGAGGGGGACCGGGATCGTCT 104525

104526 GTCTCTCCTACATCTAAACCTTCAACATCAACATCTGGTGATGGTGGGGCTGGTGGGGGG 104585

104586 GAAGGAGATGGTGGCTCATGTACTGGTGATGAAGGAGGGACGGGGGATGAGGGAAGTGTT 104645

104646 GGTGATGAAGGGGGCACTGGTGGTGATGGGGGGTTTGGCGTTTGAGTTCCCTGGCTGGAC 104705

104706 TCCTCATCACCTIGGSATCCCGGTGGTGGAGGAGGGGCTGGTCTTTTTGGAGCGCGGCGT 104765

104766 CTTTTAGGAGGCATGGCTGCTGGTTTGTTGAAGCACCTACGTTTGCACCCTGATCTGGTT 104825

104826 TTGCCTGAGGTTGTGTTGCGTGTAGTCGGTGGGGATGTGGGCATTA 104871
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Figure 3. 3. Illustration showing the ORF73 normal and ORF73 mutantrestriction

enzymedigest sites. Clearly you can see that a unique BamHI site has been created

in the ORF73 mutant. This being a useful marker throughout the experiment.

ORF73 Normal
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Figure 3. 4. Protein translation of the ORF73 wildtype gene sequence and the

created ORF73 mutant gene using the ExPASy protein translation software. In the

ORF73 mutant the gene has been clearly disrupted compared to the ORF73 WT.

Only theinitial 110 aa at the N- terminus are translated before the stop codon. Of

the 110 aa, only the initial 50 aa are in frame (aa in orange colour) and the

remaining 60 aa represent junk DNA / protein. The wildtype ORF73 is known to be

314 aa in size. This meaning as many as 204 aa not been translated from the c-

terminus. The resultant truncated ORF73 protein will represent a non-functional

ORF73protein.

 

OREF73 Wildtype (3'-5’)

MetPTSPPTTRNTTSGKTRSGCKRRCFNKPAAMetPPK

RRRAPKRPAPPPPPGCQGDEESSQGTQTPNPPSPP

VPPSSPTLPSSPVPPSSPVHEPPSPSPPPAPPSPDV

DVEGLDVGETDDPGPPPPKRYSRYQKPHNPSDPLPK

KYQGMetRRHLQVTAPRLFDPEGHPPTHFKSAVMetFS

STHPYTLNKLHKCIQSKHVLSTPVSCLPLVPGTTQQC

VTYYLLSFVEDKKQAKKLKRVVLAYCEKYHSSVEGTI

VKAKPYFPLPEPPTEPPTDPEQPSTSTQASGTQHGP

TASLDAGAEQGATGSPGSSPGQQGQGSQT

ORF73 Mutation (3’-5’)

MetPTSPPTTRNTTSGKTRSGCKRRCFNKPAAMetPPK
RRRAPKRPAPPPPPGSKVMetRSPARELKRQTPHHH
QCPLHHQHFPHPPSLLHHQYMetSHHLLPPHQPHHH
Q Met L Met L K V Stop Met Stop ERQTIPVPLHQKDTPGIKNRI
IHLIHCLKNIRECEDTCRStop QHPGYLIPRVTPQHILS
QLLCLVAHIPTLStopINFTSVSKANMetY SQHQLAVYP
WY QAQHNSVStopHTIYFHLLKTRNRPKNStopKGLSWP
TVKNTTAA Stop KVL Stop SRQSLIFPYQSPLQSPLQTPS
SHPQVHKLLAHN Met VPQHLWMetPVQSKVPQDHLDLV
QDNRDKGLRH    
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Table 3. 2. Sequence of primers used to generate the ORF73 mutation.

at Sequence Genomic Coordinates

 

ORF73MUT1 Forward 5’-CAG CTA ACT GGT GTT GAG 104267-104286

AG -3’
 

ORF73MUT2 Reverse 5’-CCA CCG GGATCCAGGTG 104706-104730

ATG AGG-3’
 

ORF73MUT3 Forward 5’-CAT CAC CTT GGA TCC CGG 104709-104730

TGG TGG-3’
  ORF73MUT4 Reverse 5’-TTG AGG GAC ACC GTA 105172-105190

CAG G-3’
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Figure 3. 5. Site specific mutagenesis technique by overlap extension using PCR.

Two pairs of primers are required to introduce a site specific mutation. Labelled

ORF73Mut 1 — 4. Primers ORF73Mut 2 and ORF73Mut3 containing the deletion.
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Both ORF73Mut2 reverse primer and the ORF73Mut3 forward primer were the

primers which contained the specific mutation resulting in the deletion of one base

pair and generation of a novel BamHI site to aid marking of the mutated genomes.

By carrying out these two PCR reactions (Figure 3.5), two specific PCR products

were generated (Figure 3.6). A portion of the new two PCR DNA fragments were

combined and amplified by PCR using the outer primers ORF73Mut1 forward

primer and ORF73Mut4 reverse primer (Figure 3.5). The final product wasa single

band of 923 bp containing the specific mutation (Figure 3.7).

3.4 Problems associated with the site specific mutagenesis

technique by PCR

Several problems arose whilst trying to produce a final product. Using the PFU DNA

polymerase (Promega) to amplify the final product, no PCR band wasvisualised in

the second PCR reaction (figure 3.6 i.e. PCR1+2). Carrying out different annealing

times and also a longer timing in the elongation step resulted in no specific product.

Initial concerns were that the first reaction did not provide enough DNAto amplify

a final product band. In Higuchi and Krummel methodology, they did not require

any purification of the PCR bands before proceeding to the second final PCR

reaction (Higuchi et a/., 1988). It was a thought that this could be a problem.

Therefore, more PCR reactions were performed to obtain more DNA containing the

specific mutations and to purify the bands using the High Pure PCR purification kit

(Roche; section 2.3.5). The reason for the purification step was to removesalts that

could cause a problem in the PCR reaction. In PCR experiments, usually 100ng —

200ng of template DNAis required in order to obtain a decent band. The rationale

for the multiple PCR reactions in the first step was to ensure that enough DNA

would be obtained after the purification step. A new second PCR reaction was

carried out using purified PCR DNA fragments containing the mutated site and using

the PFU DNA polymerase (Promega). However, after all the above steps, no bands

wereseen on the agarosegel, even when using different annealing times.
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Figure 3. 6. Agarose gel electrophoresis showing PCR products formedbythefirst

stage of the site mutagenesis PCR technique. PCR1 is the first PCR fragment

formed using the ORF73Mut1 forward primer and the ORF73Mutz2reverse primer.

PCR2 product is formed via the PCR technique using ORF73Mut3 forward primer

and the ORF73Mut4 reverse primer. Both bands can be strongly seen and equating

to approximately 500bporless. Size calculations were made by reference to a DNA

ladder as shown(1kb plus ladder[Invitrogen]). Both fragments were amplified using

PFU DNApolymerase (Promega).

~500bp
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Figure 3. 7. Agarose gel electrophoresis showing the final PCR products formed

using the site-specific PCR technique. (1) indicates the final PCR product amplified

using Taq DNA polymerase (Invitrogen). (2) indicates the final PCR product

amplified using PFU DNA polymerase (Promega). Ladder being 1kb plus DNAladder

(Invitrogen). As you can see, the band and PCR product formed by Taq DNA

polymerase is much moreprevalent than the smeared band shown and amplified

by PFU DNA polymerase. Clearly a much stronger PCR band can be seen at approx

900bp (Tag amplified PCR product).

1kb+

~900bp
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Therefore, it was decided to back to Taq DNA polymerase (Invitrogen). Although the

DNA polymerase is not a proof-reading enzyme, it is known that Taq DNA

polymerase (Invitrogen) works well in amplifying bands up to 1kb. Two PCR

reactions were performed in tandem in order to obtain a final PCR product using

both Taq DNA polymerase(Invitrogen) and PFU DNA polymerase (Promega). Two

‘specific’ bands and a smear occurred (see figure 3.7). Annealing and elongation

times were adjusted for the PCR reaction but this did not improve the result.

The products of the Taq PCR reaction were then electrophoresed through a low

melting agarose gel, the 923 bp band excised and DNA extracted using the High

Pure PCR purification kit (Roche). A small aliquot of the purified fragment was

digested with the restriction enzyme BamHI in order to confirm the presenceof the

mutation. The resultant fragment wasthen cloned in to the pCR2.1-TOPO using the

TOPO TA Cloning Kit (Invitrogen). Colonies were screened by mini-plasmid

preparations and resultant plasmid DNAs were screened by digestion using the

EcoRI restriction enzyme. Clones containing approximately 900bp insert were

screened by PCR using the ORF73MUT1 forward primer and the ORF73MUT4

reverse primer and digestion with the BamHI restriction enzyme. Two clones

containing ORF73 sequences and a BamHI site were analysed by DNA sequencing of

which only one clone contained the correct sequence. This clone was then ligated

into the TOPO vector pCR2.1 and uponsuccessful ligation the plasmid was sentoff

for sequencing for confirmation of the correct sequence (figure 3.8).

3.5 Generation of the MHV68BAC ORF73 mutation plasmid

The MHV68 genomecloned as BAC waskindly provided by H. Adler (Adler et al.,

2000). The BAC vector sequences wereinserted at the left end of the genome and

contained a GFP expression cassette that enables rapid visualisation of mammalian

cells containing the MHV68 BAC. The shuttle vector plasmid pGS284, the E.coli

GS500 and S17Apir cells were kindly provided by G.A. Smith (Smith & Enquist,

2000). The MHV68BAC-ORF73 mutation virus was generated by the allelic exchange

method in E.coli, as described by Smith and Enquist (Smith and Enquist 1999). A

schematic representation is shownin Figure 3.9.
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Figure 3. 8. Photography of an agarose gel showing the TOPO pCR2.1 plasmid

vector (top band) and the ORF73 mutant fragment (bottom band) digested with

EcoRI. The ligated plasmid vector with the ORF73 mutant fragment was digested

with EcoRI at 37°C for 1 hour and ran on a standard 1% TAE agarose gel. Clearly you

can see that two fragments at approximately 900bp can be seen.

900bp
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Figure 3. 9. Two step replacement method as explained by G.Smith & Enquist

(Smith & Enquist, 1999). A = Mating of both plasmids at 37°C and cointegrate

formation at 37°C. B = Cointegrate resolution at 37°C. C = Sucrose selection at 30°C.

D = Analysis of Mutated BAC plasmid by PCR and restriction endonuclease

digestion.
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3.5.1 pGS284

As explained in the materials and methods (section 2.3.13.2), the method used for

homologous recombination in E.coli of the MHV68 BAC plasmid and the ORF73

mutated fragment, was as detailed by G. Smith (Smith & Enquist, 1999). The first

part of creating a BAC plasmid containing the ORF73 mutated fragment

(approximately 923bp) wasto excise this fragment out of the TOPO pCR2.1 vector

and insert it into pGS284. pGS284 contains an ampicillin cassette and the SacB gene

for positive and negative selection, respectively. SacB is toxic for bacteria in the

presence of sucrose. The pGS284 vector was derived from a vector based on

RP4oriT and the R6K origin of replication of pGP704 and will not replicate in E. coli

GS500 cells. The TOPO pCR2.1 vector containing the ORF73 mutated fragment and

pGS284 plasmid were both double digested using the restriction enzymes Notl and

Sacl. The ORF73 mutated fragment contained a deleted nucleotide resulting in a

unique BamHI site within this region. Oncerestriction digestion was carried out, the

ORF73 mutated fragment was separated by agarose gel electrophoresis, excised

and purified using the High Pure Purification kit (Roche). The ORF73 mutated

fragment was then ligated using T4 DNAligase into the Not! plus Sacl-digested

pGS284 plasmid and transformed in to £. coli S17Apir (GS111) competentcell line.

Resultant colonies were then screened using the ORF73MUT1 forward and

ORF73MUT4reverse primer, and digested with BamHIto verify for the presence of

the ligated fragment.

One of the main criteria to allow homologous recombination to take place was that

the flanking sequences should be at least 300bp on each side of the mutation

(information provided by G.Smith).
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3.5.2 Allelic exchange

The MHV68 BACplasmid wastransformedinto the E. coli GS500 (RecA*) competent

cell line. Once this had been completed, an allelic exchange process was carried

out. A glycerol stock of the MHV68BAC-GS500 and the pGS284-ORF73 mutant were

freshly streaked on to separate LB-agar plates containing either chloramphenicol or

carbenicillin. Single colonies from the plates were then cross-streaked onto an LB-

agar plate containing no antibiotics and incubated overnight at 37°C. The

intersections on the cross-streaked plates (potential cointegrates) were then picked

out and inoculated onto 5 ml bijou vials containing LB medium with carbenicillin

(25ug/ml) and chloramphenicol (12.5ug/ml) overnight at 37°C in a orbital shaker to

amplify the co-integrates. By just taking a small aliquot of the intersection material

and amplifying by standard PCR, you can actually see the process taking place

(figure 3.10). The overnight cultures were then diluted into LB medium containing

chloramphenicol and incubated in the orbital shaker at 37°C overnight to allow

resolution of the cointegrate. Following resolution, negative selection against the

bacteria retaining either the shuttle plasmid or unresolved cointegrate colonies

were plated onto LB (+ no salt) plus chloramphenicol (12.5ug/ml) and 5% to 7%

sucrose plates at 30°C until colonies were formed. Single bacterial colonies were

replica plated onto plates containing LB agar with chloramphenicol (12.5ug/ml) or

LB agar with carbenicillin (25ug/ml) only, and incubated overnight at 37°C The

colonies which were chloramphenicol resistant and carbenicillin sensitive were

picked for screening as these contained the integrated shuttle plasmid. The

potential colonies containing the MHV68 BAC plasmid and the ORF73 mutant were

further tested for the incorporation of the ORF73 mutation fragment by standard

PCR and digestion with BamHI. This process resulted in the selection of an MHV-68

BAC clone that contained a point mutation in ORF73 (figure 3.11). Once confirmed

that successful integration had occurred, the BAC plasmid wastransferred back into

DH10Bstrain and a glycerol stock was kept. It is important that the MHV68BAC

mutant or even the stock of any MHV68 BACplasmid is kept in DH10B competent

cell lines as it is thought that in any RecA’cells, the BAC can mutate (Adleret al.,

2001; Adler et al., 2000).
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Figure 3. 10. Photograph showing a 1% agarose gel analysis of cointegrate

formation. Basically, bacterial colonies grown on LB plates with both

chloramphenicol and carbenicillin are amplified by PCR using the outer primers

ORF73Mut1 and ORF73Mut4 as shown on table 2. The amplified DNA’s are then

digested with BamHI to show the presence of mutant ORF73 fragment. Thefirst 8

wells indicate the presence of the cointegrate forming. Top band (900bp)

represents the WT ORF73 gene and the bottom (450bp) represents the ORF73

mutant gene. Lane 9 is the PCR amplification of the MHV68 ORF73 mutant plasmid

(450bp) digested with BamHI. Lane 10 is the wild type MHV68 DNAdigested with

BamHIand the 11" lane is the negative control (no DNA).

123 4 5 67 8 9 10
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Figure 3. 11. Photograph of a 1% TAE agarose gel showing the successful

integration of the mutated ORF73 fragment into the MHV68 BAC. The sevenlanes

indicate seven samples of the potential integrates which have been toothpicked

and amplified by standard PCR protocol (colony PCR) using the ORF73Mut1 and

ORF73Mut4 primers (see table 3.2). The amplified fragments were then digested

by BamHIfor 1 hour and analysed on a 1% TAEgel. From the samples, only lane 5

has no DNA.This could be a result of the crude colony PCR technique.
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3.5.3 Reconstitution of MHV68BAC + ORF73Mutation as a virus

The next step was to reconstitute the mutated MHV68 BACinto virus by

transfection into a cell line by calcium phosphate DNA-mediated transfection. BACs

were co-transfected into NIH-3T3 cells with the Cre-expression cassette plasmid,

pOG231, that results in the deletion of the BAC vector sequences by cre-lox-

mediated recombination (Tirabassi & Enquist, 1998).

Briefly, approximately 9 x 10° NIH-3T3 cells were seeded into a well of a six-well

tissue culture plate and maintained in a 5% CO;in air tissue culture incubator at

37°C overnight. The cells were then transfected with 5ug of the MHV68 BAC

plasmid containing mutated ORF73 and 5yug of the pOG231 (Cre expression

plasmid) using calcium-phosphate transfection as described in Materials and

Methods (section 2.2.4). The lack of gfp expression marker (i.e. no green

flurorescence) indicated the loss of the BAC vector sequence. Cells were harvested

around 5 days post transfection. Infectious viruses were prepared by three rounds

of plaque purification. Working stocks of virus were generated as mentioned

previously.

3.5.4 Transfection of the mutated MHV68 BACinto permissive cells

Successful transfection was indicated by viral plaques and underfluorescence these

exhibit green fluorescence [due to the gfp gene on the BACplasmid] (figure 3.12).

3.5.5 Co-transfection of the ORF73 mutated MHV68 BAC with

p0G231 plasmid

The BAC vector sequence can result in attenuation of the virus in vivo (Adleret al.,

2001; Adler et a/., 2000; Smith & Enquist, 1999). When creating the MHV68 BAC

plasmid, Adler included ‘loxP’ sites on both sides of the BAC vector sequence (Adler

et al., 2000). The insertion of the loxP sites were in a direct repeat position which

resulted in a deletion of the full BAC vector sequence. In order for the full BAC

vector sequence to be removed, the loxP sites which flank the main BAC vector

sequence can be removedby propagation of the recombinantvirus in the presence

of a Cre-expressing plasmid such as pOG231 [figure 3.13] (O'Gormanet al., 1991).
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Figure 3. 12. Pictures of MHV68 BACplasmid transfected into 3T3 cell line using

calcium phosphate transfection method and visualized by both light and

fluorescent microscopy. MHV68 BACplasmidstill contains bac vector sequence.

MHV68 BAC without the BAC sequence havenogreen fluorescence.

 
88



Figure 3. 13. Visualisation of ORF73 mutated MHV68 BACcotransfected with or

without pOG231 in the NIH-3T3 cell line. (A) Visual of both plasmids with or

without bac vector sequence underlight microscopy. (B) Visual of both plasmids

with or without bac vector sequence underfluorescent microscopy. Left hand side

cell: bac vector sequence removed. Right handside cell: BAC containing bac vector

sequence (gfp) green fluorescence.

(A)

 

(B)
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As you can see from the photographs (figure 3.13), although full co-transfection has

occurred, some viral plaques still contain the BAC vector sequence (indicated by

green fluorescence - the BAC vector backbone not knocked out). The ORF73

mutated MHV68 BAC virus without the BAC vector sequence was then plaque

purified three times. It should be noted that, although the BAC vector sequenceis

knocked out, a 34 base pair loxP site remains in the left end of the MHV68 viral

genomeafter knock out during the co-transfection stage (Adler et a/., 2001; Wagner

et al., 1999). In vivo this does not affect the phenotype of BAC-derived virus (Adler

et al., 2000).

3.6 Construction of the revertant from the mutant ORF73

MHV68 BAC

In order to control for secondary mutations generated during the gene mutation

process, a revertant virus had to be made from the newly-created mutated ORF73

MHV68 BAC. This was carried out using the same procedures for creating the

mutated ORF73 MHV68 BAC. A similar DNA fragment derived from ORF73 (but

without the mutation), specified by the BamHI site was amplified using the primers

ORF73Mut1 and ORF73Mut4 and Taq polymerase (see table 3.2). The newly-

amplified and created revertant fragment was cloned into the TOPO pCR2.1 vector

and the sequenceverified. The 923bp DNA fragment wasdigested out of the TOPO

pCR2.1 fragment with Not! and Sacl as above and, cloned into pGS284. The shuttle

vector pGS284, now containing the ORF73 revertant fragment was mated with the

MHV68BAC plasmid containing the ORF73 mutant fragment which had been

transformed into E. coli GS500. The recombination protocol was then followed as

for the generation of the mutant. Using the above procedure,all bacterial colonies

screened were found to contain the mutated ORF73 MHV68 BAC plasmid and no

revertant was found.

3.7 pGS284 containing the revertantis fine

One possible problem was that the conjugation process did not occur atall.

Colonies derived from cross-streaking the mutated ORF73 MHV68 BAC and the

shuttle vector pGS284 containing the ORF73 revertant were screened by colony
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PCR using the ORF73Mut1 and ORF73Mut4 primers (table 3.2) and digested with

BamHI. This indicated two fragments, one at 900bp (the revertant) and the otherat

450bp (mutated BAC). Thus, conjugation was working.

3.8 Different concentration of sucrose?

The concentration of the sucrose in the LB agar plates containing no salt was varied

to try and improve the selection of resolved co-integrates. G. Smith suggested

using 7% as their team used this amount successfully. Many other workers use 5%

sucrose as certain papers have used this percentage of sucrose with success(Jia et

al., 2005). However, with 5% sucrose,all the replica plated plates still contained the

mutated ORF73 MHV68 BAConly. Different percentages of sucrose wastried from

5% upto 10% of sucrose. However, even trying all these steps, the final outcome

was still the presence of the gene-mutated BAC.

3.9 Different temperature at the cointegration step?

One other variable was to try a different temperature instead of 30°C for the

cointegration step. The incubation step was altered to be performed at 28°C.

However, the final outcome was still the presence of the mutated ORF73 MHV68

BAConly.

3.10 Do the bacterial colonies require more aeriation?

In this whole procedure up to now,all bacterial colonies grown using the orbital

shaker, were grown in standard conical flasks. To assess whether aeration

improved the procedure, baffled conical flasks were used throughout. The only

difference which was recorded wasthat there was a greater reduction in bacterial

colonies in the negative selection process. The resultant BAC plasmid was still the

ORF73 mutated MHV68BACplasmid.

3.11 Are competentcells and plasmids actually correct?

To troubleshootfurther, the MHV68 BAC and the pGS284 weretested byrestriction

enzyme digestion and electrophoresis and their size and structure seemed to be

fine. The E. coli GS500 and S17Apir were also tested and they seemedto befine.
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There was a reduction of colony numbers in the presence of sucrose, and the

cointegration step seemed to be working as the PCR showed conjugation of the

MHV68 BAC mutant fragment and the normal ORF73 DNA fragment. The GS500

cells which provided the RecA geneto the BAC plasmids, when exposed to UVlight

showed no bacterial colonies growing compared withouti.e. RecA geneis sensitive

to UV light (Rupp et a/., 1971).

3.12 Ampicillin or carbenicillin?

Carbenicillin is an ampicillin analog which binds and inhibits certain enzymes

specifically involved in the synthesis of the bacterial cell wall. Like ampicillin,

carbenicillin confers resistance to ampicillin and its analogs. However, carbenicillin

is thought to be less sensitive to B-lactamase than ampicilllin (Rolinson, 1998).

Ampicillin is a penicillin derivative and has the same general properties as

carbenicillin but it inhibits the bacterial cell wall by inactivating transpeptidases on

the inner surface of the bacterial cell membrane(Rolinson, 1998). Carbenicillin was

replaced with ampicillin (SOyug/ml) but this had no effect on resolving the problem.

3.13 Generation of revertant virus using homologous

recombination in mammaliancells

It was finally decided to adopt a more traditional approach to generate the

revertant virus (section 2.2.7). The method used was the homologous

recombination between viral DNA and a cosmid which spanned the ORF73 region of

the MHV68 genome (cosmid 26). An MHV68 cosmid containing MHV-68 (co-

ordinates 79830-116763; cosmid 26) was used to replace that section by

homologous recombination (Cunningham & Davison, 1993; Macraeet al., 2001;

Macrae et al., 2003).

Using calcium phosphate DNA-mediated transfection as mentioned previously, the

mutated ORF73 MHV68BACplasmid, plasmid pOG231, and MHV68 cosmid plasmid

cos26, were mixed and used to transfect NIH-3T3 cells. To increase efficiency, a

DMSO shockwas also carried out. The NIH-3T3 infected cell lines were allowed to

develop full cytopathic effect and all the virus-infected cells were collected to
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generate a virus stock (see section 2.2.2). Briefly, the virus infected cell stock was

freezed-thawed three times and the stock was then used to infect 10 T150cm*

flasks of cells. All the cells in the flasks were allowed to develop full cytopathic

effect, scraped off, cells broken by dounce-homogenisation, washed, pelleted down

and resuspended in 5 ml of PBS. The virus mixture was then titrated (see section

2.2.3).

It was hypothesised that the abovevirus stock would contain a mixture of ORF73

mutant virus and recombinant wild-type revertant due to homologous

recombination. To select for revertants, we hypothesised that an ORF73 mutant

would be debilitated with respect to wild type in terms ofits ability to form a latent

infection in the spleen. A laboratory mouse (strain BALB/c) was infected with 4 x

10° PFU of virus as derived above. At 14 days post infection, the mouse was

euthanized by cervical dislocation and the spleen was extracted (section 2.2.10).

Splenocytes were co-cultivated with freshly grown NIH-3T3 cells to reactivate latent

virus. An agarose overlay was employed in order to plaque purify one virus particle

(section 2.2.5). Single plaques were isolated and virus was amplified by infecting

several tissue culture flasks containing NIH-3T3 cells. Viral DNA was extracted using

the alkaline lysis method (section 2.3.9.2). The extracted DNA wasthen analysed by

restriction digest by amplifying the ORF73 region by using ORF73Mut1 and

ORF73Mut4 primer and digestion with BamHI (figure 3.14).

3.14 Whydid the previousallelic exchange method not work?

It was very important that a revertant virus was obtained to determine that the

mutation created in the region was not a result of a random mutation and thatit

was inserted as a consequence of the techniques used. Extensive analysis of the

original technique was done and the only option was to revert to the cosmid

technique. There are therefore questions about the efficiency of the method of

allelic exchange as described by G. Smith (Smith & Enquist, 1999).

The G. Smith published method and the related method used in this study is

actually a two step procedure which relies on the shuttle plasmid and the RecA

gene for homologous recombination.
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Figure 3. 14. ORF73 revertant. Photography of an agarose gel showing the

amplified DNA product by PCR using the ORF74MUT1 and ORF74MUT4primers.

The 950bp PCR product was then digested with BamHI to check that no mutation

was present. Virus from tissue culture was plaque purified three times and DNA

extracted using the Qiagenkit. All samples display no mutation in the ORF73 region.

U = undigested; D = digested.

ikb+
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In the first step, the shuttle or suicide plasmid (pGS284) and the MHV68 BAC

recombine via one homology arm resulting in the cointegrate. Due to the

temperaturesensitive origin of replication, pGS284 can be easily removed.

In the second recombination step, there is either reconstitution of the wild type

MHV68 BACvia one homology arm, or the mutant via the other homology arm. It is

possible that the size of the fragment was too small. It was stated by G. Smith that

RecA-mediated homologous recombination prefers roughly 1k to 3kb long

homologous sequencesin order for successful recombination (protocol documents

provided by G. Smith). It is also possible that the GS500 competent cell line that

provides the RecA gene wasnotasefficient as it could have been. Other studies do

not rely on a competentcell line to provide the RecA gene. In one paper, the team

carried out the two step method using a different shuttle vector (Gong etal., 2002).

Gong and team created a new shuttle vector, pLD53.SC-AB, based on the backbone

plasmid pLD53. The pLD53.SC-AB vector contains the ampicillin cassette, the RecA

gene integrated into the plasmid, the SacB gene, and an R6Kyorigin of replication,

all in one plasmid. Unlike the method which | used, which requires the RecA geneto

be supplied by GS500 on the MHV68 BAC plasmid, Gong and their team,

successfully used their shuttle vector to create many mutations and this was

successful. They demonstrated that their plasmid expressed sufficient RecA protein

to support efficient cointegration of the shuttle vector (Gong et al., 2002). One

extra tip that Gong mentioned was that you could incorporate an additional step to

enhancetheresolution efficiency as a selection step. This could be done by adding

an additional UV exposure step rather than just relying on the antiobiotic selection

step (Gonget al., 2002).

It was explained by Warming and colleagues that the disadvantage of using SacB

negative selection was that point mutations within the SacB region of the gene

could occur. These mutations could result in increased background and hence the

difficulty to select the true mutant or rescuant MHV68 BAC (Warmingetal., 2005).
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3.15 Another method?

The two step method which was carried out is not the only method which can

result in homologous recombination byallelic exchange. Many other methods have

been used with success. A newer method has been demonstrated, which is a one

step method, known as ET-cloning (Zhang et a/., 1998). This method utilises the

recombination function RecE and RecT from prophage Rac or the red-alpha and

red-beta from bacteriophage lambda to introduce any mutation into circular DNA

(Muyrers et al., 2000b; Zhanget al/., 1998). In this technique, no shuttle plasmid is

required, instead a linear DNA fragment containing a selectable marker such as an

ampicillin cassette and the homologous sequence of interest are flanked by FLP

target recognition sites or loxP sites. Depending on the recombination functions

used, the linear DNA fragment created is transferred in to an E.coli strain such as

JC8679 containing the BAC plasmid and expressing RecE and RecT, or into the

DH10Bcell line containing the MHV68 BAC with a separate plasmid expressing red-

alpha and red-beta (Adler et a/., 2000; Clark et a/., 1984; Muyrers et a/., 2000a). This

resulted in the conjugation of the linear DNA fragment into the BAC plasmid, and

the selective marker can be finally removed by recombinase Flp or Cre mediated

recombination leaving just one FRT site behind or a 34 nucleotide sequenceat the

mutation site. This method is now widely used due to the reduction in cloning steps

and the time saved. Compared to the two step method, you do not have to

construct a recombination plasmid by multiple cloning steps, and most importantly

it has been noted the one step method works with DNA fragment sizes from 50

nucleotides in length (Clark et a/., 1984; Muyrers et al., 2000a). My only concern

with this methodis that it will leave either a FLP site or a 34 nucleotide sequence

within the mutation site. This has demonstrated to be fine when creating the

original MHV68 BACbut as explained more knowledgewill be required to testif this

has any interference with gene expression (Adler et a/., 2000). The two step method

only leaves a 34 nucleotide sequence on the left end of the MHV68 BAC sequence

after Cre mediated recombination, which has been demonstrated not to interfere

with gene expression in MHV68 studies (Adler et a/., 2000). But if the one step

methodis used, you will have 34 nucleotide sequenceleft behind in the left end of

the MHV68 BAC sequence, and either a FLP site or 34 nucleotide sequence dueto
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Cre mediated recombination within the mutated region. The question to ask,

although the one step methodis faster and moreefficient, will this have an effect

on the gene expression and experiment?

The MHV68 BACclone created by H. Adler team come with a slight cost (Adler et

al., 2000). In this MHV68 BAC one particular area was affected in which the 40bp

internal repeat was actually mutated and hence, in their own words: “the 40bp

internal repeat waspartially lost”. They did mention that they carried outin vitro

studies on the MHV68 BACand found no influence on the in vitro growth patterns

of the BAC virus (Adler et a/., 2000). Therefore, they deemedthis part of the region

acceptable. However, recently they released a paper in which they carried out

research to detect the function of the internal repeat region and found that the

40bp internal repeat did affect lytic replication in both their in vitro and in vivo

studies (Thakur et a/., 2007). But they cameto a conclusion that the 40bp internal

repeat may contribute to the latency amplification and possibly be involved in the

regulation of viral gene expression (Thakur et a/., 2007). With this in mind, and

given many teams using the MHV68 BACas a tool for determining the function of

MHV68 genes, we need to know whether this has a major outcome.In respect of

this, it can be clarified that ORF73 gene expression wasnotaffected by the mutated

internal repeat. Adler’s team noted that the expression of the ORF73 gene was

definitely not reduced in anyway due to this mutated internal repeat of the MHV68

BAC (Thakur et a/., 2007). In the next chapter | will define certain functions of

ORF73 using the BAC mutantcreatedin this chapter.

3.16 Summary

In summary, although it was time consuming and difficult to obtain a revertant

virus for the ORF73 BAC, eventually using an alternative method this was achieved.

The G. Smith method was used as this incorporates the least artifacts into the

recombinantvirus compared to the ET cloning method used by many groups which

leaves a FLP site within the mutated region of interest (Adler et a/., 2000; Smith &

Enquist, 1999). This also applies to the original MHV68 BAC plasmid which contains

a mutation within the internal repeat of its genome, and the internal repeat has
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been shownto play a part in latent amplification (Adler et a/., 2000; Thakur etal.,

2007). Will this mutation affect neighbouring genes? It is safe to say because of

Thakur and colleagues studies, they have confirmed that the mutation within the

internal repeat region does not affect ORF73 and its neighbouring ORF’s (Thakur et

al., 2007). With this in mind, the next chapter will be based on the analysis of the

ORF73 region of MHV68.
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Chapter 4: Analysis of the MHV68 ORF73 BAC
 

4.1 Aim

MHV68 ORF73is a key candidate latency transcript expressed during the MHV68

latent cycle and its role in MHV68 was unknown(Virgin et a/., 1999). MHV68 ORF73

is highly conserved throughout the gammaherpesviruses and therefore, it is

hypothesised that the MHV68 ORF73 may function similarly to other

gammaherpesvirus-ORF73 homologues (Virgin et al., 1997). The pathogenesis of

MHV68 has mainly been reviewed byinfecting laboratory mice with MHV68(i.e.

mus musculus), which are not the natural host (Speck & Virgin, 1999). Epidemiology

studies carried out in Leahurst (Wirral, UK) have shown that MHV68 is endemic in

wood mice. Further pathological and virological studies from David Hughes (PhD

thesis), who carried out comparative studies with wood mice, bank voles and

BALB/c mice, have shownthat a clear significant difference in the immunological

response to MHV68infection. Wood mice infected with MHV68 showedlack of

splenomegally — which is markedly present in laboratory mice (David Hughes PhD

thesis). Other data gathered, was the increased MHV68infection efficiency and less

intensified inflammatory response in wood mice compared to laboratory mice and

bank voles. Also, in the wood mice, the acute phase infection reaction was

dominated by B cells compared to infected laboratory mice which utilise CD8” T

cells for acute MHV68 clearance (David Hughes PhD thesis). Due to thesesignificant

differences and being the natural host for MHV68, the wood mouse modelwill be

used in these studies as it has more phenotypical relevance as well as it being a

morerealistic animal model system for MHV68 pathogenesis studies.

The main aim of this chapter was to determinethe precise role / function of ORF73

in MHV68, both in vitro and in vivo using the newly created recombinant viruses

from chapter 3. ORF73A, containing a translational termination mutation in ORF73

and a marker-rescue control ORF73R. The study will take place in the natural host,

the wood mouse. As mentioned in chapter 3, the first 50 aa of MHV68 ORF73 will

be translated. Even though this short section of ORF73 will be translated it is

considered to be not highly evolutionary conserved and has no knownfunctional
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domains.It is predicted that this will produce a truncated ORF73 protein which will

be unstable and rapidly degraded within the cell, hence disrupting the function of

ORF73 (Dudek, 1999). KSHV LANA1 homologyis believed to begin at the 95" to

274" aa of MHV68 ORF73 and for EBV EBNA1from the 125" to 259"" aa sequence

of MHV68 ORF73 (Fowler et a/., 2003). It is hypothesized that the MHV68 ORF73

will play a crucial role in the establishment of latency. This is based on the fact that

KSHV and HVS ORF73 homologuesplay a key role in the establishment of latency

(Lan et al., 2004; Schafer et a/., 2003). Due to the disruption of the MHV68 ORF73,it

is hypothesized that the virus will fail to establish latency in the spleen and lung,

and the amountofviral load in the lungs should increase due to suppression on

ORF50beingdisrupted.

4.1.1 Homologues

ORF73 of MHV68is homologousto the latency-associated nuclear antigen (LANA)in

KSHV. MHV-68 ORF73 aa sequencesize is much smaller than that of KSHV and HVS.

This mainly because MHV68 does not contain a central internal repeat region like

KSHV and HVS(Virgin et a/., 1997). ORF73 of MHV68 is 314 aminoacids (aa) in

length, whilst KSHV is 1162 aa and HVSis 407aa (Virgin et a/., 1997). Although the

ORF73 of MHV68is considered to have homology with the equivalent gene of the

other gammaherpesviruses, the percentage aa identity to ORF73 MHV68is actually

low. KSHV only has 24.2% aa identity and HVS a smaller 7.3% aa identity (Virgin et

al., 1997). This is mainly due to the central internal repeat aa sequence presentonly

in KSHV and HVS ORF73.At the time of starting this project, the only thing known

about the ORF73 of MHV68 wasthat it is an immediate-early gene [dueto its

transcript being detected in the presence of cycloheximide (Rochford et a/., 2001)].

To determine the percentage identity of the ORF73 homologues / analogues of the

gammaherpesviruses, analysis of aa sequences was performed using the ClustalW2

program (table 4.1). In table 4.1, the smallest identity score (of 9%) is the EBNA-1

gene with MHV68 ORF73, and the highest (90%) KSHV and HVS (at 90%)[table 4.1].

Also by using ClustalX2, | have included a graphical representation of the ORF73

homologues (excluding EBNA-1 dueto its lack of homology to ORF73atthe aa level)

showingtheir aa aligments (figure 4.1).
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4.2 KSHV LANA (ORF73 homologue)

LANA is a multifunctional protein that is important for the latent cycle of KSHV

infection as well as having functions in the lytic cycle. These functions are

summarized below.

4.2.1 KSHV LANA1 properties

KSHV LANA-1 like HVS ORF73 and EBNA-1 contains a large central internal repeat

domain which provides the functions necessary for T cell evasion by inhibiting

proteasomal degradation and limiting protein synthesis (Kwun et al., 2007). This

central internal repeat region limits the expression of cytotoxic CD8* T lymphocytes,

peptide antigen processing and MHCclass | expression for recognition (Kwunet al.,

2007).

4.2.2 KSHV LANA1 modulatestranscriptional factors

KSHV LANA-1 protein interacts with the mSin3 / HDAC1 corepressor complex to

mediate transcriptional repression (Krithivas et a/., 2000).

LANAalso controls viral and cellular gene expression by inducing the binding of a c-

Jun Fos heterodimer to an activator protein 1-response element in order to

stimulate IL-6 expression (An et al., 2004). IL-6 is a cytokine which is known to

inhibit TNFa and IL-1, and stimulates B cells (Kishimoto et a/., 1992). KSHV LANA

interacts with the signal transducer and activator of transcription 3 (STAT3) /

interleukin 6 transducer in order to enhancetranscriptional activity (Muromoto et

al., 2006). STAT3 is thought to play a part in the processes of cell growth and

apoptosis, therefore having anti-apoptotic or cell proliferation effects (Muromoto

et al., 2006). KSHV LANA has been found to upregulate Pim-1 and when

overexpressed can help reactivate KSHV (Bajaj et a/., 2006). Another kinase, Pim-3,

also plays a similar role to Pim-1. Both kinases, Pim-1 and Pim-3, enable the

reactivation of KSHV from latency by both inactivating the LANA (Cheng et al.,

2009).
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Table 4. 1. The amino acid sequence identity as a percentage score for MHV68,

HVS, KSHV, RRV, and EBV EBNA-1 genes. Software used for these amino acid

alignments was the ClustalW2 program on the EMBL-EBI European Bioinformatics

website (http://www.ebi.ac.uk). The amino acid identity score for HVS and KSHV

are significantly higher at 90% due to both ORF73 homologues containing a internal

central repeat region. The least identity being the ORF73 region of MHV68

compared to EBNA-1 (9%).

    

eats Length (aa) Name Length (aa) Identity Score (%)

 

 

 

 

 

 

 

 

 

 

 

 

 

MHV68 314 HVS 1162 26

MHV68 314 KSHV 1003 26

MHV68 314 RRV 448 21

MHV68 314 EBV 62 9

HVS 1162 KSHV 1003 90

HVS 1162 RRV 448 25

HVS 1162 EBV 62 LZ

KSHV 1003 RRV 448 25

KSHV 1003 EBV 62 12

RRV 448 EBV 62 25   

102



Figure 4. 1. Amino acid sequence alignment of the ORF73 / LANA homologues

(excluding EBNA-1) for the gammaherpesviruses using ClustalX (version 2.0.10)

and Ghostscript view (version 4.9). “*” indicates positions which havea single, fully

conserved residue; “:” indicates that one of the strong groupsis fully conserved; “.”

Indicates one of the weakergroupsis fully conserved.
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Other functions of LANA include the interaction with the hypoxia-inducible factor-1

alpha (HIF-1 alpha) protein to upregulate RTA expression during low levels of

oxygen in the blood and allowing hypoxia-induced KSHVlytic replication (Cai et al.,

2006).

LANA also modulates cellular transcription by inhibiting the transcriptional and

enzymatic activity of the cAMP response elementbinding protein [CREB] (Lim et a/.,

2001). As LANAis actively involved in virus switching from the latenttolytic cycle,it

is thought that by inhibiting CREB it could prevent the switch to the lytic cycle. This

is mainly because ORF50/RTA utilizes CREB as its transcriptional coactivator (Lim et

al., 2001). Other transcription factors or proteins which utilize CREB as a coactivator

include p53 and the activating transcription factor (ATF) 4 / cAMP response

element binding protein (CBP) 2 (Friborg et al., 1999; Lim et a/., 2000). Previous

work from other groups has demonstrated KSHV LANA interactions with p53 and

ATF4/cAMP.This is probably by inhibiting CBP transcriptional activity (Friborg et al.,

1999; Lim et al., 2000).

4.2.3 Establishmentof latency

KSHV LANA1 hasa role in the establishment of latency by inhibiting the function of

ORF5Oandit was shownthat this was achieved by inhibiting transcription from the

ORF5O promoter(Lan etal., 2004).

4.2.4 KSHV LANA1 has aé “role in tumorigenesis and

lymphoproliferation

KSHV LANAI interacts with the p53 tumour suppressor protein in order to inhibit

cell death, hence allowing cell survival and viral persistence (Friborg et al., 1999).

KSHV LANA-1 can also target the retinoblastoma protein (pRb), and promotescell

cycle progression through G1 into the S phase. LANA1 binds and phosphorylates

pRb, hence antagonizing the effect of pRb / E2F pathway, allowing viral persistence

(Radkov et a/., 2000).

Fujimuro and colleagues have found that both the N and C terminus of LANA-1

cooperatively interact with the serine-threonine kinase, glycogen synthase kinase

3B [GSK-3B] (Fujimuro & Hayward, 2003). Infected cells displayed increased

104



accumulation of B-catenin dueto the interaction of LANA with GSK-3. This results

in an increase of infected cells into the S phase cell cycle which is associated with

the upregulation of the D1 cyclin due to the stabilization of the B-catenin (Liu et a/.,

2007a). LANA can stabilize and manipulate c-Myc function, which is thought to

result in the KSHV associated tumorigenesis and stimulation of cell cycle

progression (Liu et a/., 2007b).

4.2.5 Chromosomalassociation of KSHV LANA1is a requirementfor

episomal maintenance

Chromosomal association of KSHV LANA1 can occur via direct binding to the

chromosomeoralternatively by the binding of cellular proteins. The c-terminal

region of the KSHV LANA1 can interact with host chromatin binding protein

Brd2(Ring3) / BET homologue in order to adhere to the nuclear chromatin (Viejo-

Borbolla et a/., 2005). The N-terminus of the LANA1 region of KSHV can bind to

nucleosomes of chromosomes through histones H2A-H2B interaction and this is

essential for episome persistence (Barbera et a/., 2006).

It was suggested that LANA was tethered to chromosomes by two independent

chromatin-binding domains [MeCp2 and DEK] (Krithivas et a/., 2002). The DEK

interacting domain was mapped to the C terminus of LANA and the MeCP2

interacting domain to the N terminus (Krithivas et a/., 2002). The N- and C- terminus

of KSHV LANA have been found to cooperate together in binding LANA1 to

chromatin in order to tether the viral episome to mitotic chromosomes (Kelley-

Clarke et a/., 2009).

It has been found that the C-terminus of LANA1 contributes to the functional

attachment to acetylated histones H3 and H4via both the Brd4 and Brd2 chromatin

binding proteins (Ottinger et a/., 2006). KSHV LANA1 interacts with Brd4 to release

epithelial and B cells from a Brd4- and Brd2/RING3- induced G1 cell cycle arrest,

and can promoteS-phase entry via Brd4 and Brd2 (Ottinger et a/., 2006).

The carboxy terminus of KSHV LANA1 can also interact with nuclear mitotic

apparatus protein (NUMA) to regulate viral genome maintenance and segregation

(Si et al., 2008). This interaction between KSHV LANA and NuMAinvolves a complex
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of dynein/dynactin and microtubules which is an indicator that NuMAis important

for KSHV genomesegregation into new daughtercells (Si et a/., 2008). It is also

found that Pim-1 which can bind to the carboxy terminus of LANA (Bajaj et al.,

2006)can also prevent apoptosis caused by NuMA(Bhattacharya eta/., 2002).

The KSHV LANA1 gene can inhibit the function of transforming growth factor B

(TGFB) by downregulating the TGFB type Il receptor by epigenetic mechanisms

which results in the methylation and deacetylation of proximal histones (Di Bartolo

et al., 2008). This interaction by LANA prevents growthinhibition and the induction

of apoptosis in a variety of cells (Di Bartolo et a/., 2008).

With this all in mind, it goes to show how complex one protein can be. It also

demonstrates that the KSHV LANA gene can induceor inhibit other transcriptional

factors, promoters and proteins in order to perform viral episomal maintainance

and persistence.

4.3 HVS

HVS also encodes a homolog of ORF73 and contains a large central acidic repeat

domain (Hall et a/., 2000b). The large central acidic repeat domain of HVS ORF73is

a glutamic acid rich sequence which provides ORF73 the function of CD8" T cells

evasion. ORF73 evades CD8" cells by inhibiting CD8° antigenic peptides, reducing

the ORF73 steady state levels of mRNA and subsequent ORF73 protein (Gao etal.,

2009). Unlike EBNA-1, the internal glutamic acidic domain of HVS ORF73 does not

stabilize the ORF73 protein (Gao etal., 2009).

Like KSHV LANA, the ORF73 protein of HVS plays an importantrole in viral episomal

maintenanceduringcell division (Hall et a/., 2000a). The HVS ORF73is essential for

episomal persistence and efficient establishment of latent infection (Calderwood et

al., 2005). The C-terminus of HVS ORF73 can bind to both p53 and pRb,to adversely

affect the transcriptional activity of p53 and the pRb/E2F pathway (Borah et al.,

2004). HVS ORF73 inhibits the p53 protein promoting virus infected cell survival,

and phosphorylates pRb to promote cell growth by inducing the cell cycle

progression through G1 into the S phase (Borah eta/., 2004).
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Similar to KSHV LANA1, the C-terminus of HVS ORF73 interacts with either MeCp2

or Histone H1 for episomal maintenance (Krithivas et a/l., 2002; Shinohara et al.,

2002). The C-terminus of ORF73 is also essential for the binding of the cis-acting

elements within the terminal repeat region, and hence contributing to DNA

replication and HVS episomal persistence (Griffiths et a/., 2008; Krithivas et al.,

2002; Shinoharaet al/., 2002; Verma & Robertson, 2003).

HVS ORF73is involved in downregulating the ORF50 homologue of HVS and inhibits

the expression and reactivation ofviral replication genes (Schafer et a/., 2003).

Other functions of HVS ORF73 include the interaction with the cellular p32 protein

resulting in the accumulation of this protein to the nucleus (Hall et a/., 2002). The

function of the cellular p32 protein in HVS pathogenesis may befor transcriptional

activation and to act synergistically with ORF73 to upregulate transcription (Hall et

al., 2002). The exact function of the cellular protein p32 is not defined, but in

human cytomegalovirus the p32 protein cooperates with the protein kinase gene

UL97 in which it helps facilitate the nuclear export of viral capsids (Marschall et al.,

2005). In EBV, EBNA-1 interacts with p32 and its role is a transcriptional activator

and in latent cycle DNA replication (Van Scoy et a/., 2000).
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Results

4.5 Role of MHV68 ORF73in viral growth in vitro

To assess the role of ORF73 in MHV-68 productive replication in vitro, a single-step

growth curve was conducted on 73A and 73R virus. Comparison of the 73A and the

73R virus replication was carried out in NIH-3T3 cells. Growth curves were

generated for the 73A and 73R viruses at an MOIof 0.1 in NIH-3T3 cells. Infected

cell supernatants were harvested from NIH-3T3 cells at different time points and

frozen at -80°C. After three freeze-thawing of the samples, the viral titres were

determined by plaque assay on NIH-3T3cells.

From both 73A and 73R growthcurves, similar growth patterns can be seen (figure

4.2). No statistically significant difference was found in the growth pattern of 73A

and 73Rin vitro. The 73A virus replicated with similar viral growth kinetics and had

similar viral titres as the 73R virus. This indicates that the ORF73 gene is not

essential for replication of MHV68in vitro replication studies.

No major difference was notedin the viral plaque morphology in the 73A- and 73R-

infected NIH-3T3 cells (figure 4.3). Both the 73A and 73R infected NIH-3T3 cells

displayed the classic comet like morphology.

4.6 ORF73 - role in acute phasereplication in vivo

To assess the function of MHV68 ORF73 in vivo, the wood mouse model system

that has recently been developed in Liverpool was used. This was favoured over the

more established laboratory mouse modelsystem for two reasons. Firstly, the role

of ORF73 has beenpartially defined in the laboratory mouse(i.e. BALB/c or C57/BL6

mice) and secondly that because the wood mouse is the natural host, the

phenotypic changes are morerelevant.

Groups of wood mice (n=3) were infected intra-nasally with MHV68 recombinants

(A73 and 73R viruses) and mice were euthanized at 7 and 14 days post-infection

(p.i.). It has been noted that only the repeatable time points for the detection of

infection virus from the lungs of wood miceis at days 7 p.i. and that it is extremely

difficult to detect using plaque assay (D. Hughes PhD thesis). It has also been

confirmed that peaks levels of MHV68 DNAin the lungsis at days 7 p.i. (D. Hughes
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PhD thesis). By day 14 p.i., the virus will have spread to the MLN andto the spleen,

and the lytic infection will have been resolved in the lung (Ehtisham et al., 1993;

Sunil-Chandra et al., 1992). Days 7 and 14 p.i. was chosen to determine therole of

MHV68 ORF73 during the acute phase replication stage in the lung.

Tissues were dissected out and processed for virological and histopathological

analysis as described in materials and methods. DNA wasextracted from lung tissue

from days 7 and days 14 p.i. and measured for viral DNA load using the realtime

quantitative-PCR (qPCR). A comparison of these viruses was calculated for any

significant difference using the studentt-test (p<0.05). qPCR waspreferred to more

conventional plaque assay to analyse viral load as it has been found to be more

reliable in the wood mouse model system due to the relatively low amount of

productive virus present (D. Hughes PhD thesis).

The A73 virus compared to the 73R virus displayed a significant difference in viral

DNA load (copy numbersrelative to RPL8). At 7 days p.i., the amountof viral DNA

load wasgreater in the lungs of wood mice containing the 73A virus than the 73R

virus. At day 14 p.i., the opposite was true, as wood mice harbouring the 73R virus

contained more viral DNA compared to 73A virus. This demonstrated that the

ORF73 region during the acute phase replication plays some part in MHV68

replication in the lung (see figure 4.4). In the jn vitro studies, the 73A virus

replicated with similar viral growth kinetics as the 73R virus, indicating at least in in

vitro that the gene wasnotrequiredforin vitro replication.
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Figure 4. 2. Multiplicity growth curve. ORF73 is dispensable for in vitro viral

growth. Growth curves were generatedfor the 73A virus and 73Rvirus at an MOI

of 0.1 in NIH-3T3 cells. Infected cell supernatants were harvested from NIH-3T3

cells at different time points and frozen at -80°C. After three freeze-thawingcycles,

the virus titres were determined by plaque assay on NIH-3T3 cells. Similar growth

was recordedfor both viruses in NIH-3T3 cells.
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Figure 4. 3. Comparison of the viral plaque sizes of the 73A and the 73Rviruses.

NIH-3T3 cells were either infected with the 73A or the 73R virus. After 5 days

inoculation and incubation, the NIH-3T3 cells were fixed with formaldehyde for 30

minutes and then stained with toluidine blue. Photograph (A) is the 73R virus and

(B) is the 73A virus. The morphology of the viral plaques shownis roughly the same

and displayed the classic comet like features (arrows).

(A) 73R virus

(B) 734Avirus
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Figure 4. 4. Viral DNA load in the lungsof infected mice. Total DNA was extracted

from the lungs at days 7 and 14 after intranasal inoculation with the different

viruses using the QlAmp mini DNA kit (Qiagen). Real time PCR wascarried out using

100ng of DNAasdescribed in materials and methods (section 2.3.22). Shown are

the mean value data from 3 individual mice and each tested in triplicate. Statistical

analysis was carried out using Graphpad prism and the studentt-test (p<0.05). Viral

DNAload for the mutant virus comparedto the parental virus (revertant), on day 7,

is statistical different (p<0.05). Viral DNA load for the mutant virus compared to the

revertant on Day 14is statistical different (p<0.05).
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4.7 Histopathological characterisation of 73A and 73R viruses

in wood mice

Much gratitude goes to Prof. Anja Kipar, Dept. of Veterinary Pathology, Faculty of

Veterinary Science, University of Liverpool, and her team for performing the

histopathology examinations. The inflammatory response of the 73A and 73R virus

intranasally-infected wood mice was characterised by immunohistochemical

techniques (section 2.4.2). Lungs, lymph nodes, and spleen were harvested at days

7, 14, and 21 for examination. All extracted tissues were examined by

immunohistology for the lymphocyte markers CD3 (T cells) and CD45R(B cells) and

the macrophage marker lysozyme. A summaryofall the histological results can be

found in table 4.2.

Histological evaluation

4.7.1 Lungs

At day 7, both the lungs of the 73A and 73R virus- infected wood mice displayed

similar results. The lungs exhibited a mildly increased interstitial cellularity, and

mildly increased number of macrophages. The lungs displayed occasional mild

perivascular (circular) and peribronchial (focal) lymphocyte infiltrations, with the

occasional macrophages and scattered siderophages admixed. Only the

perivascular/peribronchial lymphocyte infiltrations were less frequent and less

intense in the 73R virus infected lungs. One 73R virus-infected animal exhibited a

focal necrosuppurative inflammation at the tip of one lobe.

On day 14, both the lungs of the 73A and 73R virus infected wood mice displayed

roughly similar results. Both the 73A and 73R virus infected lungs exhibited very

mild to moderate multifocal granulomatous pneumonia and mild perivascular

(circular) and peribronchial (focal) lymphocyte accumulations (figure 4.5a, 4.6a). In

the 73R virus-infected mice the lungs showed some evidence of lymphocyterolling

from endothelial cells and emigration from vessels, which were more pronounced

comparedto the 73Avirus-infected wood mice(figure 4.6c). The 73A virus-infected

wood mice exhibited low numbers of disseminated interstitial T cells and low to

moderate numbers of disseminated interstitial B cells. For the 73R virus-infected

mice, mainly moderate numbersof disseminated T and cells. In both 73A and 73R
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virus-infected wood mice, the B cells dominated the perivascular and peribronchial

infiltrates, and were the main lymphocytes recruited from vessels (figure 4.5b,

4.6b).

At day 21, the 73A virus-infected lungs of the wood mice showed very mild focal

granulomatous pneumonia and focal peribronchial lymphocyte accumulations. In

the 73R wood mice,the lungs displayed mild to moderate multifocal granulomatous

infiltrates with perivascular infiltrates, which were more intense compared to 73A

virus infection. Other differences, which could be seen with the 73R virus infected

lungs were that they displayed moderate perivascular (circular) and peribronchial

(focal) lymphocyte accumulations compared to the 73A virus-infected lungs.

4.7.2 Lymph nodes

On day7, the lymph nodes of the 73A virus-infected wood mice wererelatively cell

rich with numerous tingible body macrophages. The 73R virus-infected wood mice

displayed mild to moderatesinus histiocytosis (numberof tissue macrophages) and

moderately sized secondaryfollicles. At day 14, both the 73A and 73R virus infected

lymph nodes were cell rich and displayed large secondaryfollicles. On day 21, the

73A virus infected lymph nodes exhibited moderate sinus histiocytosis and

relatively small secondaryfollicles. However in the 73R virus infected lymph nodes,

they displayed mild sinus histiocytosis and relatively large secondaryfollicles.

4.7.3 Spleen

At day 7, the spleen of the 73A virus infected wood mice exhibit relatively small

primary and secondary follicles, whilst the 73R virus infected wood mice were

mainly composed of small primary follicles. At day 14, 73A virus infected spleen

exhibited small to moderately-sized secondary follicles but the 73R virus infected

displayed small secondary follicles. Reaching day 21, 73A virus infected still

displayed small to moderately-sized secondaryfollicles, however, 73R virus infected

spleen showed moderately sized secondary follicles.
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Figure 4. 5. Histological analysis of wood mice lungs at 14 days p.i. Histological

interpretation of 5um thick, paraffin embedded sections from the lungs of 73A

virus-infected wood mice. The Avidin biotin peroxidise complex method with

Papanicolaou’s haematoxylin counterstain were used. (A) 73A lungs exhibit mild

perivascular and peribronchial lymphocyte infiltration (arrow) and mild

granulomatousinfiltrates (arrowhead). (B) The perivascular and peribronchial

infiltrates were mainly dominated by CD45R antigen-positive B cells (arrow).

(B)
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Figure 4. 6. Histological interpretation of paraffin embedded sections from the

lungs of 73R virus infected wood mice. 14 days p.i. Haematoxylin and eosin stain

used for photograph A. The Avidin biotin peroxidise complex method with

Papanicolaou’s haematoxylin counterstain were used for photographs B & C. (A)

73R lungs exhibit moderate perivascular and peribronchial lymphocyteinfiltration

(arrows) and moderate multifocal granulomatous infiltrates (arrowheads).

Lymphocyte rolling and emigration (small arrow) can be seen. (B) The perivascular

and peribronchial infiltrates are dominated by CD45R antigen-positive B cells

(arrows). (C) B cell rolling and emigrating (arrows) in association with focal

perivascularB cell dominatedinfiltrates.

(B)

 
(C)
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Table 4. 2. Summary of key histopathological changes in the lungs, lung lymph

nodes, and spleen of 73A and 73R virus infected wood mice.

  

  

DEN
Day 14

Ts

Interstitial N/A

cellularity
Macrophages + +/++ + + +/++ +/++

VatLg + + N/A +(less ++ 4+

lymphocytes intense)

Peribronchial + + + + (less ++ ++

lymphocytes intense)

Granulomatous MV eas + (focal) N/A +/++ +/++

pneumonia (multifocal) (multifocal)

  

    

 

  

 

  
  

Lung lymph nodes

N/A

   

         

 

TTT N/A ++ +/++ N/A +

histiocytosis

ot}Wefot) Yes Yes N/A N/A Yes N/A

Neena N/A Large Small ++ Large Large

ito)IfaC-t3

Spleen

Primary Small N/A N/A Small N/A N/A

follicles (mainly)

AT-eeTeerTay Small Small Small Small Small Moderate

follicles /Moderate /Moderate
 

N/A = non-contributory; + = mild; ++ = moderate; small = small size; moderate =

moderatesize.
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4.8 Discussion

At the time of starting this project little was known about ORF73 of MHV68. The

only known function at the start of this study was that ORF73 was an immediate-

early gene and that it had homology with the LANA/ORF73 of the aboveviruses

(Virgin et al., 1997). Many functions of MHV68 ORF73 have now been defined by

other groups using BAC technology. After completion of my laboratory workforthis

Phd there have been a numberof publications by other groups (Allen et a/., 2006;

Bennett et al., 2005; Colemaneta/., 2005; Forrest et a/., 2007; Fowler et a/., 2003).

In this chapter, the role of MHV68 ORF73 wasinvestigated by infecting laboratory

bred wood mice with the MHV68 mutant virus containing the disrupted ORF73

region. My main aim wasto define the role of MHV68 ORF73,its function in viral

pathogenesis and to gain a much better understanding ofits role both in vitro and

in vivo. Unfortunately dueto the difficulty of creating the marker rescue using the

BAC technique, this has resulted in this limited amount of data obtained.

4.8.1 ORF73 in acuteviral replication

In this study and in Fowler’s study, infected cell lines by the ORF73 mutant and

ORF73 revertant viruses displayed similar plaque sizes / morphology[figure 4.3]

(Fowler et al., 2003). The findings in the in vitro studies match, and concluded that

ORF73 is not required for in vitro viral replication. Fowler’s team carried out viral

growth curve analysis on their frameshift ORF73 mutant and ORF73 stop mutant

viruses. Both ORF73 mutantviruses were noted to be deemed non-essential for in

vitro growth replication of MHV68 (Fowler et al., 2003). Another group also

demonstrated that MHV68 ORF73 wasnot essential for in vitro growth replication

(Moormanetal., 2003b). In my studies the same conclusion was found.

In this study, it was concluded that ORF73 wasessential for acute phase replication

in the lung. Fowler demonstrated by plaque assay that their MHV68 ORF73 mutant

viruses were dispensable for acute phase replication in the mus musculus [BALB/c

mice] (Fowler, Marques et al. 2003). Fowler did not use qPCR for analysis, but

carried out plaque assays of her ORF73 mutant viruses at different time points.

With her technique she carried out five time points from 3 days to 14 daysp.i..

Unlike my 73A virus, Fowler examined two self made ORF73 mutants which were a
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frameshift ORF73 mutant virus and a deletion-ORF73 mutant virus. With the

deletion-ORF73 mutant virus, a large 450 bp segment was digested out of the

ORF73 region resulting in only the first 13 aa at the N terminus to remain in frame.

The frameshift ORF73 mutant virus was created by an addition within the ORF73

region, and encodes for 163 aa of the N terminus in frame and a further 20 aa

before the first stop codon (Fowler et a/., 2003). Both her mutants demonstrated

that during the first 14 days, MHV68 ORF73 was not essential for acute phase

replication in the lung. Within my study, the ORF73 mutantvirus hasthe first 50 aa

at the N-terminus in-frame before the stop codon and this is similar to Fowler’s

recombinant virus except that the mutant was created by a simple deletion of one

nucleotide (see chapter 3).

Different results were obtained in the in vivo studies of lung infected tissue by

Moorman (Moormanet al., 2003b). Moorman’s group infected C57BL/6 mice with

their ORF73 mutant (stop mutant) and looked at viral replication in vivo. In

Moorman’s ORF73 mutantvirus, only the first 30 aa of the MHV68 ORF73 region

are translated (Moorman et al., 2003b). Moorman noted that at day 4 p.i. of

infected mice, the lungs of ORF73 mutant virus infected mice had no detectable

virus at day 4 comparedto the revertant virus and wild type. But at day 9 the viral

titres were slightly lower but detectable (Moorman etal., 2003b).

In these studies, the results showedthat at day 7 p.i. more viral DNA load existedin

the ORF73 mutant virus infected mice compared to the revertant virus infected

mice. At day 14, lower amounts of viral DNA load was seen in ORF73 mutantvirus

infected mice comparedto the revertant virus, and both demonstrated a statistical

significant difference (p<0.05). Moorman’s group cameto the same conclusion,that

the MHV68 ORF73 must play a role in acute virus replication in vivo.

It is well studied that CD8* T cells peak around day 7 to 11 p.i. and that acuteviral

replication in the lung resolves after day 10-14 p.i. (Mrmusova et a/., 2002; Nash et

al., 2001; Stewart et a/., 1998; Sunil-Chandra et al., 1992). ORF73 has the ability to

evade CD8" cells, and this could coincide with results seen at day 14 p.i. in my

studies. The decrease in viral DNA load with the 73A virus-infected wood mice
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compared to the 73R virus-infected wood mice in the lung may be dueto the peak

levels of CD8° T cells clearing as muchvirus as possible, hence the reduction in viral

load, due to the disrupted function of ORF73. Another reason maybe that the qPCR

has amplified the presence of more viral DNA due to the expansion of lymphocytes

within the vicinity of the lungs, and hence, an indication of more latent virus? But

the question is why were the viral load levels higher at day 7 p.i. for the 73A virus-

infected wood mice comparedto the 73R virus-infected wood mice? As ORF73is an

immediate-early gene and present throughout the lytic replication stage,

assumptions would be that ORF73 plays a role in the initial stages of viral

replication (Forrest et a/., 2007). The increase in the viral load may be due to ORF73

no longer downregulating ORF50, the essential lytic switch, and as a result

enhancing theviral transcriptional lytic program as shown in KSHV(Li et a/., 2008).

In the study by Li and colleagues, they showed that by disrupting the LANA-1 of

KSHV, the expression of KSHV lytic genes were enhanced and increased the

production of infectious virions (Li et a/., 2008). Could this be the same with

MHV68? Oneof the functions of ORF73 is for the establishment of latency, and as

ORF73 wasdisrupted in these studies, did this result in the increase of viral DNA

load and less latent virus? It is also important to point out that although the results

are stated as mathematically statistically different (student t test; p<0.05), due to

the one log10 difference, is it actually biologically significant? Due to species

differences in which different studies have taking place, the immune responsein

the wood mice will have had an effect on the results. From these results it seems

that ORF73 doesplay an essential role in the acuteviral replication stage in the lung

of wood mice.

4.8.2 Different strains of mice

Different strains of mice were used in the experimental studies of MHV68 ORF73

for Moorman and Fowler. Fowler used BALB/c mice for their studies and Moorman

used C57BL/6 mice. C57BL/6 mice are assumed to be better Th1 type responders

indicated by IFN-y production, whilst BALB/c mice are better Th2 type responders

represented by interleukin-4 (Hayashiet a/., 2001).
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Th1 cells are associated as proinflammatory T cells that produce cytokines such as

IFN-y, IL-2 and TNF-B that can promote cell-mediated immune responses and

phagocyte-dependent protective responses which limit the proliferation of Th2

cells, the function to suppress fibroblast proliferation, and activate macrophages

(Romagnani, 1999; Sempowski et a/., 1996; Van Eden et al., 2002). As for Th2 cells

they produce cytokines such as IL-4, IL-5, IL-10, and IL-13, that promote antibody

mediated responses — hence activates B cells and helps the switch of antibodyclass,

eosinophil accumulation, and can prevent cytokine production from Th1 cells by

using IL-10 (Romagnani, 1999; Sempowskiet a/., 1996; Van Edenetal., 2002).

Different immunological responses to infection of viruses have been demonstrated

in a variety of strains of mice (Abghari et a/., 1986; Bridgeman et al., 2001; van

Berkel et al., 2002; Weinberg et a/., 2004). Due to these different strains of mice,

does this affect the viral pathogenesis of MHV68 using different strains of mouse

models?

Weinberg and team carried out studies to determine differences in chemokine

responses in the acute lung infection of BALB/c or C57BL/6 mice (Weinberget al.,

2004). They found that BALB/c mice displayed an increased level of chemokines

(TCA-3, RANTES, MIP-1a, MIP-2, IP-10), increased levels of MHV68 gene expression

(RTA, DNApol, gB), and higherlevels ofviral titres in the lungs compared to C57BL/6

mice (Weinberg et al., 2004). Although there was a difference in the chemokine

response and amountofvirus present in the acute lung infection of the two strains

of mice, it was noted that this did not affect the latent viral load in the spleen of

these mice, hence establishment of latency (Weinberg et a/., 2004). Studies of the

role of MHV68 M3 in BALB/c or C57BL/6 mice have shown different results.

Infection of BALB/c mice with a disrupted MHV68 M3 virus has resulted in MHV68

unable to establish latency in the spleen (Bridgeman et al., 2001). However,

infection of C57BL/6 mice with a disrupted MHV68 M3 virus has shown that the

establishmentof latencyin the spleen still occurs (van Berkel et a/., 2002).

Hughes carried out comparative studies of the pathogenesis of MHV68 in wood

mice and BALB/c mice (DJ Hughes PhD thesis). Hughes demonstrated that
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significant differences in the acute response of the wood mice compared to the

BALB/c mice wheninfected with MHV68 (DJ Hughes PhD thesis). Hughes noted that

the titre of infectious virus was 3-4 logs lower in the wood mice compared to

BALB/c mice. Hughes suggested that the virus may have employed an evasion

strategy to avoid recognition in the wood mousebyreducingviral replication in the

lung or that the wood mouse immune system efficiently removed the MHV68

infectious virus (DJ Hughes PhD thesis). Other observations included that the

BALB/c mice inflammatory response was dominated by CD8° T cells for acute

MHV68clearance, whilst B cells dominated the acute phaseinfection in the lung of

wood mice (DJ Hughes PhD thesis).

With this in mind, could different immunological responses from different strains of

mice affect the outcome of the ORF73 infection studies? If so, comparative studies

of the role of MHV68 ORF73 in C57BL/6 mice, BALB/c mice, and wood mice would

be useful.

4.8.3 Histology evaluation

All the measured inflammatory changes throughout the infection with both 73A

and 73R viruses in the wood mice were the same. The only difference which was

recorded was the apparent‘intensity’ of the inflammatory response. At day 7 p.i., it

can be noted that the intensity of the inflammatory response was more

pronounced in the 73A virus-infected wood mice compared to the 73R virus-

infected wood mice. This seems to correlate with the qPCR experiment where the

viral DNA load is much higherin the 73A virus-infected wood mice comparedto the

73R virus-infected wood mice. (figure 4.4). It could be assumedthat the disrupted

ORF73 gene may haveresulted in increased lytic replication activity as result of

ORF73 no longer downregulating the ORF50 gene, and hence resulting in the

increased levels of intensity and viral load.

From days 14 to days 21 p.i., the intensity of the inflammatory response becomes

more intense in the 73R virus-infected wood mice compared to the 73A virus-

infected wood mice. Day 14 p.i. results correlates with the qPCR results were the

viral DNA load is seen to be higherin the 73R virus-infected wood mice compared
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to the 73A virus infected wood mice (figure 4.4). The increase in viral DNA load may

have been a result of the qPCR picking up more virus infected lymphocytes as

indicated by the moderate numbers of disseminated T and B cells found in the 73R

infected wood mice comparedto the 73A wood mice.

However, by day 21 p.i. the spleen secondaryfollicles seem to be moreintense in

the 73R virus-infected spleens compared to the 73A virus. Does this mean that the

level of latent virus in the spleen of the 73A virus-infected wood mice is much lower

comparedto the 73R virus-infected wood mice? Without carrying out further tests

such as in situ hybridisation for the detection of latency such as the viral tRNA

marker, this will not be known.

4.8.4 mORF73 is required for efficient viral replication in primary

MEF (mouse embryonic fibroblasts) at low MOI

Recently in mice infected with MHV68 ORF73 mutantvirus, viral growth was shown

to be greatly reduced but only if laboratory mice (BALB/c mice) were inoculated

with a very low dose of virus (Song et a/., 2005). In this study, lung tissue was

extracted at day 7 p.i. and examined using real time PCR (Song et a/., 2005). The

ORF73 mutant was created by a different technique known as the random

transposon system and that each transposon wasinserted into the N- terminus of

the gene (Song et a/., 2005). In a separate study in C57BL/6 mice extracted MEF

cells, ORF73 was deemedessential for viral replication but only at a low MOI of

infection (Forrest et al., 2007). They found that the viral yield was reduced

compared to the ORF73 revertant virus over time (post inoculation). This also

applied to NIH-3T3 cells which they infected with the ORF73 mutantvirus but the

dose used for infection was as low as 0.001 (PFU/cell). This being considerably

lower than the infection dose of MOI 0.1 used here and in Fowler’s paper. Thus

MHV68 ORF73 may well play a role during acute infection but the effect is minor

and only apparent at low MOI.

4.8.5 ORF73 is essential for latency in the spleen

It would have been valuable to carry out more research on the effect of the 73A

virus in the spleen of infected wood mice. Experiments suchasin-situ hybridisation

using the viral trna marker and a reactivation assay to detect the presenceoflatent
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virus in the spleen of wood mice would be useful. Due to ORF73 being a latency

gene, it would be interesting to know if the disruption of ORF73 would result in

more or less / no viral DNA load. Unfortunately, due to a lack of time these

experiments were not carried out. Many other teams have seeked to answerthis

question using their ORF73 mutant viruses such as Fowler and Moorman(Fowler et

al., 2003; Moorman etal., 2003b). Another interesting experiment would be to

carry comparative studies with wood mice, BALB/c mice, and C57BL/6 mice, using

the 73A and 73R viruses. This could be carried out by measuring viral gene

expression using ribonuclease protection assay, measurement of chemokine

responses by ELISA, measurementofviral titres in the lung of infected mice using

qPCRor plaque assay, and measurementoflatentviral load using real time PCR.

Fowlercarried out in-situ hybridization studies on latent virus in the spleen using an

ORF73-defective virus (Fowler et al/., 2003). Using viral tRNA-positive cells as a

markerfor latency, they found at day 7 p.i. that in the spleen of mice infected with

wild type virus or the revertant ORF73 MHV68virus, there wereviral tRNA-positive

cells (Fowler et a/., 2003). In contrast, in mice infected with ORF73 mutant virus

they detected a complete lack of viral tRNA positive cells indicating no latent virus

in the spleen. Thus the MHV68 ORF73iscritically dependent for the establishment

and maintenance of latency (Fowler et a/., 2003). Moorman also came to the same

conclusion as Fowler’s group by looking at the reactivation levels of virus when

mice were infected with either the ORF73 mutant or the ORF73 revertant /

wildtype viruses (Moorman etal., 2003b).

4.8.6 Increased cytopathic effect?

In Forrest’s paper, they noticed that in in vitro studies that their ORF73 mutant

MHV68 displayed increased kinetics of cell death (Forrest et al., 2007). They found

that if they infected the MEF or NIH-3T3cells with a high MOI (2 PFU/cell) of virus

that the cell line would exhibit a cytopathic effect (CPE) much more quickly than the

revertant or the wildtype MHV68infected cells (Forrest et a/., 2007). Forrest further

reinforced this observation by carrying out a cell viability assay which the ORF73

mutantvirus infected cells displayed increased cell death compared to the ORF73

revertant infected cells and the wildtype MHV68infected cells (Forrest et a/., 2007).
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4.8.7 Are adjacent ORF genesaffected?

One of the things | did not have time to do wasto carry out a reverse transcription

PCR or qRT-PCR experiment to determine if the 73A virus affected the adjacent

ORF’s to the ORF73 region. The ORF’s opposite ORF73 are ORF74, M11 and ORF72.

It would have been sensible to check this and compareit with the wildtype MHV68-

infected cell lines. This could be carried out by extracting total RNA or mRNA from

infected cells of either 73A virus or the 73R virus. Alternatively, extracting total RNA

or mRNAfrom fresh tissue samples of wood mice which have been infected with

either ORF73 mutant virus or the ORF73 revertant virus would have beensuffice.

Then finally carrying out reverse transcription PCR or qRT-PCR to determine the

level of expression of each adjacent ORF.

4.8.8 MHV68 ORF73is associated with lymphoproliferation

Forrest and colleagues demonstrated that ORF73 of MHV68 is a nuclear and

cytoplasmic protein during viral replication in a variety of virus-permissive

fibroblasts (Forrest et al., 2007). It was proposed that ORF73interacts with the p53

protein to attenuate the activation of certain cellular stress responses, giving a

classic anti-apoptotic function (Forrest et al., 2007). They hypothesized that the

ORF73 gene might either inhibit propagation of the p53-inducing stressor or

somehowdirectly modify p53 activity in regulating virus gene expression (Forrest et

al., 2007). All in all, limiting the effects of p53 in order to prevent apoptosis and to

allow viral persistence (Forrest et al., 2007). In the same study, the group showed

that ORF73 within viral replication in fibroblasts has a MOl-dependent requirement

(Forrest et al., 2007). At very high MOI of fibroblasts, the ORF73 mutant virus

displayed increased kinetics of cell death during virus replication in specifically

primary and immortalized fibroblasts in tissue culture (Forrest et al., 2007). As well

as this effect, they noticed that at low MOIof fibroblasts, the ORF73 mutant virus

was weakened or growth reducedin thein vitro fibroblast experiments. This was

also shown in studies by Ren Sun’s group (Forrest et al., 2007; Song et al., 2005).

With this in mind, Forrest explained that this feature of ORF73 must be crucial for

efficient replication at low MOI within murine fibroblasts (Forrest et al., 2007).
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4.8.9 Episomal maintenance requires chromosomalassociation

Latest studies from Ottinger and colleagues (Schulz laboratory) have shownthat the

MHV68 ORF73 interacts with certain types of BET (bromodomain and extra

terminal domain) proteins - Brd2 (aka RING3), Brd3 (aka ORFX) and Brd4 (Ottinger

et al., 2009). Their studies demonstrated that by mutating the binding sites of Brd2

and Brd4 on the ORF73 gene, that chromatin association is weakened and fails to

regulate transcriptional activation through certain cell cycle dependent promoters

(Ottinger et al., 2009). They concluded that the binding of specific BET proteins

were linked to the interaction of the ORF73 with cellular chromatin and may

partially provide the known functions of the genein virus replication and genome

maintenance (Ottinger et al., 2009). In the same study they were able to pinpoint

the BET interaction site KKLK (at aa 228-231) of MHV68 ORF73 to regulate

promotersofcell cycle regulatory genes (Ottinger et al., 2009). This site of the gene

acted as a transcriptional activator of cyclin D1, cyclin D2, cyclin E, and two E2F

responsive promoters (Ottinger et al., 2009). If the BET proteins are able to act as

transcriptional activators of cyclin D1, this would also regulate the G1 phaseofcell

progression by way of the phosphorylation of pRb, similar to KSHV (Horenstein et

al., 1997). Ottinger and colleagues have also shown that MHV68 ORF73interacts

indirectly with pRb (Ottinger, Pliquet et al. 2009).

Thus, Brd4 has an important function in which it can induce the progression of the

cell cycle from G1 to S phase through the interaction with cyclin D1 and cyclin D2

(Mochizuki et al., 2008; Ottinger et al., 2009). Papers from Mochizuki and

colleagues had already shownusthat Brd4 is a regulator of cell growth and gene

transcription, further supporting the theory that ORF73 plays a major role in latent

viral replication and maintenance of latency (Mochizuki, Nishiyamaet al. 2008).

4.8.10 T cell evasion

Unlike KSHV LANA-1, EBV EBNA-1, and HVS ORF73, MHV68 ORF73 does not contain

an internal central acidic domain (Virgin et al., 1997). Bennett and colleagues have

demonstrated in their studies that although MHV68 ORF73 does not contain an

internal central acidic domain, ORF73 of MHV68still managed to facilitate and

provide the function of T cell evasion just like LANA-1 and EBNA-1 (Bennettetal.,
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2005). For some reason withoutthis particular genetic region, the ORF73 of MHV68

has somehowevolved in a way in which it can either retard protein synthesis or

inhibit proteasomal degradation (Bennett et al., 2005). Bennett and colleagues

found the region of the ORF73 gene which was responsible for T cell evasion

between aa 170-220 (Bennett et al., 2005). They concluded that the cis-acting CTL

immune evasion mechanism helped avoid viral epitope presentation during

episomal maintenance and wasan essential feature of the virus for latency survival

(Bennett et al., 2005).

4.8.11 Other ORF73 functions

Using the BAC technology, Simas and colleagues found a novel pathway in which

ORF73 of MHV68 can interact with other factors. They found that ORF73 could

inhibit the expression of the NFKB (nuclear factor kappa-light-chain-enhancer of

activated B cells) protein complex (Rodrigues et al., 2009). In the same study, they

found that the ORF73 region displayed a so called unconventional viral SOCS

(suppressor of cytokine signalling) box motif (Rodrigues et al., 2009). With this in

mind, Rodrigues and colleagues explained that an exceptional E3 ubiquitin ligase

complex containing ECS (Elonginc / Cullins / Socs°**’*) inhibits the NFKB

transcriptional activity by binding to the class | NFKB protein, RelA (Rodriguesetal.,

2009). This in effect targets RelA for poly-ubiquitination mediated proteasomal

degradation (Rodrigueset al., 2009).

It has been cited that this function is very important for the proliferation of latent

infection in germinal centre B cells, downregulation of transcription of specific

genes and as well as giving the known function of viral persistence in the host

(Rodrigueset al., 2009).

4.9 Summary

From thesestudies, it can be concluded that ORF73 is not required for in vitro virus

replication. However, for in vivo studies, ORF73 plays somepart in the acuteviral

replication stage in the lung. Both the qPCR results and the histopathology

evaluations show differences at day 7 p.i., in which the viral DNA load was

significantly higher in 73A virus-infected wood mice comparedto 73R virus-infected
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wood mice. The histopathological data suggests that the intensity of the

perivascular and peribronchial lymphocytes were much lower in the 73R virus-

infected wood mice.

We can beat least rest assured that the ORF73 of MHV68is involved in plasmid

maintenancein vitro and in vivo (Fowler et a/., 2003; Moormanetal., 2003b). We

can now assume that the MHV68 ORF73 is essential for the establishment of

latency at least in the spleen of infected mice (Fowler et a/., 2003; Moorman etal.,

2003b). Contradicting results are still associated with the ORF73 genein whichit

plays a significant role in the acute phase replication stage of the lung. With Fowler

and my studies both agreeing that this is not important but with Moorman and

colleagues the opposite being true (Fowler et a/., 2003; Moormanet al., 2003b).

With the two studies carried out we can also accept that the ORF73 geneis

important for the reactivation from latency, and all in all playing a crucial part in

viral persistence (Fowler et a/., 2003; Moormanet al., 2003b).

Althoughit has been concluded by other teams that ORF73 plays an essential role

in latency in the spleen, it would still be interesting to know if this study will come

to the same conclusion. Experiments such as in-situ hybridisation using the viral

trna marker and a reactivation assay to detect the presence of latent virus in the

spleen of wood mice would be useful. Other interesting experiments would be to

carry out a comparative study with wood mice, BALB/c mice, and C57BL/6 mice,

infected with the 73A and 73R viruses. This could be done by measuring viral gene

expression using ribonuclease protection assay, measurement of chemokine

responses by ELISA, measurementofviral titres in the lung of infected mice using

qPCR or plaque assay, and measurementof latent viral load using real time PCR.

This should distinguish any mouse strain-based difference in the immunological

responseto infection with the MHV68 73A and 73R viruses.
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Chapter 5: Transcription mapping of the ORF73 regionin vitro
 

5.1 Aim

In all herpesviruses, two processesof replication exist — lytic replication and latent

replication, in which only a minimal amountofviral genes are expressed (Dittmeret

al., 1998). The overall process in which MHV68switches from its latent state to the

lytic state, and vice versa, remains unexplored. By identifying and analysing

individual viral promoters that induce latent gene expression and lytic gene

expression, this process can be examined. The methodto identify these promoters

is by the mapping of the transcription start sites of individual genes.

At the time of writing, the information known about the transcription of MHV68

ORF73 was minimal, and functional assumptions were based on those of other

gammaherpesvirinae. In HVS, Hall and colleagues discovered a polycistronic MRNA

transcript by northern-blotting that encoded the ORF71 (v-FLIP), ORF72 (v-cyclin)

and ORF73 (LANA-1 homolog) genes from a common promoter upstream of ORF73

in the HVS genome (Hall et al., 2000a). In KSHV latency, LANA-1 transcribed a

spliced polycistronic mRNAtranscript that encoded ORF71 (v-FLIP), ORF72 (v-cyclin)

and LANA-1 (ORF73 homolog) just upstream from a common promoter of KSHV

LANA-1 (Dittmeret a/., 1998; Talbot et a/., 1999). These ORF73 transcripts provide

the anti-apoptotic function (ORF71), function of reactivation (ORF72), and role in

the establishment of latency and tumorigenesis [ORF73] (Talbot et a/., 1999).

Alternative splicing and an internal ribosome entry site allowed for the expression

of each of these viral proteins (Bieleski & Talbot, 2001; Grundhoff & Ganem, 2001;

Talbot et al/., 1999). Further studies by another group found that unspliced

polycistronic transcripts and spliced transcripts of LANA-1 also exist (Dittmeret al.,

1998). It is hypothesized that due to the presence of the KSHV LANA-1 and HVS

ORF73 polycistronic mRNA transcripts, preliminary assumptions would be that

MHV68 ORF73 may have similar transcripts present. To note, MHV68 does not

contain a ORF71 (v-FLIP) homologue (Virgin et a/., 1997).

The transcription of other ORF73 homologuesis complex and the ORFis contained

in a numberofalternative transcripts. The point at which transcription of MHV68
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genes begin and end remains to a great extent unknown.At the start of this project

little was known about the transcription of MHV68 ORF73. The main aim of this

chapter wasto provide a detailed analysis of the transcription of MHV68 ORF73 by

using 5’ and 3’ RACE (Rapid Amplification of cDNA ends by PCR) to find potential

ORF73 mRNA transcripts which could be co-expressed with other transcripts,

potential spliced variants, and potential viral promoters associated with ORF73.It

was hypothesized that MHV68 ORF73 would be part of a cluster gene locus similar

to HVS and KSHV ORF73 / LANA-1, and would initiate transcription from the same

promoter and poly(A) signal. It was hypothesized that ORF73 would contain an

mRNAtranscript which co-expressed with other transcripts by utilising initiation of

translation and alternative splicing.

5.2 Conventional techniques

Conventional techniques of predicting unknown transcripts using cDNA libraries

have been time consuming and have resulted in the more recent use of RACE by

PCR (Frohman, 1993). It has also been noted that obtaining the 5’ end of mRNA

using cDNAlibraries is very difficult and is time consuming (Scotto-Lavino et al.,

2006a).

A mature eukaryotic mRNA contains a 5’ cap, 5’ untranslated region (5’UTR), a

coding sequence, a 3’ untranslated region (3’UTR), and a poly(A) tail. The 5’ end

cap is important from the protection of 5’ exonucleases, recognition and

attachmentof related ribosomes to the mRNA (Kelly & Corbett, 2009). The 5’UTR

and 3’UTR are regions which are not translated and may play a part in mRNA

stability (Kelly & Corbett, 2009). The coding regions contain the information to be

transcribed and translated into protein, and contain the start and stop codons(Kelly

& Corbett, 2009). The poly(A)tail plays an essential role in helping the mRNAto be

exported out of the nucleus for translation, and has been also found to protect the

mRNAfrom degradation (Kelly & Corbett, 2009).

With conventional cDNAlibraries, a partial cDNA clone can be seen but with the

RACE techniquethe possibility of obtaining unlimited numbers of mRNAispossible.

As explained, the 5’ end can sometimesbedifficult to obtain using cDNAlibraries
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but with 5’ RACE technique this is possible. It should not be understated the

importance of obtaining the 5’ end of a mRNAasthis particular end contains the

transcription initiation sites as well as cis-acting enhancer elements (Frohman,

1993).

5.3 Classic RACE and New RACE

Originally the first technique of RACE was used and still is used by certain

companies, notably Roche and Invitrogen. This technique has now been dubbed

‘Classic Race’ andis usedin this study [the Roche RACE 5’/3’ kit and the Invitrogen

5’/3’ RACEkit - Figure 5.1 and Figure 5.2] (Frohman, 1993). The other is called ‘New

RACE’ which is more accurate and morelikely to generate transcripts from full

intact mRNA compared to the other techniques mentioned above [Figure 5.3]

(Scotto-Lavino et a/., 2006b). The kit used in this scenario will be the RLM-RACEkit

(Ambion) or the GeneRacerkit (Invitrogen). More detailed description of both of

these methodscan be found in section 2.3.19; 2.3.20; and 2.3.21.
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Figure 5. 1. Illustration of the process of 5’ Classic RACE. The Rochekit and the

Invitrogen kit uses this method. GSP = Gene Specific Primer. Primer sets can be

foundin table 5.1.
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Figure 5. 2. Illustration of the process of 3’ Classic RACE. Method is a

representation of how the 3’ end is amplified using the Roche and Invitrogen RACE

kits. GSP = Gene Specific Primer. Primer sets can be foundin table 5.1.
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Figure 5. 3. Illustration of ‘NEW RACE’ by either the Ambion RLM-RACEkit or the

GeneRacer kit by Invitrogen. Calf intestinal phosphatase (CIP) removes the 5’

phosphate from truncated and non-mRNA. Tobacco acid pyrophosphatase (TAP)

removes the 5’ cap structure from full length intact mRNA only. The RNA oligo

adapteris ligated to the 5’ end of the mRNAusing T4 RNA ligase. The MRNAis

reverse transcribed using Superscript Ill reverse transcription (Invitrogen) and a

genespecific primer (GSP) or random hexamers. The cDNAis amplified with both

kits anchor primer and reverse GSP or nested GSP (see table 5.1 for primersets).
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Results

5.4 Determination of 5’ and 3’ ends using RACEkit (Roche - 24

generation)

This kit is classified as old style or classic RACE and the disadvantages of this

technique will be explained in the discussion section. The kit was the first and the

most difficult kit to use. This method was used to carry out 5’ and 3’ end RACE on

the ORF73 of MHV68andincluded the specifically-designed primers (GSP) in table

5.1(a). MHV68 was used to infect OMK (Owl Monkey Kidney) epithelial cells (5

PFU/cell; 18 hours) and S11E cells. OMK epithelial cells were chosen as previous

data suggest that a proportion of the cells support a latent infection. S11E cells are

a B cell lymphomaline that are latently infected with MHV68. Total RNA or mRNA

was extracted utilizing the Qiagen RNeasy minikit (section 2.3.16) or the Qiagen

Oligotex kit (section 2.3.17).

After much calibration which included adjustment of annealing temperature and

different concentrations of RNA, a few specific cDNA bands were observed by

agarose gel electrophoresis. 5’ RACE of OMK infected cells provided a band at

850bp and a band just less than 1650bp (figure 5.4a). Both bands were gel purified

and cloned into the TOPO vector pCR2.1 and sequenced (section 2.3.8). Both

products were mouse cellular transcripts. 3’ RACE of OMK infected cells also

amplified a product at 850bp and one around 1800bp (figure 5.4b). Both bands

were cloned in to the TOPO vector pCR2.1 and sequenced. Once again both

sequences were mousetranscripts. This work was performed using total RNA and

we surmised that the negative results could have been due to not engaging with

mRNAdirectly.

Thus, the Oligotex dT kit (Qiagen) was used to extract poly(A) mRNA from RNA

samples (section 2.3.17). 5’ RACE did not amplify any cDNA for sequencing but with

the 3’ RACE, a very weak product of 950bp wasseen(seefigure 5.5). This band was

once again cloned and sequenced and found to be a mousecellular transcript.
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Table 5. 1. Primer sets used in RACEkits

Table (A) showing the oligonucleotides / primers used for the Roche RACEkit.

aati=1s Sequence | Genomic coordinates

5’Race GSP1 5’-CTG GTT TTG CCT GAG GTTGT-3’ 104920-104939

 

5’Race GSP2 5’-TTT TGC CTG AGG TTG TGT TG-3’ 104924-104943

 

5’Race GSP3 5’-TGA GGG AAG TGT TGG TGA TG-3’ ~=—-104733-104752

 

3’Race GSP1 5’-CCA CAG GAT CAC CTG GATCT-3’ 104061-104080

 

3’Race GSP2 5’-TTA CCA GAG CCC CCT ACA GA-3’ 104179-104198   
 

Table (B) showing the oligonucleotides / primers used for the Invitrogen RACEkit.

  

elit Sequence eTTaleynlmrelleery

 

5’Race GSP1_ 5’-ATG TCT GAG ACC CTT GTC-3’ 104027-104044

5’-TGT AGG GAT GTG TGC TAC-3’ 104429-104446

 

5’Race GSP2_ 5’-GCT GTC ACC TGC AGG TGTCTT C -3’ 104509-104530

5’-GTT GTC CTG GAC TAG ATC CAG G-3’ 104048-104069

 

5’Race GSP3_ 5’-GGT GGC TCA TGT ACT GGT GATC-3’ 104695-104715

5’-ATC CTG TGG CAC CTT GCTCTG C-3’ 104072-104093

 

3’Race GSP1_ 5’-TTA CCA GAG CCC CCT ACA GA-3’ 104179-104198

 

3’Race GSP2_ 5’-CGA CTA CAC GCA ACA CAACCT C -3’ 104932-104953   
 

Table (C) showing the oligonucleotides / primers used for the FirstChoice RLM-RACE

kit (Ambion) / GeneRacer(Invitrogen) kit.

ddliil-1g Sequence Genomic coordinates
|

5’Race GSP1_ 5’-GCT GTC ACC TGC AGG TGT CTT CGC 104509-104536

ATT C-3’

 

5’Race GSP2._5’-GGA GAT GGT GGC TCA TGT ACT GGT 104689-104716

GAT G-3’   
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Figure 5. 4(a). Photograph of the PCR amplified band from 5’ RACE (Roche) from

OMKinfected cells showing a band at 850bp and a band just less than 1650bp.

Tested at different annealing times (38°C, 42°C, 46°C). 1kb+ ladder and 1% agarose

gel was used.

1650bp

850bp

 

Figure 5.4(b). Photograph of a 1% TAE gel showing the amplification of the 3’ end

on OMKinfected cells showing an amplified band at 850bp and a band around

1800bp. Different annealing temperatures used. Second photograph shows you

that in the nest PCR the band doesnot appear.

1kb+

ladder a   
1800bp

850bp

137



Figure 5. 5. Amplification of poly(A)+ RNA extracted from infected cells.

Photography of 3’ RACE and 1% TAE gel showing a very weak band at 950bp. Bands

were cloned and represented mousetranscript only. 1kb+ ladder (Invitrogen) used.
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5.5 Determination of 5’ and 3’ ends using 5’ / 3’ Race kit

(Invitrogen)

5.5.1 5’ end

It was decided to usea slightly different approach using the 5’/3’ RACE kit (Roche).

The methodology of this kit is still considered classic RACE but has a major

improvement compared to the Roche kit. For obtaining the 5’ end of the mRNA,

the Invitrogen kit incorporates and uses terminal transferase and dCTP,instead of

dATPasfor the Roche kit. By adding ‘C — cytosine’ which bondswith ‘G — guanosine’

as a homopolymerictail, this will form a stronger bond compared to the Adenosine-

Thymidine bond, hence allowing morespecific priming (Martin et a/., 1985). What

this meansas explained in the manufacturer’s instructions is that the likelihood of

obtaining a better full sequence containing 5’ ends, is much morelikely during PCR

amplification of the cDNA and supposedly better results. In simple terms, this kit

uses a modified method of the dATPtailing method (Frohman, 1993). Another

advantageis that this kit uses Superscript Ill reverse transcriptase rather than the

M-MLVreverse transcriptase used in the Roche kit. What this enzyme is supposed

to do is allow longer cDNA to be synthesised. In this protocol platinum taq

(Invitrogen) was usedin orderto carry out a hot-start protocol.

A fresh batch of total RNA was made from infected OMK cells using the Qiagen

RNeasy kit. Using 5’ RACE, a band of roughly 250bp in size was amplified using a

nested PCR amplification step (figure 5.6a). The gene specific primers used were

the 5’Race GSP1 (5’-TGT AGG GAT GTG TGC TAC-3’) and the 5’Race GSP2 (5’-GTT

GTC CTG GAC TAG ATC CAG G-3’). See table 5.1(B) for full primers and genomic

coordinates. This product was cloned into pCR2.1 TOPO and sequenced.

The results showedthat the product started from the genomic coordinates 104694

to 104772 (ORF73) and joined to genomic coordinates 96808 to 96905 (ORF68).
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Figure 5. 6a. Photograph of 1% agarose gel showing the amplified band for 5’

RACEInvitrogen kit (250bp). Different annealing times and nested PCR carried out.

1kb+ ladder used. Temperatures carried out in degreescelcius.

 

Figure 5.6b. Photograph of a 1% TAE gel showing 5’ RACE of poly(A) RNA from

infected OMKcells. Band around 250bpin size. 1kb+ ladder used
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A fresh batch of total RNA was made from infected OMK cells using the Qiagen

RNeasy kit. Using 5’ RACE, a band of roughly 250bp in size was amplified using a

nested PCR amplification step (figure 5.6a). The gene-specific primers used were

the 5’Race GSP1 (5’-TGT AGG GAT GTG TGC TAC-3’) and the 5’Race GSP2 (5’-GTT

GTC CTG GAC TAG ATC CAG G-3’). See table 5.1(B) for full primers and genomic

coordinates. This product was cloned into pCR2.1 TOPO and sequenced. The results

showed that the product started from the genomic coordinates 104694 to 104772

(ORF73) and joined to genomic coordinates 96808 — 96905 (ORF68).

As ORF73 is a leftward open reading frame and that ORF68 is a rightward open

reading frame, the likelihood is that the latter region may be part of a 5’

untranslated region.

5’ RACE was also performed using poly(A)+ RNA from infected OMK cells. Using a

nested PCR amplification of this sample a 250bp product was amplified and was

cloned and sequenced (figure 5.6b). The gene specific primers used were the

5’Race GSP1 (5’-TGT AGG GAT GTG TGC TAC-3’), 5’Race GSP2 (5’-GTT GTC CTG GAC

TAG ATC CAG G-3’), and 5’Race GSP3 (5’-ATC CTG TGG CAC CTT GCT CTG C-3’). See

table 5.1(B) for full set of primers and genomic coordinates. Sequencing results

showedthat the product extended up to genomic coordinates 105021 justslightly

out of ORF73.

5’ RACE was subsequently performed using infected BHK cells (5 PFU/cell; 18

hours), New gene specific primers were used (5’Race GSP1 95’

ATGTCTGAGACCCTTGTC-3’; 5’Race GSP2 5’-GTTGTCCTGGACTAGATCCAGG-3’; 5’

Race GSP3 5’-ATCCTGTGGCACCTTGCTCTGC-3’) to see if this had an effect on the

resultant fragments. See table 5.1(b) for the new set of primers and genomic

coordinates. Once again, a product was only seen after nested PCR amplification.

This time the size of the band obtained appeared around 450bp(see figure 5.7a).

Sequencing identified a possible transcription start site at the genomic coordinates

of 104072 to 104447 within ORF73. It is likely this is just part of the ORF73

transcript within the ORF itself rather than a novel start site (104025 to 104969

genbank accession number AF105037).
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5’ RACE wastherefore carried out using BHK infected total RNA, with the old GSP

(5’Race GSP1 5’-TGT AGG GAT GTG TGC TAC-3’; 5’Race GSP2 5’-GCT GTC ACC TGC

AGG TGTCTT C-3’; 5’Race GSP3 5’-GGT GGC TCA TGT ACT GGT GATC-3’). See table

5.1(b) for the set of primers used and genomic coordinates. On the second round of

amplification, a smear of bands appeared in which a faint product at approximately

500bp in size was seen (figure 5.7b). This band was purified and extracted and

sequenced. The mRNAproduct identified started slightly further upstream than the

OMK infected extracted RNA at the genomic coordinate of 105143. Similar to the

OMK infected RNA, the 5’ RACE method seems to have amplified and found the 5’

end of the unspliced mRNA as mentioned in Coleman’s paper using RNase

protection analysis (Coleman et al., 2005). Once again, at this position there seems

to be no start codon within this coordinate and the start of the ORF73 coding

region.

5’ RACE amplification was also performed using this method on S11E total RNA.

Product was seen only on the second amplification of the cDNA [nested PCR](figure

5.8a). Primers were used (5’Race GSP1 5’-TGT AGG GAT GTG TGC TAC-3’; 5’Race

GSP2 5’-GCT GTC ACC TGC AGG TGT CTT C-3’; 5’Race GSP3 5’-GGT GGC TCA TGT

ACT GGT GAT C-3’). See table 5.1(b) for the set of primers used and genomic

coordinates. Sequencing showedthat the 850bp product was a mousetranscript.

5 ‘RACE amplification performed using infected NIH-3T3 cells and on first strand

amplification of the cDNA, no bands could be seen. Primers were used (5’Race

GSP1 5’-TGT AGG GAT GTG TGC TAC-3’; 5’Race GSP2 5’-GCT GTC ACC TGC AGG TGT

CTT C-3’; 5’Race GSP3 5’-GGT GGC TCA TGT ACT GGT GATC-3’). See table 5.1(b) for

the set of primers used and genomic coordinates. However, on nested PCR, two

specific products were seen (figure 5.8b). These bands were 800bp and 500bpin

size. Sequencing showedthat, like the BHK infected cells, the 500bp product was an

unspliced mRNAstarting from genomic coordinates 105143.
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Figure 5. 7a. 1% TAE gel showing the 5’ RACE amplification from BHKinfected

cells. Band can be seen at roughly 450bp (nested). Ladder being 1kb+ ladder

(Invitrogen).

450bp

 

Figure 5.7b. 1% TAEgel of 5’ end of BHK-21 infected cells (Invitrogen). Band can

be shownroughly at 500bpin size. 1kb+ ladder used.

500bp
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Figure 5. 8(a). Photograph showing a 1% TAE gel of 5’ RACE from S11E cells. As

you can see, on the second amplification an 850bp band can be seen. 1kb+ ladder

used.

850bp

 

Figure 5.8(b). Photograph of a 1% TAE gel showing the 5’ RACE amplification of

infected NIH-3T3 cells with MHV68. First amplification of the cDNA by PCR does

not show any bands, however, the nested PCR showsa strong band at 500bp and

800bp. 1kb+ ladder used.

800bp

500bp
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This is upstream of ORF73 but does not extend as far as ORF74. However, the larger

band approximately 800bp indicates a 5’ end at the genomic coordinates 105331

within ORF74. 5’ RACE was subsequently carried out on RNA derived from BHK cells,

infected C127 cells, the latently-infected C127ARTA cell line (chapter 7) and the

S11E cell line. From figure 5.9a, only a very weak 800bp band is seen for the

infected BHK, C127, and C127ARTAcell line. Primers were used (5’Race GSP1 5’-TGT

AGG GAT GTG TGC TAC-3’; 5’Race GSP2 5’-GCT GTC ACC TGC AGG TGTCTT C-3’;

5’Race GSP3 5’-GGT GGC TCA TGT ACT GGT GATC-3’). See table 5.1(b) for the set of

primers used and genomic coordinates. Two products can be seen for S11E, one at

400bp and 200bp. Sequencing showed that the 800bp correspondsto a 5’ end at

the genomic coordinates of 105331 for the infected BHK, C127, and C127ARTAcell

line. This demonstrates a second 5’ end point in infected BHK-21 cells, at genomic

coordinates 105331. The 400bp product in S11E had a 5’ end at 105143 and the

other product was a mousecellular transcript (see figure 5.9a).

5.5.2 3’ RACE

3’ RACE was performed on C127 and BHK-21 infected cell lines using the primers

(3’Race GSP1 5’-TTA CCA GAG CCC CCT ACA GA-3’; 3’Race GSP2 5’-CGA CTA CAC

GCA ACA CAACCTC -3’) in Table 5.1b. As you can see from figure 5.9b, on the first

amplification of the cDNA by PCR, products of 400bp (stronger band) and

approximately 2kb were seenin bothcell lines. Upon nested PCR,distinct bands at

250bp and 300bp were observed. Both bands at the first PCR were cloned and

sequenced (2kb and 400bp band). Sequencing results showedthat the smaller band

from both C127 and BHK-21 infected cell lines identified a 3’ end of the ORF73

transcript, beginning at around the genomic coordinates 103869.

This is just downstream of the stop codonfor the ORF. The larger cloned fragment

of the size of 2kb from both infected C127 and BHK-21, ended at genomic

coordinates 102512. This showsthat a polyadenylation signal exists downstream at

the strand of ORF72 (v-cyclin) and this matches the results mentioned in Allen

(Allen et al., 2006).
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Figure 5. 9(a). Photograph showing the 1% TAEgel of the 5’ RACE for RNA from

infected BHK-21, C127, C127ARTA, and S11Ecells. 1kb+ ladder used. Weak 800bp

can be seen.

800bp | 800bp

 

Figure 5.9(b). Photograph of 3’ RACE from C127 and BHK-21 infected cells. Two

bands can be seen 1° PCR (2kb & 400bp). Nested PCR (300bp & 250bp). 1kb+ ladder

used

2kb|

300bp|
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Allen carried out 3’ RACE on the ORF72 v-cyclin transcript and noted that a full

length spliced ORF72 transcript could potentially encode a truncated ORF73 region,

along with ORF72 (Allen et a/., 2006). The 2kb product found hereis a non-spliced

transcript stretching from the ORF73 region from as far as 104198 (start of my 3’

RACE primer) to 102512, a polyadenylation signal downstream of ORF72. Both

ORF73 and ORF72 are coded on the same strand and therefore can be co-

translated. As M11 is on the other strand this is more likely an untranslated region.

This is exciting and will be discussed thoroughly later. KSHV exhibits a similar

pattern of transcription in the ORF73 region and ORF72 (Dittmereta/., 1998).

3’ RACE wascarried out on S11E total RNA using the same protocol and primers

(3’Race GSP1 5’-TTA CCA GAG CCC CCT ACA GA-3’; 3’Race GSP2 5’-CGA CTA CAC

GCA ACA CAA CCTC -3’) in Table 5.1b. . On the first amplification stage of the cDNA,

products were seen. Two different enzymes, Taq DNA polymerase (Invitrogen) and

Platinum Taq (Invitrogen) were used (see figure 5.10a). Products of 1kb, 500bp, and

400bp wereall cloned and sequenced. From the sequencing results, all of the DNA

for the 1kb and 500bp fragments werecellular transcripts. For the 400bp band the

3’ end terminates at genomic coordinates 103869 and this is exactly the samefor

the C127 and BHK-21 cells.

3’ RACE was performed at the same time using the Invitrogen 3’ RACE primers on

total RNA from infected NIH-3T3 cells, BHK21 cells, C127 cells, S11E cells and

C127ARTAcell lines. Primers (3’Race GSP1 5’-TTA CCA GAG CCC CCT ACA GA-3’;

3’Race GSP2 5’-CGA CTA CAC GCA ACA CAA CCT C -3’) in Table 5.1b. Figure 5.10b

showedthat for infected NIH3T3, BHK21, and C127 cells, there were products of

approximately 1.8kb, 550bp, and 350bp in size. However, for the S11E and

C127ARTAcell line, only the 550bp and 350bp band was present. The dominant

band for infected NIH3T3, BHK21, and C127cells was the 350bp band, but for RNA

from S11E and C127ARTA,the bands wereofsimilar intensity (see figure 5.10b).

Sequencing results showed that the 1.8kb product expressed by the NIH-373,

BHK21 and C127 cells was unspliced and terminated at genome co-ordinate

102512. This represented the polyadenylation downstream of ORF72. The 350bp
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product expressed by all cells ended at genomic coordinates 103869, i.e. just

downstream of ORF73. The 550bp product wasa cellular transcript.

5.6 5’ RACE using the GeneRacerkit (Invitrogen) and RLM-RACE

kit (Ambion)

Both kits simply used the same protocol as each other and this method is

commonly known as new-RACE. The methodology has been explained in which

prior to amplification that dephosphorylation of the mRNA byCIP only allowsfully

intact MRNAto be transcribedi.e. full length transcripts. This means that any mRNA

lacking a 5’ cap is degraded. The other point about this techniqueis that a unique

RNA-oligo adapter ligates to this decapped fully intact mRNA, and reverse

transcription can be carried out. So all in all, this technique should actually be more

specific and selective. Invitrogen kit was decided upon over the Ambionkit due to

cost.

5’-RACE was performed using RNA from NIH-3T3, C127 and BHK cells infected with

MHV68virus. Primers used (5’Race GSP1 5’-GCT GTC ACC TGC AGG TGT CTT CGC

ATT C-3’; 5’Race GSP2 5’-GGA GAT GGT GGC TCA TGT ACT GGT GAT G-3’). On first

amplification of the cDNA, products were observed with all three cell types of

approximately 1.1.kb, 700bp, and 550bp (see figure 5.11a). Nested PCR was

performed on the first round PCR samples of these three types of cells and then

only two bands were observed, one at 350bp (the strongly expressed band) and a

very weak 500bp band(see figure 5.11b). The three products from the first PCR

amplification were cloned and sequenced. The 500bp band wasan unspliced 5’ end

transcript starting at genomic coordinate 105010. This result is very similar to the

genomic coordinate for the BHK-21 cell line carried out by the 5’ RACE (classic

RACE). This demonstrates that all three cell lines when infected have a 5’ end in

this region. The 700bp band presentin all three cell lines was sequenced, and

results showedthatthis is a spliced 5’ end transcript with a splice site at genomic

coordinates 104712 (within ORF73) joined to an upstream exon mapping to

genomic coordinates 97325 to 97791.
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Figure 5. 10(a). 1% agarose TAE gel showing the 3’ RACE of S11E total RNA. Bands

can be seen at 1kb, 500bp and 400bpin size. P = platinum taq; T = taq only. 1kb+

ladderused.

 

Figure 5.10(b). Photograph of the 3’ RACE amplified band from MHV68 infected

NIH-3T3, BHK-21, C127, $11E and C127ARTAcell lines. From the photograph you

can clearly see a faint 1.8kb band, and a faint 550bp, and strong 350bp band.

 
149



Figure 5. 11(a). Photograph of a 1% TAE gel of the 5 RACE (using the Ambion /

GeneRacerkit) of MHV68 infected NIH-3T3 / BHK21 / C127 infected cell total RNA.

Three distinct bands can be seen at approximately 1.1kb, 700bp and 550bpinsize.

+ is the positive control (Hela cells) and the negative = wateronly. 1kb+ ladder.

 

Figure 5.11(b). Photograph showing the 5’ RACE amplification of total RNA from

MHV68infected NIH-3T3 / BHK21 / C127 cells. 1% TAE gel of PCR amplified cDNA

from the above mentioned cells and is the nested PCR from DNA samples from

figure 5.11(a). 1kb+ ladder. + = positive control (Hela). - = water.

500bp
350bp
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These latter genomic coordinates are in the ORF68 region of MHV68. This is similar

to the results shown above with the RACE kit (Roche). The 1100bp product

sequenced from NIH3T3; BHK; and C127 infected cells, was an unspliced 5’ end

transcript starting at genomic coordinates 105517. This is in the middle of ORF74.

5’ RACE was performed on total RNA from the C127ARTA and S11E cell line. Nested

PCR was performed. Product of 400bp was observed with C127ARTA and 150bpfor

S11E (figure 5.12a). Both bands were cloned and sequenced. The C127ARTA 400bp

product was an unspliced transcript initiating at genomic coordinate 104842. The

product from S11E cells was an unspliced transcript beginning at genomic

coordinate 104774. The spliced transcript that was shown by Coleman’s paper that

has 5’ untranslated exons in the terminal repeats region was not seen in the above

experiments (Allen et a/., 2006; Coleman et a/., 2005). Allen’s group managed to

find two promoters at the vicinity of the terminal repeats similar to Coleman etal

(Allen et a/., 2006). The same primeras Allen’s group which he referred to as 73RTo

was therefore synthesised and used to see if similar 5’ exons could be amplified.

73RTo being the primer 5’-ATC GTC TGT CTC TCC TAC ATC TAA A-3’, genomic

coordinates 104619 to 104643. Allen’s group used the Ambion kit to amplify and

detect unknown5’ ends. 5’ RACE wascarried out on MHV68infected NIH3T3, BHK,

C127, C127ARTA and S11E cells. No bands were amplified using this primer for the

C127ARTA and S11E but three distinct bands could be seen for NIH3T3, BHK, and

C127 infected cells (figure 5.12b). The results showed that the band at 450bpin size

wasan unspliced transcript originating at genomic coordinate 105005. The 550bp

band wasa spliced transcript which has a splice site at genomic coordinate 104712

joined to a 5’ exon with co-ordinates 97325 to 97791. This once again

demonstrates that there is a spliced ORF73 transcript with a 5’ non-coding exon

within the ORF68 region. The largest product (1200bp) originated at genomic

coordinate 105717 within ORF74.
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Figure 5. 12(a). Photograph of the 5’ RACE gel (1% TAE gel) for S11E and

C127ARTAinfected cells. Both cell lines show twodifferent bands amplified only at

the second nested PCR. C127ARTA at 400bp and S11E at 150bp. 1kb+ ladder used.

—ve = water. +T = plus TAP; -T = minus TAP; -RT = minusreverse transcription. TAP=

tobbacoacid pyrophosphatase.

400bp |

150bp

 

Figure 5.12(b). 1% TAE gel. 5’ RACE amplification of infected NIH-3T3, BHK, C127,

C127ARTA and S11Ecells carried out with Allen’s primers (Allen et a/., 2006). As

you can see from the photograph no bands were amplified by the C127ARTA and

S11E infected cells but three distinct bands can be seen for the infected NIH-3T3,

BHK, and C127cells. Band sizes at roughly 1200bp, 550bp and 450bp were cloned

and sequenced.- = water control. ikb+ ladder used.
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Discussion

5.7 Analysis of spliced and unspliced LANAtranscripts

As mentioned three kits were used to carry out and mapboth the 5’ and 3’ ends of

ORF73 mRNA from RNA extracted with MHV68 infected NIH-3T3, BHK-21, C127,

C127ARTA, and S11E cells. Both ends were determined by using several

combinations of adapter and gene specific primers. In some experiments, nested

PCR wascarried out due to the weak nature of the bands or no bands from the

RACE technique. Figure 5.13 summarises the potential 5’ end (transcription start

sites) and 3’ end (polyadenylation site) of MHV68 ORF73 as a graphical

representation. Table 5.2 summarises the RACE results from this study and

compares with the RACEresults obtained by Allen’s and Coleman’s paper(Allen et

al., 2006; Colemaneta/., 2005).

5.8 Unspliced ORF73-M11-ORF72 transcript

Whatis interesting is that only the RNA extracted from MHV68infected NIH-3T3,

BHK-21, C127, OMK cells displayed an unspliced transcript that is most likely

bicistronic. The bicistronic transcript determined by 3’ RACE, showed a poly(A)+

signal positioned at the genomic co-ordinate 102512. Based on 3’ RACE and also

using Webgene Poly-A prediction software, the polyadenylation site used in

transcription of the ORF73-ORF72 unspliced transcript can be found between the

genomic coordinates 102529 to 102538 (AAAAUAAAUG), and the whole 3’ end of

this transcript message extending to the genomic coordinate 102512. The Webgene

Poly-A prediction software uses the Hamming-Clustering method to determine

poly(A) signals (Milanesi et a/., 1996). Both ORF73 and ORF72 are leftward

transcribed genes which can be translated from this RNA. Looking at figure 5.13,

the M11 gene between ORF72 and ORF73 is a rightward gene and will not be

translated.

In Allen’s paper using the GeneRacerkit (Invitrogen), they determined the 3’ end

poly(A)+ signal from lytically-infected NIH 3112 fibroblasts and the S11E cell line to

be extending downstream to the genomic coordinates 102412 (Allen et a/., 2006).

This is similar to the results presented here except that Allen’s results observed a
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spliced transcript containing both ORF73 and ORF72 only, hence without M11 gene

(Allen, Dickerson et al. 2006). The reason forthis differenceis not clear.

A similar transcript had been found in KSHV LANA-1 in which a spliced transcript

had been found to encode ORF73,v-cyclin, and v-FLIP (Talbot et a/., 1999). MHV68

has M11 inbetween ORF73 and ORF72, but KSHV ORF73 and ORF72 are adjacent to

each other (Virgin et a/., 1999). The positioning of K13 from KSHV, also known as

viral FLICE inhibitory protein (vFLIP) is completely different to MHV68 (Thomeetal.,

1997). Another similar transcript had been shown in HVS ORF73, wherethere wasa

polycistronic mRNA transcript containing ORF71, ORF72 and ORF73 and with a

promoter upstream of ORF73 (Hall et a/., 2000a).

Neither $11E nor C127ARTA(both latently-infected lines) appeared to express the

ORF73-ORF72 bicistronic mRNA. The MHV68 ORF72 (v-cyclin) is known to be an

oncogene which induces cell cycle progression, and a critical regulator of

reactivation from latency (van Dyk et a/., 1999; van Dyk et a/., 2000). The ORF72 (v-

cyclin) gene has been demonstrated to be the first gene essential for the

maintenanceof latency in the absence of B cells (van Dyk et a/., 2003). This paper

also states that different latency reservoirs actually require different gene

requirements in order to maintain latency (van Dyk et a/., 2003). Jung and

colleagues in their studies cited that v-cyclin can interact with cdk6 to direct the

phosphorylation of pRb [retinoblastoma protein] (Jung et a/., 1994). By targeting

and activating the pRb protein the virus can promotecell cycle progression through

G1 into S phase (Radkovet a/., 2000). It has been shown that both KSHV LANA-1

and HVS ORF73 interact with pRb, and both concluding that this function could

cause viral DNA synthesis to occur and promoting viral persistence (Radkov, Kellam

et al. 2000; Hall, Giles et al. 2009).
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Figure 5. 13. This diagram summarises the predicted 5’ end (transcription start

sites) and 3’ end (polyadenylation site) of MHV68 ORF73 transcripts as a graphical

representation (not to scale). The blue spliced and unspliced mRNA transcripts

(blue connections indicate splicing) show the potential 5’ end (transcription start

site) of ORF73. The red unspliced transcripts (red blocks) are an indication of the

predicted polyadenylation signals for ORF73. Two spliced ORF73 transcripts were

identified by the three RACE kits. The ORF73 spliced transcript contained either one

copy of a 99bp exon or a 466bp exon located within ORF68, and the ORF73 coding

exon. The remaining were unspliced transcripts of ORF73. Table 5.2 summarises the

I T I T rT
102524 103519 104025 104969 106171 96700 98056

RACEresults.
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(n)AAAA
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Table 5. 2. Summary of RACE results obtained from this study, and comparison

with results obtained from Allen and Coleman’s paper(Allen et a/., 2006; Coleman

et al., 2005). * indicates the primer sequence genomic coordinates.

 

 

 

   
 

 

5RACE

Cell line Sey) Col a

OMIK (spliced transcript) 104694*-104772 96806-96905

3T3/BHK/C127 (spliced transcript) 104508*-104712 97325-97791

3T3/BHK/C127 104508*-105717

3T3/BHK/C127/OMK 104508*-105010

$11E/C127ARTA 104689*-104842

3RACE

for}BT Exon

3T3/BHK/C127/S11E/C127ARTA 103869-104198*

3T3/BHK/C127 102512-104198*  
 

Allen results (Allen et a/., 2006)

 

 

Cell line SN) besCk Syd SCH
S11E (spliced N/A 103787-104871 118055-118160 118605-118695

transcript)

S11E (spliced N/A 103787-104871  118055-118160 N/A

transcript)

NIH3T12 102412-102435 103199-104715 118055-119160 N/A

(spliced

transcript)  
 

Coleman results (Coleman et a/., 2005)

 

3T3 (spliced transcript) 103781-104871 118055-118160 118605-118658
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As none of my samples for S11E or C127ARTA showed the unspliced mRNA

transcript, this possibly supports the idea that memory B-cell latency reservoirs may

not require v-cyclin (van Dyk et a/., 2003). In other words, long term maintenance of

MHV68latency in B-cells does not require reactivation and hence,this particular

transcript is not present in S11E or C127ARTAvirus-infected cell lines. Since latency

can also be established in dendritic cells, macrophages as well as B cells it may

support the idea that the infected BHK-21, C127, NIH-3T3, OMK cells are not the

natural site for long term maintenance of latency and hence require ORF72 to

stimulate reactivation and cause infectedcell proliferation (Flano et a/., 2000).

As previously mentioned, M11is a rightward-transcribed gene andit is possible that

the protein is not translated or this particular transcript actually blocks or

downregulates the M11 gene function. MHV68 M11 has homologyto Bcl-2, and has

been found to block and protect epithelial cells from Fas and TNF-alpha induced

apoptosis (Roy et al., 2000; Wanget al., 1999). When transcribed and translated,

M11 should have anti-apoptotic functions and help the viral infected cells to

survive. If this transcript does block the M11 gene, why would it want to prevent

cell survival? It is possible that as this particular transcript is found in the virus-

infected NIH-3T3, BHK-21, C127, OMK cells, it may require somevirus reactivation

and hence,thesecells are not the natural latency reservoirs like the B-cells. In other

words, the MHV68still needs to replicate in order to get to the B-cells.

Thus, the co-expression of the MHV68 ORF72 and ORF73 mRNAtranscript may

further support that the transcription and translation of this transcript is important

for virus reactivation as well as viral persistence in MHV68 pathogenesis.

5.9 Unspliced transcript with a 5’ end within the ORF74 region

ORF74is transcribed in MHV68 latency and has been found to be importantin the

reactivation from latency (Moorman etal., 2003a; Virgin et a/., 1999). As ORF74 is a

right-ward transcribed gene and ORF73is a left-ward transcribed gene,it is unlikely

that the ORF74 protein is translated (Virgin et a/., 1997). 5’ RACE identified an

unspliced ORF73 mRNAtranscript with a 5’ end up to the genomic coordinates of

105717. This genomic coordinate corresponds to the middle of ORF74. Coleman’s

157



paper found an unspliced ORF73 mRNA which wasnot detected by her RACEkit but

detected by RNase protection analysis. She also proposed that this mRNA must

start at least as far upstream at genomic coordinate 105080 and suggested that the

ORF73regionitself could be transcribed from a promoteroverlapping the 5’ end of

the ORF74 region (Coleman eta/., 2005). Both RACEkits in this study, identified an

unspliced mRNA whichfell in the region of 105717, notably within ORF74. Thus,this

mRNAtranscript may potentially contain a viral promoter within ORF74. Using the

Webgenesoftware for TATA box and AUG codonprediction, the nearest AUG codon

can be foundin the region, genomic coordinate 105847 — 105833 (GAAACACACA

ATGAT) and 105746 — 105732 (TAAACGCACC ATGTG). TATA boxes can be found in

the genomic coordinates 105834 — 105825 (ATTATCAATA) or 105750 — 105741

(CATATAAACG). These coordinates seem to further support that a transcription

initiation start site and promoter exists on the antisense strand of ORF74 at region

105717.

5.10 Another unspliced transcript

With all infected cell types and demonstrated byall the RACE kits, two common

unspliced transcripts were seen that started at the 5’ end of the genomic

coordinates 104774 to 105010 and ended in the 3’ end of 103869. This gives an

approximate size of these transcripts of 1141bp (genomic coordinate 103869-

105010) or 905bp (genomic coordinate 103869-104774), whilst the ORF73 geneis

actually around 944 bpin size (Virgin et al., 1997).

Computational analysis (Webgene software) was used to predict the AUG codon,

the TATA box, and the poly(A) signal of the ORF73 transcript. This software

identified possible initiation signals upstream of ORF73. Potential AUG codons were

predicted within the genomic co-ordinates 104819 - 104833 (CACCACCGGG

ATGCC); 104808 - 104822 (TGCCAAGGTG ATGAG); and 104700 — 104714

(TCACCAGTAC ATGAG). Potential TATA boxes were predicted to be in the regionsof

105069 — 105078 and 104873 - 104864. Potential polyadenylation sites were

predicted to be in the genomic coordinates of regions 103883 — 103892

(TCAATAAAAA)or 103855-103864 (TCAATAATTC). These predictionstie in with both
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the 1141bp and 905bp sized unspliced ORF73 mRNAtranscripts. This particular

transcript is expressedin all the cell types studied and the main function is probably

only to express ORF73, and hence important for the establishment of latency and

episomal maintenance in MHV68(Fowleret a/., 2003; Moormanet al., 2003b).

5.11 Identification of a spliced ORF73 transcript

In the MHV68 infected OMK, BHK-21, NIH-3T3, C127 cell lines, and by using all the

three RACE kits, a commonspliced ORF73 transcript was amplified by 5’ RACE that

started in ORF73 and was spliced to and contained an untranslated exon from

ORF68 (genomic coordinates 96806 — 96905 [Roche kit]; 97325 to 97791 [Invitrogen

and Ambion kit]). It is not known why ORF73 would co-express with ORF68,

however, a potential promoter may exist at the ORF68site.

Using the program HAtata software (Webgene), which is a TATA box prediction

online software, a TATA box at the genomic coordinates 97823 to 97815 and

another at 97812 to 97818 was detected. By using Webgene’s software (AUG

evaluator), an AUG codon (start codon) was predicted at two sites. One at the

genomic coordinates 97778 to 97792 and the other at 97768 to 97782. This

supports the normal rule that a TATA box can be found around 25 to 35 bp

upstream from the start site of gene transcription, and further supports the

contention that a promoter might exist at the ORF68site.

5.12 Northern blotting of ORF73 mRNA

Northern blotting of ORF73 transcripts was attempted to identify RNA’s crossing

this region. Northern blotting was attempted on mRNA from MHV68infected NIH-

3T3 cells and no ORF73transcription was detectable. This is more than likely due to

low mRNA abundanceorthe sensitivity of using a DIG labelling kit, and this was also

a problem when Virgin’s group carried out Northern blot of ORF73 mRNA(Virgin et

al., 1999). However, Coleman’s group did detect transcripts by Northern analysis

and radioactive labelling (see figure 5.14). From her Northern blot analysis she

managed to show two bands whichindicated a predominant band at 4200ntin size

and anotherat 2000ntin size (Colemaneta/., 2005).
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Figure 5. 14. Northern blot analysis of the ORF73 mRNA taking from Coleman’s

paper dueto the unsuccessful attempts in this study with Northern Blotting and

detection with a DIG-labelling kit [Roche] (Coleman et al., 2005). Left side

indicates uninfected 3T3 cells and the right side indicates MHV68infected 3T3cells.

Two bands can be seen and as proposed by Coleman, the 4200nt bandis the

predominant band. A 2000nt mRNAis also present and proposed by Coleman as

consistent with an unspliced MRNAinitiating around genomic coordinates 105100.
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5.13 Future work?

Further work would haveto be carried out to detect any promoter activity within

ORF74 and ORF68 using promoter assays. Reverse transcription PCR would be

useful to determine whether the MHV68 ORF72-ORF73 transcript obtained in this

study were generated from the same promoters and the same5’ end (transcription

start sites) as found in this study. Other useful experiments would beto carry out a

quantitative real time PCR to detect the abundancelevels of these transcripts found

in this study.

5.14 Summary

At the start of this project little was known about the transcription of MHV68

ORF73. The main aim of this chapter was to provide a detailed analysis of the

transcription of MHV68 ORF73 byusing 5’ and 3’ RACE (Rapid Amplification of cDNA

ends by PCR) to find potential ORF73 mRNAtranscripts which could be co-

expressed with other transcripts, potential spliced variants and individual viral

promoters associated with ORF73. The classic RACE kits from both Roche and

Invitrogen were extremely difficult to use and to identify the 5’ end of the ORF73

mRNA. After switching to the GeneRace kit (Invitrogen) and the RLM-RACE kit

(Ambion), results were obtained. From these RACE kits different spliced and

unspliced transcripts were detected. The 5’ end RACE products were predicted to

be in the ORF73, ORF74, and ORF68 region. The 3’ end (polyadenylation site) of

ORF73 wasfound to be as far downstream to the ORF72 gene. Potential promoters

of ORF73 may exist in ORF74 and ORF68, with polyadenylation signals as far

downstream to the ORF72 gene.

In this study, it has been detected that an unspliced ORF72-M11-ORF73 transcript

exists in MHV68 infected C127, BHK-21, NIH-3T3, and OMK cells. However, this

transcript was not detected in the latently MHV68 infected $11 cell line (S11E) or

the C127ARTA(latently MHV68 infected epithelial cell line). As S11E or C127ARTA

cells do not display the unspliced ORF72-M11-ORF73 transcript, this supports the

idea that in MHV68 pathogenesis memoryB-cell latent reservoirs may not require

v-cyclin for reactivation (van Dyk et al., 2003). Since latency can also be established
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in dendritic cells, macrophages as well as B cells it may support the idea that the

MHV68 infected BHK-21, C127, NIH-3T3, OMK cells are not the natural site for long

term maintenance of latency and hence require ORF72 to stimulate reactivation

and causeinfectedcell proliferation (Flano et a/., 2000). It was also identified that

MHV68infected C127, BHK-21, NIH-3T3, and OMK cells contained an ORF73 mRNA

transcript with a transcription start site within the ORF74 region. It is speculated

that a potential viral promoter for ORF73 exists within the ORF74 region. Finally,

one of the forms of MHV68 ORF73 mRNAwasspliced, and contained the ORF68

gene. The exact reason for this is unknown and the exact function of ORF68 is

unknown. All is known is that ORF68 is considered as an early transcript (Ebrahimi

et al., 2003). It is predicted that a potential viral promoter exists at two sites within

the ORF68 region. On a final note, further experimental would be useful to detect

and confirm that viral promoters exist within ORF74 and ORF68 using promoter

assays.
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Chapter 6: Analysis of ORF74 function in vivo
 

6.1 Aim

Like ORF73, ORF74 is highly conserved throughout the gammaherpesviruses.

MHV68, KSHV, RRV and HVShave all shown to encode homologues of CXCR2 —-aG

protein-coupled receptor (Virgin et al., 1997; Wakeling et a/., 2001). Studies from

Virgin and colleagues have shown that ORF74 of MHV68 hashigh similarity at the

aminoacid level to ORF74’s of KSHV and HVS(Virgin et a/., 1997). MHV68 ORF74is

an early-late gene and has been demonstrated to be a key latency associated

candidate transcript expressed during the latent cycle (Virgin et a/., 1997; Wakeling

et al., 2001). MHV68 ORF74 has also been found to be expressed during lytic

replication (Simas et a/., 1999; Wakeling et a/., 2001). Due to the lack of information

about the role of MHV68 ORF74,initial assumptions about its role are based upon

other ORF74 gammaherpesvirus homologues(see section 6.1.2; 6.1.3; 6.1.4; 6.1.5).

It is hypothesized that MHV68 ORF74 mayplay a rolein lytic replication and latency

in the MHV68virus cycle. Transcription mapping of ORF74 of MHV68 showedthat

there were four transcripts found by northern blotting analysis and RT-PCR

(Wakeling et a/., 2001). One mRNAtranscript containing an unspliced bicistronic

mRNA spanned from ORF74 to ORF73 (LANA) and to M11 (vBcl2), and this

transcript co-translates the ORF74 gene and the M11 gene (Wakeling et a/., 2001).

Notably this transcript encodes the functions of growth enhancement and

chemoattractant properties as well as the anti-apoptotic function for viral infected

cell survival and persistence (Arvanitakis et al., 1997; Roy et al., 2000). ORF74 gene

expression wasalso found to have transforming activity similar to KSHV ORF74 and

thus can be deemed an oncogene (Arvanitakis et a/., 1997; Wakeling et a/., 2001).

The main aim of this chapter was to assess the role of MHV68 ORF74in virus

pathogenesis in vivo andin vitro. To do this, we will utilise a MHV68 recombinant

virus containing a disrupted ORF74, and analyseits role in MHV68 pathogenesis by

infecting wood mice — the natural host. Both the recombinant ORF74 mutant virus

and its revertant (marker rescue) virus were a kind gift from H. Adler. The ORF74

region of MHV68 was disrupted by insertion of a 16 bp linker containing

163



translational stop codons. The area of insertion was chosen to cause the minimum

disruption to the DNA and RNAstructure. This MHV68 ORF74 mutated recombinant

virus was predicted to produce a non-functional truncated ORF74 protein, non-

functional ORF74 receptor, or produce an unstable mRNA which would be

degraded by the ubiquitin-proteasome pathway (Dudek, 1999; Sarikas et a/., 2005).

It is hypothesized that disruption of MHV68 ORF74will result in reduced efficiency

of latent reactivation and may have an effect on MHV68virus replication.

6.1.1 Homology

Using the ClustalW2 analysis software, protein alignments for the ORF74 and

homologues were carried out. Amino acid sequence percentageidentity are listed

in table 6.1. Included are amino acid sequence alignments as a_ graphical

representation for the ORF74 and homologues, including the mouse and human

CXCR2 (figure 6.1). Graphical representation was carried out by ClustalX2 software.

KSHV ORF74 shares the highest amino acid similarity to RRV ORF74 (40%) and this

concurred with Estep’s paper (Estep et a/., 2003). These analyses show that the

gammaherpesvirus ORF74 genes are similar to CXCR2 and may have similar

function. Molecular studies will have to be carried out to determine this.

6.1.2 CXCR2

This chemokine receptor (CXCR2) is sometimes knownasthe IL-8 receptor beta and

can be found in a many species including Homo sapiens and Mus musculus (Suzuki

et al., 1994). CXCR2 is a G protein coupled receptor (GPCR) and consists of a seven

transmembranehelix like structure (Suzuki et a/., 1994). The principal ligand for this

receptor is IL-8 / CXCL8 (chemoattractant cytokine) which is mainly expressed by

fibroblasts, monocytes and endothelial cells (Suzuki et a/., 1994). The chemokine

itself acts mainly on monocytes, T cells and preferentially neutrophils, and its main

function is in activation and chemotaxis (Ember et al., 1994; Griffiths et a/., 1991;

Hebert et a/., 1990).
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Table 6. 1. Showing the amino acid sequence similarity as a percentage score for

MHV68, HVS, KSHV, RRV, EBV EBI-1, mouse CXCR2, and human CXCR2. Software

used for these amino acid alignments wasthe ClustalW2 program on the EMBL-EBI

website.

“Name ——_Length(aa). +=-Name __Length IdentityScore|

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ge ee a)
MHV68 33/7 HVS 321 20

MHV68 Bar KSHV 342 21

MHV68 33/ RRV 342 22

MHV68 337 Mouse CXCR2 359 19

MHV68 337 Human CXCR2 360 21

MHV68 S37 EBV EBI1 378 14

HVS Bz KSHV 342 32

HVS 321 RRV 342 29

HVS 321 Mouse CXCR2 359 26

HVS 321 Human CXCR2 360 28

HVS 321 EBV EBI1 378 16

KSHV 342 RRV 342 40

KSHV 342 Mouse CXCR2 359 23

KSHV 342 Human CXCR2 360 27

KSHV 342 EBV EBI1 378 16

RRV 342 Mouse CXCR2 359 22

RRV 342 Human CXCR2 360 24

RRV 342 EBV EBI1 378 21

Mouse CXCR2 359 Human CXCR2 360 71

Mouse CXCR2 359 EBV EBI1 378 30

Human CXCR2 360 EBV EBI1 378 31    
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Figure 6. 1. Amino acid sequence alignment of the ORF74 region from each

gammaherpesvirusesusing ClustalX (version 2.0.10) and Ghostscript view (version

ay
4.9). “*” indicates positions which have a single, fully conserved residue;

“aH

indicates that one of the strong groupsis fully conserved; “.” Indicates one of the

weakergroupsis fully conserved.
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Whenthe GPCRis activated, a cascade occurs in which a bound heterotrimeric G-

protein (guanine nucleotide-binding protein) on the receptoris released due to a

conformational changein the structure of the receptor and this in turn induces a

specific effect via a signalling cascade [see figure 6.2] (Khafizov et al., 2008; Neves

et al., 2002). Three types of external signals from different types ofligand can result

in the activation of the GPCR, and these can be from agonists (activation of the

GPCR), inverse agonists (inactivation of the GPCR), or antagonist [competing]

(Neves et al., 2002).

6.1.3 HVS ORF74

The ORF74 of HVS is commonly known as the ECRF3 gene (Albrecht et al., 1992;

Nicholas et al., 1992). Ahuja and colleagues have found that a-chemokines such as

CXCL8 (i.e. IL-8), CXCL1 (previously known as Growth related protein [GRO]

/melanoma growth stimulatory activity [MGSA]), GRO1 oncogene, GROa, KC

(mouse GROa), Neutrophil-activating protein 3 (NAP-3) and CXCL7 (NAP2 —

neutrophil activating peptide-2) can bind to this receptor (Ahuja & Murphy, 1993).

The ORF74 of HVS can activate a numberof G proteins and can becomeactivated

on engagementwith a ligand or withouta ligand [constitutively active] (Rosenkilde

et al., 2004). If bound by a ligand, ORF74 would activate the Gq, CREB, NFAT and

NFkB pathway (Rosenkilde et al., 2004). Constitutive signalling of ORF74 would

result in the activation of Gi and the G12/13 pathway (Rosenkilde et a/., 2004). If

similar to KSHV, this could imply that this ORF74 gene is involved in tumorigenesis

(Martin et a/., 2007).

6.1.4 RRV

RRV contains an ORF74 homologue(Estep et al., 2003). The ORF74 of RRV has been

shownto increase secretion of vascular endothelial growth factor (VEGF) similar to

KSHV ORF74, and as a result this increase could result in angiogenesis or

tumorigenesis (Estep et al., 2003; Haddad et a/., 2008). RRV ORF74 can activate the

ERK1/2 mitogen-activated protein kinase (MAPK) signaling pathway, and the

correlation of VEGF increase and activation of the ERK MAPK pathwayis linked

(Estep et a/., 2003).
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Figure 6. 2. Illustration showing how a ligand or chemokine suchasIL-8 can bind

to the GPCR andresult in the conformational change in its structure. The binding

of the ligand results in the take up of guanosine triphosphate (GTP) to the alpha

subunit of the G-protein and the sudden release of the guanosine diphosphate

(GDP). This process eventually leaded to a signalling cascade.

 

 
GTP GDP
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6.1.5 KSHV ORF74

KSHV has an ORF74 genethat is the best characterised of all the related genes

(Arvanitakis et a/., 1997). The KSHV ORF74 GPCRcan constitutively signal (absence

of ligand) through the phosphoinositide-inositoltriphosphate-protein kinase C

pathway and implying that ORF74 is involved in virally infected cell proliferation

(Arvanitakis et al., 1997). ORF74 is an oncoprotein and activates two protein

kinases, JNK/SAPK and p38MAPK(Arvanitakis et a/., 1997; Bais et al/., 1998). The

ORF74 GPCR can induceanincrease in VEGF, whichis linked with angiogenesis (Bais

et al., 1998). ORF74 can also induce the expression of hypoxia inducible factor-1

alpha (HIF1a) to increase the secretion of VEGF (Sodhi et a/., 2000) and the

induction of HIF1a is a result of the p38/MAPK signalling pathway (Sodhi et al.,

2000). The ORF74 GPCR can promoteinfectedcell survival independent of VEGF via

a different signal transduction pathway by inducing AKT/protein kinase B activity

(Montaner et al., 2001). Induction of AKT seems to be strongly linked with

phosphatidylinositol 3-kinase (PI3-K), protein kinase C and p44/p42 MAPK pathway

(Smit et a/., 2002). ORF74 can alsoinitiate VEGF secretion via the stimulation of HO-

1 (heme oxygenase-1) in endothelial and fibroblast cells, and blocking this activity

can reduce tumour growth (Marinissen et a/., 2006).

ORF74 can interact with the NFKB pathway without a ligand binding and noted that

NFKB had a synergistic affect with the chemokine GROa in which the expression

levels would increase (Pati et a/., 2001). This overall cascade would stimulate an

increase in the levels of chemokines such as RANTES, IL-6, IL8, VCAM-1, ICAM-1, E-

selectin and Granulocyte-macrophagecolony-stimulating factor [GM-CSF] (Pati et

al., 2001). ORF74 can activate the nuclear factor of activate T cells (NFAT) and cAMP

response element binding protein (CREB)to induce otherviral genes (McLeanetal.,

2004). The ORF74 recepter can be activated by agonists such as IL-8 (CXCL8), GROa

(CXCL1), GROB, GROy, NAP-2 (CXCL7), and signalling activated can be blocked by

the inverse agonists such as IP-10 (CXCL10), SDF1a (CXCL12) granulocyte colony

stimulating factor-2, and vMIP-Il (Geras-Raaka et al., 1998a; Geras-Raaka et al.,

1998b; Rosenkilde et al., 1999). CXCL8, CXCL7 and epithelial cell-derived activating

peptide-78 (CXCL5) are neutral ligands and do not affect signaling of the GPCR
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(Rosenkilde et al., 2000). Inverse agonist have been found to block the GPCR

signalling in a way which switches the receptor from an activated state to an

inactivated state (Rosenkilde et a/., 1999). Agonists activate the GPCR in order to

regulate the cell signalling pathway (Rosenkilde et a/., 1999). Antagonists compete

for the binding site of the receptor preventing ligands to bind to the GPCR

(Rosenkilde et a/., 1999).

Earlier assumptions about ORF74 werethat the gene at the sequencelevel resulted

in constitutive signalling. With different teams carrying out mutational analysis

studies on different segments of the gene, they came to the conclusion that

actually the transmembrane helix structure provided the constitutive signalling

function (Ho et al/., 2001; Rosenkilde & Schwartz, 2000).

With ORF74, a highly conserved region at the tail, notably Helix8, is important for

Ga-protein coupling and controls chemokine binding (Liu et a/., 2004; Verzijl et al.,

2006). Deletion of the C tail end of ORF74 prevented CXCL8 (neutral agonist) to bind

but further enhanced CXCL10 (inverse agonist) (Verzijl et a/., 2006).

Results

6.2 Generation of the ORF74 mutant

Both the recombinant ORF74 mutant and its revertant (marker rescue) were a kind

gift from H. Adler’s laboratory. The main mutant was developed using the MHV68

BAC clone using homologous recombination but using the ‘two step replacement

procedure’ which was mentioned in chapter 3 (Adler et a/., 2001; Lee et al., 2003;

Messerle et a/., 1997). The ORF74 ORF wasdisrupted byinsertion of a 16 bp linker

containing translational stop codons into genomic co-ordinate 105,568. Figure 6.3

showsthe illustration of the ORF74STOP mutant and revertant as demonstrated by

H.Adler’s team.

6.3 ORF74is not essentialfor in vitro virus growth

To assess whether ORF74 wasinvolvedin in vitro growth, a growth curve analysis

was carried out on both the ORF74STOP mutant and revertant (see figure 6.4).

Both infectious viruses were assessed on NIH-3T3 cells over a period of time and
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the replication kinetics was compared. From the graphs you can clearly see that no

significant differences in the growth patterns / kinetics of both ORF74STOP and

revertant viruses in vitro. This suggests that ORF74 is not essential for viral

replication growthin vitro.

6.4 ORF74 playsa role in acuteviral replication in the lung

In order to assess the role of ORF74 on viral replication in the lung over time, a

cohort of wood mice were infected with ORF74STOPandrevertant viruses. Animals

were sacrificed on days 7, 14, and 21 post infection and viral DNA load was

assessed by q-PCR on DNA extracted from the lung. The results showed that the

viral load in ORF74STOP virus-infected wood mice on days 7 and 21 were roughly

one log10 higher in viral load compared to the revertant virus, and this was

statistical significant difference [p<0.05 studentt-test] (figure 6.5). However on day

14, there was no statistically significant-difference (p<0.05 student t-test) between

those infected with the ORF74STOP and the revertant viruses (figure 6.5).

Therefore, the ORF74 gene in vivo does play a role in acute viral replication in the

lung.

6.5 Histological evaluation

Muchgratitude goes to Prof. Anja Kipar, Dept. of Veterinary Pathology, Faculty of

Veterinary Science, University of Liverpool, and her team for performing the

histopathology examinations. The inflammatory response of the ORF74STOP and

revertant virus infected wood mice were characterised utilising

immunohistochemical techniques (section 2.4.2). Lungs, lymph nodes, and spleen

were harvested at days 7, 14, and 21 for examination. All extracted tissues were

examined by immunohistology for the lymphocyte markers anti-CD3 (T cells) and

anti-CD45R (B cells) and the macrophage marker lysozyme. Summary ofall

histological finding can be foundin table 6.2.
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Figure 6. 3. Illustration of the ORF74STOP and revertant (not to scale). MHV68

ORF74is 337 aa in length.
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Figure 6. 4. Low multiplicity of infection growth curve. ORF74 is not essential for

in vitro virus growth. Growth curves were generated for ORF74STOP mutant

(74Mut) and revertant (74Rev) at an MOI of 0.1 in NIH-3T3 cells. Virus cell

supernatants were harvested from NIH-3T3 cells at different time points and frozen

at -80°C. After three freeze-thawing of the samples, the viral titres were

determined by plaque assay on NIH-3T3 cells. As you can see from the growth

curves, similar growth patterns can be seen from both viruses.
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Figure 6. 5. Viral load in the lungs of infected mice on Day 7, 14, and 21. Total

DNAwasextracted from the lungs after intranasal inoculation using the QlAmp mini

DNAkit (Qiagen). Real time PCR wascarried out using 100ng of DNA. Results were

based on the mean of 3 individual mice and each tested in triplicate. Statistical

analysis was carried out using student t-test (p<0.05). On day 7 and 21,viral load

for the mutant (ORF74STOP) was roughly one log10 higher compared to the

revertant, and there is statistical significant difference between the two viruses

(p<0.05). On day 14, no statistical significant difference can be seenin the viral load

between the twovirus-infected lung tissue.

     
 

  

        
Day 7 Day 14

” ¥
6

- : 2 <<
3 4105 3 on ana ean swans)

> 5 soon
si— 10! 3 2 ch
Som Sho ‘
° on ° Oo- ne
i S a 403 a o a

B25 B2%
Sa 40? Sao

eo Cy

x x
— 49! —

oOo oO

D ° D
2 * g XS3

&
BYef

ORF74 ORF74

Day 21

 

Vi
ra
l
L
o
a
d

L
o
g
1
0

(R
el
at
iv
e
C
o
p
y
n
u
m
b
e
r
s

to
R
P
L
8
)

   

 

ORF74

174



6.5.1 Lungs

At day 7 p.i., the lungs of the ORF74STOP virus-infected wood mice showed a

moderate multifocal inflammatory infiltration of macrophages and lymphocytes.

Also observed in the lungs of ORF74STOP virus-infected wood mice were some

multinucleated cells and necrotic cells. The lungs showed evidence of leukocytes /

lymphocyte rolling from endothelial cells and emigration from vessels. Other

observations included increased interstitial cellularity with disseminated

macrophagesin the lungs.

The ORF74STOP virus-infected lungs displayed a mild to moderate focal

peribronchial lymphocyte accumulation and moderate perivascular lymphocyte

accumulation (circular, around veins). CD45R-positive B cells dominated the

perivascular / peribronchial infiltrates. Mainly CD3 positive T cells dominated the

granulomatous infiltrates and were seen in numerous amounts among the

interstitial cells. MHV68 immunohistology was carried out but was non-contributory

(experiment did not work).

However, compared with the revertant virus-infected wood mice at day 7, the lungs

exhibited the same inflammatory response compared to the 74A virus-infected

wood mice, however, displayed a slightly less intense inflammatory response.

On day 14 p.i., the inflammatory response from the lungs of the ORF74STOPvirus-

infected wood mice appearedto exhibit changes that were less intense than those

observed on day 7 p.i.. The lungs displayed a mildly increased interstitial cellularity

with macrophages, and also a mild multifocal granulomatousinfiltration. Other

observations included mild peribronchial and perivascular lymphocyte

accumulations(see figure 6.6a). B cells dominated within the peribronchial cellular

infiltrates, whilst T cells were seen in moderate numbers, disseminated in the

interstitium, but numerous in the focal and perivascular infiltrates. Moderate

numbers of disseminated interstitial B cells were observed. MHV68

immunohistology wascarried out but was non-contributory.

Compared with the revertant virus-infected wood mice on day 14 p.i., the

ORF74STOP virus infected lungs exhibited a slightly less intense inflammatory
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response.An additional observation seen in the revertant virus-infected wood mice

was that the lungs contained evidence of mild to moderate multifocal

granulomatous pneumonia, and that moderate numbers ofB cells were seen in the

interstitium, and dominated both the perivascular and peribronchial infiltrates (see

figure 6.6b). MHV68 immunohistology was also non-contributory.

At day 21 p.i., the inflammatory response wasless intense in the revertant virus-

infected wood mice compared to the ORF74STOP virus-infected wood mice. The

lungs of the ORF74STOPinfected wood mice displayed a mildly increasedinterstitial

cellularity and a mild multifocal granulomatous pneumonia. Other observations in

the lungs of ORF74STOP virus-infected wood mice included a mild circular

perivascular and focal peribronchial lymphocyteinfiltrates. Also observed was a

mild perivascular leukocyte (white bloodcell) infiltration in the lungs of ORF74STOP

virus-infected wood mice. As for the revertant virus-infected wood mice, the lungs

exhibited a very mild inflammatory cell infiltration, a mild focal granulomatous

infiltration and a very mild perivascular / peribronchial lymphocyteinfiltration.

6.5.2 Lymph nodes

On day 7 p.i., the lung lymph nodes of the ORF74STOP virus-infected wood mice

were cell rich and composed of secondary follicles. Also observed were

macrophages expressing MHV68 antigen (scattered). As for the revertant virus-

infected wood mice, the lung lymph nodes wereonlycell rich. On day 14, none of

the lung lymph nodes were examined due to lack of tissue. From day 21 p.i. the

lung lymph nodes of the ORF74STOP infected wood mice were cell rich and

exhibited mild sinus histiocytosis. The revertant infected wood mice displayed large

secondaryfollicles in the lung lymph nodes.

6.5.3 Spleen

On day 7 p.i., the spleen of the ORF74STOPvirus-infected wood mice displayed

small to moderate sized primary follicles, and no MHV68 antigen were detected.

The revertant virus-infected wood mice spleens displayed moderately sized primary

follicles.
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By day 14 p.i., the spleen of the ORF74STOP virus-infected wood mice exhibited

indistinct large secondary follicles without distinct borders. ORF74STOP virus-

infected spleen displayed a few MHV68 antigen positive macrophages. As for the

revertant virus-infected wood mice spleen, they showedindistinctfollicles.

From day 21 p.i., the spleen of the ORF74STOPvirus-infected wood mice revealed

relatively larger secondary follicles with large germinal centres compared with the

revertant spleen virus-infected wood mice which showedsignsof relatively small

primary / secondaryfollicles.

6.6 Discussion

Very little information was known about the ORF74 gene of MHV68prior to this

study. The main aim of this chapter was to try and determinethe role of ORF74 in

MHV68. Since ORF74 is conserved, it can be surmised that the in vivo functions of

MHV68 ORF74 are also conserved in other gammaherpesviruses such as KSHV.

6.6.1 ORF74is non-essential for in vitro viral replication

The main aim of this chapter was to disrupt the ORF74 gene and to see how the

mutated virus would behave in vitro as well as in vivo. The first information

gathered from this study was that the ORF74 gene does notaffect viral replication

kinetics in vitro. Both the ORF74 revertant and the mutant virus grew at

approximately the same rate. This result matches exactly those of Lee and

colleagues (Lee et al., 2003). Lee carried out single growth curves on a numberof

different ORF74 mutants which either contained a frameshift mutation, deletion or

the stop-codon mutant (Lee et al., 2003). All demonstrated similar growth to the

wildtype virus, revertant and mutant viruses, indicating that MHV68 ORF74is not

importantfor viral replication (Lee et al., 2003). Lee also reported that the plaque

sizes of all the viruses in vitro were similar in size (Lee et al., 2003). Moorman

carried out similar studies on the ORF74 gene of MHV68. They constructed a

frameshift mutant within its region and concluded that the ORF74 gene did not

affect the viral replication growth kinetics in vitro (Moormanetal., 2003a).
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Figure 6. 6. Histological analysis of wood mice lungs at day 14 p.i. Histological

interpretation of 5m thick, paraffin embedded sections from the lungs of

ORF74STOPand revertantvirus-infected wood mice. Haematoxylin and eosin stain

used. (A) Mild perivascular and peribronchial lymphocyteinfiltration (arrows) can

be seen in the lungs of ORF74STOPvirus-infected wood mice. (B) Mild to moderate

perivascular and peribronchial lymphocyte infiltration (arrows) can be seen in the

lungs of the revertant virus-infected wood mice.
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Table 6. 2. Summary of key histopathological changes in the lungs, lung lymph

nodes, and spleen of ORF74STOP and Revertant virus-infected wood mice.

  

 

ORF74STOP Revertant

Day 7 Day 14 Day 21 Day 7 Day 14 Day  

    
  

   

   

   

   

  

  

21

Lungs

alkeyeyatte] + + +/++ N/A N/A

eTaay

Macrophages + + +/++ +/++ +

eeeVee)Ely +/++ + (T) + <+/++ <+ (B) <+

lymphocytes (circular)

Peribronchial [iva + (B) + (focal)  <+/++ <+ (B) <+

lymphocytes HG}

Granulo- T +(multi- +(multi- N/A +/++ <+

MELLOLy focal) focal) (multi- (focal)

pneumonia focal)

Lung lymph nodes

ATER N/A N/T + N/A N/T N/A

histiocytosis

Cell rich Yes N/T Yes Yes N/T N/A

Secondary Yes N/T N/A N/A N/T L

follicles

MHV68 MG N/T N/A N/A N/T N/A

antigen

Spleen

attit-laYg N/A N/A ++ Indistinct S$

follicles

TreeTay L ++ N/A Indistinct §S

follicles
 

N/A = non-contributory; + = mild; ++ = moderate; S = small size; L = large size;

moderate = moderate size; M@ = macrophages; N/T = not tested; < = less intense;

T= dominated by T cells; B = dominated by cells.

179



6.6.2 ORF74 plays a role in acute lytic replication of the lung

In the in vivo studies, a statistical difference (p<0.05 student t-test) was seen on

days 7 and 21 p.i. with the ORF74STOP virus compared to the revertant virus.

ORF74 is an early late gene and has been found to be expressed during the acute

infection stage in vivo (Rochford et al., 2001; Wakeling et a/., 2001). As the

ORF74STOP virus showed increased viral DNA load in the lung at days 7 and 21

after intranasal infection, could ORF74 be contributing to a morerapid and efficient

clearance of the virus out of the lung? In a way,it is predicted that ORF74 may be

necessary for the viral clearance out of the lung to nearby lymph nodes, and hence

the establishmentof latency bytrafficking virus out of the lung. CXCR2is involved in

the migration of polymorphonuclear leukocytes (i.e. neutrophils) in to the lung

interstitium and has been found when disrupted its function becomes defective

(Reutershanet al., 2006). As ORF74 is a homologue of CXCR2, it is hypothesized that

ORF74 functions to migrate virus-infected cells to the interstitium and MLN, and

towards the spleen. By disrupting the ORF74 it may have resulted in the delay of

this migration and hence, the increase in viral DNA load within the infected lungs.

Currently, no papers for ORF74 in MHV68 or KSHV ORF74 or HVS ORF74 have

tested this hypothesis. However in Moorman studies, they hypothesized that

MHV68 ORF74 could be involved in removing homeostatic chemokines and hence,

assisting the trafficking of virus-infected cells out of the peritoneum (Moormanet

al., 2003a).

More experimentswill have to be carried out to further confirm this as the process

in how ORF74 plays a role in the rapid clearance of MHV68 from the lungsis not

known. It may be possible that ORF74, a GPCR, utilises certain chemokines (CXC

with ELR motif) to carry this out. If so, an experiment on a selection of CXC

chemokines with the ELR motif could be used to test if this affects MHV68 virus

titres in the lungs and spleen.

An alternative hypothesis is that MHV68 ORF74 plays an essential role in the

reactivation of virus from latency. In this case, if the MHV68 ORF74 region is

disrupted, it is possible that this significant increase in viral DNA load in the lungs

may be latent virus. To test this hypothesis, a reactivation assay could be used to
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reactivate latent virus from the spleen and lungs of ORF74STOP and REVERTANT

virus-infected wood mice using infectious centres assay on infected splenocytes. An

alternative approach would be to use RT-PCR analysis to measure latent gene

expression on both the lung and spleen ofvirus infected wood mice.

In the in vivo studies of Moormanpaper, they concluded that ORF74did not play an

essential role in the acute phase replication in the lung (Moormanet al., 2003a).

This experiment was not carried out on wood mice — the natural host. Moorman

and group also carried out further studies on the spleen of mice infected with their

ORF74 mutant and noted ORF74 did not play an essential role in viral replication

here either (Moorman etal., 2003a).

In this study, it can be speculated that the ORF74 plays a role in the acute

replication stage in the lung, in wood mice. However, although there was statistical

significance seen in this study, questions can be askedif any biological significance

actually occurs.

6.6.3 Histology evaluation

From the results it can be concluded that the inflammatory change throughout the

infection with ORF74STOP and the revertant viruses in wood mice appeared the

same. The main difference betweenthe effect of the two viruses wasthe ‘intensity’

of the inflammatory response. The intensity of the ORF74STOPvirus-infected wood

mice’s inflammatory response appeared to be much greater compared to the

revertant virus-infected wood mice. This corresponded with the qPCRresults (figure

6.5) in which the viral DNA load was significantly greater for the ORF74STOP virus

on days 7 and 21 p.i.. In terms of the intensity of the inflammatory reaction of the

ORF74STOP virus-infected wood mice, some necrotic cells were observed during

days 14 p.i.. In conclusion, it appears during the lytic phase of infection that

inflammation in the lungs of ORF74STOPvirus-infected wood mice was more severe

(intensity higher) and viral load significantly (p<0.05 student t-test) higher

compared with revertant virus-infected wood mice. The ORF74 of MHV68 mustplay

a role in the acute phasereplication stage in the lung by possibly allowing a rapid
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and efficient clearance of lytic MHV68 virus out of the lung. The process in which

this is carried out, is unknown.

6.6.4 Reductionin reactivation from latency

Due to time constraints no reactivation assays were carried out from the

splenocytes of infected mice. However, others have noted that the ORF74 region of

MHV68 whendisrupted resulted in decreased reactivation activity from the spleen

(Moormanet al., 2003a). It is hypothesized that if wood mice wereinfected with

the ORF74STOPvirus, the spleen of the wood micewill also result in reduced virus

reactivation.

6.7 Summary

To summarise, MHV68 ORF74is known tobeinvolved in reactivation from latency

by its interaction with chemokines and through different signalling pathways (Lee et

al., 2003; Moormanetal., 2003a; Verzijl et al/., 2004). It is possible that MHV68

ORF74 could be involved in the establishment of latency via the NFkB pathway

(Verzijl et al., 2004). Although weak expression of NFKB upon binding of a

chemokine on the ORF74 receptoris usually an indicator of lytic activity, different

levels of expression of NFKB activity could actually decide if the virus reactivates or

go into its latent state (Verzijl et a/., 2004). Other signalling pathways such as the

AKT/PI3K pathway provides the anti-apoptotic function and the MEK/MAPK

pathwayprovidingthe cellular proliferation function (Verzijl et a/., 2004). As well as

the PLC/PKC/NFKB pathway controlling reactivation and establishment of latency

(Verzijl et a/., 2004). Compared to other ORF74 homologues, the ORF74 of MHV68

does not display any constitutively activity but is a ligand (chemokines with the CXC

ELR motifs) dependent receptor (Verzijl et a/., 2004). More studies arestill required

to actually map the full signalling pathway involved with ORF74. As MHV68 ORF74

seems to not have constitutive activity and behavesslightly differently than other

gammaherpesviruses such as KSHV, great care must be usedin treating MHV68 as a

suitable mouse modelfor the study of ORF74 associated pathogenesis.

It is also important to note that the ORF74 geneis not essential for viral replication

of MHV68in vitro demonstrated in this study. However,in in vivo studies, ORF74 in
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the wood mousepossibly plays an important role in acute viral replication in the

lung. Disrupting MHV68 ORF74 tendsto increase the viral load and the intensity of

the inflammatory response at the initial stages of lytic infection in the lung. On a

final note, although a statistical significance was seen in these studies, questions

can still be asked if there was any biological difference?
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Chapter 7: Construction of a new latent infected MHV68cell

line
 

7.1 Aim

ORF50 / RTAactivates a variety of viral genes that initiate the ordered cascade of

MHV-68 productive cycle gene expression andis the critical lytic switch gene that

activates latent genomes.It is also essential for productive virus replication. The

aim of this chapter wasto create a latently infected epithelial cell line. The cell line

that was chosen as host was the C127 epithelial cell line (ATCC CRL 1616) whichis

derived from mouse mammaryepithelial cells. | hypothesise that by using a BAC

clone of MHV-68 with ORF5O disrupted the viral episome will remain in its latent

state within the epithelial cell. It would therefore be able to easy to characterise

gene expression in latently-infected epithelial cells and identify differences from

latently-infected B cells. This knowledge can then be applied toin vivo studies.

7.2 A useful tool for gammaherpesvirus pathogenesis research

One of the reasons why the MHV68 mouse model will be a useful tool for

gammaherpesvirus pathogenesis research for many years to come is because KSHV

is extremely poorat replicating in vitro (Ciufo et a/., 2001). Another reasonis that,

as an in vivo mouse model, it is relatively cheap and easily accessible.

Gammaherpesviruses are knownto be lymphotropic viruses that can form life-long

latency and are also implicated in a number of malignancies. Members of the

family, especially EBV, are knownto be epithelio-tropic and cause disease, notably

nasopharyngeal carcinoma (NPC), a head and neck tumour, which is highly

prevalent and significant health problem in Southeast Asia (Brennan, 2006). In this

case, EBV is presentin a latent form in all tumour cells. There are three subtypes of

NPC — type 1 (squamouscell carcinoma), type 2 (non-keratinizing carcinoma), and

type 3 (undifferentiated carcinoma). Only type 2 and 3 are linked with increased

levels of EBV titres (Brennan, 2006). While the association of EBV with NPCis well-

studied, there is little information on the normal infection of EBV and latency in

epithelial cells in vivo.
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It now well known that MHV68 can infect manycell types and can establish latency

in macrophages, dendritic cells, lung epithelial cells and B cells (Flano et a/., 2000;

Stewart et al., 1998). Recent papers have demonstrated that MHV68 long term

latency is found in either germinal centre or memory B cells and therefore

pinpointing these cells as a natural latency reservoir (Flano et a/., 2002). However,it

is known that another viral latency reservoir is the epithelial cells of the lung

(Stewart et al., 1998).

Currently, a B-cell lymphoma cell line is used for in vitro examination of the MHV68

genomein its latency form - S11E tumour cell line (Usherwood et al/., 1996b). The

$11 tumour cell lines were originally obtained from infected laboratory mice. The

S11E cell line contains a MHV68 genomein its latent state and wasselected asit

has low reactivation frequency (Husain et al., 1999; Robertson et al., 2001;

Usherwoodeta/., 1996b). The $11Ecell line contains both circular episomes(latent)

and linear (lytic) forms of MHV68 (Usherwood et al., 1996b). It is known from

extensive gammaherpesvirus research that the viruses are in their linear forms

during productive virus replication and in their episomal form during latency

(Usherwoodet a/., 1996b). Other methods have beento use a B cell line and infect

the in vitro cell line such as BJAB cells (KSHV and EBV-negative human Burkitt's

lymphoma B cell tumour cell line; ATCC HB-136) with the MHV68virus (Ottinger et

al., 2009).

7.2.1 NPC cell lines

C666.1, a carcinoma cell line, is the main cell line to consistently harbour EBV, andis

used for in vitro studies of NPC (Cheunget al., 1999). Like KSHV, EBVis difficult to

study for experimental research as it is a human host virus. Other cell lines

developed for NPC research have limitations, for example, fresh tumour tissue

(biopsy) and explants-cultured cells or cells cultured in nude mice. Otherlimitations

include the loss of EBV from the NPCcell lines after prolonged passage in tissue

culture (Huang et a/., 1980; Kook & Prasad, 1986; Lin et a/., 1993).

7.2.2 MHV68

The ORF5O gene within MHV68 has been characterised and is an immediate early

gene [similar to ORF73] (Wuet al., 2000). ORF50 wasable to activate the viral lytic
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cycle in latently-infected $11E cells (Wu et a/., 2000). Generation of a mutant ORF50

MHV68 caused deregulation of ORF50 transcription, and resulted in poor

establishmentofviral latency in the spleen and severe reduction of immunogenicity

(Bonameetal., 2004; Mayet al., 2004).

Speck’s laboratory (Moser and colleagues) carried out a similar study as Boname

and colleagues. They too created an ORF50 mutant and were looking to see how

ORF5Oplays a part in the establishment and maintenanceof viral latency (Moser et

al., 2006). The ORF50 mutantvirus resulted in the inability of the virus to establish

any infection in splenocytes (i.e. B cells) due to the failure of virus replication

(Moseret a/., 2006). The mutant virus wasable to establish a long term infection in

B cells in the lung, giving an indication that the trafficking of the virus to other

compartments was interrupted (Moser et a/., 2006). The ORF50 mutantvirus did

not even stimulate an immune responsein the lungs similar to what Boname found

(Moseret al., 2006).

Hair and colleagues created an ORF50 MHV68 BAC mutant which overexpressed

the ORF50 gene (Hair et a/., 2007). They noted that this overexpression of ORF50

resulted in increased kinetics of virus replication with an indication of an

accelerated lytic cycle. This increased expression of the ORF50 gene resulted in the

suppression of the ORF73 genestranscription levels (Hair et a/., 2007). Lowerlevels

of expression of ORF50 transcription were thought to favour the survival of the

MHV68virus (Hair et a/., 2007). This was demonstrated by the increased levels of

Epha2 and Mycproteins which are anti-apoptotic proteins, and decreased levels of

the Zfp36 (zinc finger protein 36), Zfp3611, KIf2, and Id3 proteins which are pro-

apoptotic proteins (Hair et al., 2007). ORF50 could also affect certain cellular

transcripts involved in cell adhesion (upregulation of VCAM-1, Tnfip6), an

inflammatory response(Tnfip6 — anti-inflammatory properties), and growth factor

release [FGF10 and VEGF] (Hair et a/., 2007).

Polcicova and colleagues in 2008 studied the effects of reduced levels of oxygen or

deprivation of oxygen on the ORF50 gene function (Polcicova et al., 2008). The

process of hypoxia increased the expression levels of ORF50 by wayof HIF [hypoxia
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inducible factors] (Polcicova et al., 2008). Finally, it has been found that a

neighbouring gene to ORF50, ORF49 can provide a synergistic effect on ORF5O,

enhancing the overall transcript expression of ORF50 (Lee et al., 2007). This effect

has been notedasat the protein level of ORF50 (Lee et a/., 2007).

7.2.3 ORF50 Bacterial Artificial Chromosome (BAC)

The MHV68 ORFS5O mutant BAC plasmid wasa kind gift from Ren Sun (UCLA, USA).

Briefly, this MHV68 mutated ORF50 BACplasmid wascreated by a technique known

as ‘Signature tagged mutagenesis (STM) (Saenz & Dehio, 2005; Song et al., 2005).

In this particular method the ORF50 genewasdisrupted by an insertional mutation,

a transposon (see figure 7.1). By using MuA transposase and the STM transposon

(insertional mutation) with the MHV68 BAC plasmid, the main STM transposon was

randomly inserted in to genes of the MHV68 BAC. Further selection was carried out

by the antibiotics kanamycin and chloramphenicol which selected for the BAC

plasmid (encodes Cam cassette) containing the STM transposon (encodes Kan

cassette). Further screening was carried out by locating where the transposon had

been inserted using sequencing analysis with a specific primer called Seq1 (Song,

Hwanget al. 2005). Due to the insertional mutation of the STM transposon, the

ORFSO gene of MHV68 when transcribed and translated was disrupted and its main

function in reactivating latent virus was lost. The insertional mutation by the

transposon resulted in a frameshift mutation of the ORF5O gene.

The MHV68 BAC plasmid generated by Ren Sun’s team is not the same MHV68 BAC

plasmid created by Adler et al. 2000. Unlike Adler’s produced MHV68 BACplasmid,

Ren Sun’s plasmid only contains a puromycin cassette surrounded by twoloxPsites

inserted at the left end of the viral genome (Jia et a/., 2004). The BAC cassette insert

containing the Cam* cassette wasinserted at the left end of the viral genomeat the

genomic coordinate of 1892. An added advantage of this BAC constructis that it

contains a puromycin resistance cassette within the BAC vector insert that enables

selection of BAC-containing cells using the antibiotic puromycin.
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Figure 7. 1. Illustration of the transposon (insertional mutation) inserted within

the ORF50 gene in MHV68bythe Signature tagged mutagenesis (STM) technique

also known as Random Transposon Mutagenesis.
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7.3 Results

7.3.1 Stable latent epithelial cell line

Lung epithelial cells were found to be a major site of MHV68 and it was

demonstrated that both circular and linear forms of the episome werefoundin the

lung tissue by gardella gel analysis (Stewart et a/., 1998). Due to the advancement

of BAC technology the idea was to make a similar latent cell line containing the

MHV68 genomebutthis time in epithelial cells. This was carried out by using the

MHV68 BAC plasmid containing a mutated ORF50 gene and transfecting the

plasmid into the C127 cell line by the calcium phosphate transfection method and

grown in culture medium containing puromycin (3 g/ml). Cells containing MHV-68

genomeswereselected by growth in puromycin (3 ug/ml) using the ring cloning

technique. Briefly, each colony was allowed to grow no more than 2-3mm and a

sterile greased plastic ring was placed on the selected colony. The colony was

trypsinized and reseeded onto a well of a 6 well plate. This was repeated three

times until the selected colony was obtained, and finally allowed to growfully in a

standard flask using culture medium containing puromycin. The potential samples

were screened by PCR for the presence of MHV68 using a random set of primers-

gp150, M11, ORF72, and ORF73 primers (shown in table 2.4 in chapter 2 of

materials and methods). Figure 7.2 shows2 sets of photographs of a 1% agarosegel

from the amplified DNA of the C127ARTA cell line. These gel photographs

demonstrate the presence of MHV68 DNA(see figure 7.2). Figure 7.3 shows the

morphology of the resulting cell line as epithelial cells. The cell line can grow ina

stable manner without any plaque formation. DNA wasobtained using the QlAmp

DNA mini kit and with PCR amplification detected the presence of the MHV68

genome within the cell line.

7.3.2 MHV-68 gene expression in C1Z7ARTA

To analyse gene expression in latently-infected epithelial cells, qRT-PCR was used

on the C127ARTAlatentcell line, the S11E cell line as well as MHV68 productively-

infected C127 cells. Figure 7.4 shows the results obtained from the qRT-PCR

experiment.
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From the results it can be seen that the viral load and the gene expression in both

latently infected cells (i.e. C1L27ARTA and S11E) are many logs lower compared to

the infected C127 cell line. Statistical analysis using the unpaired student t tests

confirmsa statistical significant difference between both latentcell lines compared

to the infected C127 cell line (see figure 7.4).

The expression of the genes - M1, M4 and M11, werestatistically significantly

different between the C127ARTA and the S11E cell lines. For M1 and M4, the

C127ARTA cell line expressed a greater level of mRNA than the S11E cell line.

Specifically for M4, there is more than a 10 fold difference in expression compared

to S11E cells. As for the M11 gene, S11E expressed this gene more than the

C127ARTAcell line, and there is more than a 10 fold difference in expression (see

figure 7.5).

7.3.3 Reactivation of C127ARTA

In order to test that the new C127ARTAcell line could reactivate MHV68 into the

lytic cycle, a plasmid containing the ORF50 gene wastransfected back into the cell

line. Great appreciation and acknowledgement goes to Hannah Stevens, Prof. J.

Quinn’s laboratory (University of Liverpool), in carrying out this part of the

experiment. The MHV68 ORF50 gene was inserted into the pFLAG-CMV-1

expression vector (Sigma # E7273) and was a kind gift from Ebrahimi’s laboratory.

Using standard transfection technique and utilizing immunofluoresence staining,

reactivation can be clearly seen (figure 7.6). The RFP (red fluorescent protein)

indicates that the ORF50 gene has been successful reintegrated back into the

C127ARTAcell line and that reactivation of MHV68 is occurring (figure 7.6). The

other three slides are either an indication of no background, successful transfection

of the pEGFPN-1 (GFP cassette) or a negative control (figure 7.6).
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Figure 7. 2. Photograph of a 1% agarose gel showing the presence of random set

of genes from MHV68. Bands can be seen for M11, ORF72, ORF73, and gp150,

indicating the presence of MHV68 in the latent C127ARTA cell line. PCR

amplification was carried out using the primers in chapter 2 (table 2.4). Amplified

bands vary from 100bp to 120bp, and are amplifying a small section of each gene.

S11E were used a control to demonstrate the presence of genesin thelatentcell

line for comparison.

(a) Amplified bands using M11, ORF72, ORF73 primers

 

(b) Amplified band using gp150 primers(lanes 2 and 3). Lane negative control.

~100bp 
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Figure 7. 3. Micrograph the C127cell line containing the MHV68 virus. The ORF50

gene has been disrupted allowing the MHV68 genometo be contained within the

cell line in its latent form.
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Figure 7. 4. Bar chart showingtheviral load or copy number of M1, M2, M4, M11,

ORF50, ORF72, ORF73 and ORF74 mRNArelative to the internal RPL8 controlin all

three cell types. X indicates statistical significant difference between the MHV68

infected C127 cell line and the othercell lines. # indicates statistical significant

difference between thelatent cell line — C127ARTA and S11E. Statistical analysis

was Carried out using Prism 5 — Unpaired student t test, 95% confidenceinterval.
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Figure 7. 5. Differential expression of mRNAsin twolatent cell lines. Fold change

of mRNA expression in the C127ARTA and S11E cell line. Differences in fold

expression specifically for M4 and M11 can be seen between the twolatent cell

lines (>10 fold in expression).

Fold expression in S11E realative to C127ARTA
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7.4 Discussion

The main point of this chapter was to show that using the BAC technology that a

latent epithelial cell line could be constructed and to characterise partially the viral

gene expression in that context. This cell line would also be useful for future

experiments. One future experiment that would be interesting is to analyse the

state of the genomein this line. The simplest way of performing this is Gardella gel

analysis to havefull clarification of the presence of circular and linear episomes.

Apart from measuring the viral load, a selection of genes was chosento detect the

presence and expressionlevels within the C127ARTA, and to comparewith the S$11E

cell line and the infected C127 cells. These were MHV-68 unique genes and

candidate latency-associated genes. Table 7.1 provides a brief detail about the

function and the typeof transcript that each gene represents.

It was shownthat the cell line could grow at normal conditions similar to the C127

cell line without expressing any cytopathic effect. This in itself demonstrated that

whilst disrupting the ORF50 gene, a simple and effective latent cell line could be

made.

As discussed in the results section, both latent cell lines displayed significant

differences of mRNA expression compared to the infected C127 cells. This further

supports that the latent cells are not in the infection cycle and are latent.

However, some major differences in gene expression were seen between the two

latent cell lines. For one, M11 was expressed more than 10fold higher in the $11E

cells compared to the C127ARTAcells. The M11 gene of MHV68is knownto be anti-

apoptotic and also inhibits autophagy by the binding of beclin-1 (Ku et a/., 2008a;

Roy et al., 2000). Both functions from M11 preventing the clearance of infected

cells, hence cell death, and allowing viral persistence. As the S11E cells are a

representation of B cells, and considered the central and major natural site of

latency, this further supports the requirement of these cells to express more M11

than the epithelial C127 cells which allows long term viral latent persistence.

195



Figure 7. 6. Reactivation of the C127ARTA cell line was carried out by the

transfection of the ORF50 gene (pFLAG-CMV-1 containing ORF50 gene). (A) Blue

fluorescence is an indication of DAP (4’,6-diamidino-2-phenylindole) binding to the

nucleus. (B) Green fluorescence is the indication of successful transfection of the

pEGFPN1 (GFP) andefficient transfection. (C) Immunostaining with both primary

and secondary antibody without pFLAG-CMV-1 ORF50 plasmid (negative control).

Indication of no red fluorescence andanyreactivation of MHV68.

|bes ae|oe

Below indicates the successful transfection of the ORF50 gene into the C127ARTA

cell line. The RFP (red fluorescence — Texas red secondary antibody) demonstrates

that reactivation of MHV68has occurred (40x magnification).

196



M4 was foundto be highly expressed in the C127ARTAcell line compared to the

S11E cells. M4 is essential for the efficient establishment of splenic latency (acute

phase latency in the spleen) (Evans et a/., 2006). It is noted that the expression of

M4is detectable during the lytic infection in the lung, and is not detectable during

long term latency after 100 days (Evanset al., 2006; Geere et al., 2006; Townsley et

al., 2004). As virus persisting in the lung epithelial cells are knownto seed splenic B

cells, it would be correct to assume that the level of M4 expression would be much

higher in C127ARTAcells, as this would allow efficient establishment of virus in

splenocytesif they were present (Stewart et a/., 1998). As spleen cells are known to

be the site of long term latency, it would be expected that S11E cells will express

much less M4 compared C127ARTA.

M1 is found to be expressed slightly more in C127ARTA cells compared to the S11E.

M1 suppresses viral reactivation from latency, essential for VB4*° CD8* T cell

expansion leading to IFNy production and hence inhibition of virus reactivation

(Clambey et a/., 2000; Evanset al., 2008). As both cell lines are considered to be

latent, it makes sense that both cells are preventing themselves to be reactivated

by secreting the M1 protein. Also, as infected epithelial cells persist in the lungsit

would be sensible to say that the expansion of VB4° CD8" T cells due to M1 is there

to promoteclearanceoflytic infection, regulate chronic infection, in order to direct

latency (Evanset al/., 2008). As there is only a one fold log10 difference between the

C127ARTA and S11E cell line, the question arises if there is any biological significant

difference at all?

7.5 Summary

To summarise, a new Stable latent epithelial cell line was constructed by BAC

technology by disrupting the ORF50 gene of MHV68, and that it has been shown

that it is capable of reactivating upon insertion of the ORF5O gene.Asstated only a

random set of genes were tested for this experiment, it would be interesting to

knowif other gene expression vary between the twolatentcell lines. However, for

futures to come this cell line can be utilized for future research i.e. NPC research.
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Table 7. 1. Brief description of the genes analysed in the real time PCR

experiment.

Gene Transcript Function Reference

ORF50 Immediate- Complete reactivation of the lytic (Ebrahimi et a/., 2003;

early cycle from latency. Wuet al., 2000)

M1 Early-late Suppresses the virus reactivation (Clambey et a/., 2000;

from latency; essential for VB4* Ebrahimi et a/., 2003;

CD8* T cell expansion leading to Evanset al., 2008)

IFNy production and hence

inhibition of virus reactivation.

M2 Early-late Target for CD8* T cells; B-cell (Ebrahimi et a/., 2003;

associated protein important for Herskowitz et al,

latency; interacts with p32 to inhibit 2005; Husain et al.,

innate IFN mediated activity; 1999; Liang et al.,

involved in B cell expansion via IL- 2004; Macrae et al.,

10; activates the Fyn/Vav pathway 2003; Madureira et

important for early latency within B a/., 2005; Pires de

cells; promoting B cells activation, Miranda et a/., 2008;

proliferation and survival; role in Rodrigues et a/., 2006;

the reactivation of virus within the Siegel et a/., 2008)

splenic B cells.

M4 Immediate- Regulates the immune response (Ebrahimi et a/., 2003;

early and_ inhibits the clearance of Evans et al., 2006;

infected splenic latent cells; Geere et a/., 2006)

secreted glycoprotein essential for

splenic latency establishment

M11 Early-late Anti-apoptotic; Inhibits TNF and Fas (de Lima et al., 2005;

induced apoptosis; vBcl-2 Ebrahimi et al/., 2003;

homologue; inhibits Beclin-1 and Ku et a/., 2008a; Ku et

autophagocytosis al., 2008b; Roy etal.,

2000; Wang et al.,

1999)   
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Table 7.1 cont.. Brief description of the genes used for the real time PCR

 

 

 

  

experiment.

GP150 Late Membrane glycoprotein; protection (Ebrahimi et al.,

(M7) against virus induced mononucleosis, 2003; Gillet et al.,

As stated by Gillet et al, involved in 2007; Gillet &

immune evasion by acting as a so-| Stevenson, 2007;

called ‘immunogenic decoy’; role Fc Stewart et a/., 1996;

receptor dependent infection; cell Stewart et a/., 1999)

binding until glycosaminoglycans are

present.

ORF72 Early-late / v-cyclin homologue; involved in cell (Allen et a/., 2007;

Leaky-late cycle progression; suppression of T| Ebrahimi et al.,

cell differentiation; oncogene; role in 2003; Upton &

regulation of latency reactivation; v- Speck, 2006; van

cyclin dependent reactivation from Dyk et a/., 1999; van

latency on non-B cell latent Dyk et al., 2000;

reservoirs; interacts with cellular cdk 2003)

complexes.

ORF73 Immediate- LANA homologue; Important for (Allen et a/., 2006;

early establishing and maintaining latency; Bennett et al.,

promoters in terminal repeat region 2005; Coleman et

and involved in viral persistence; a/., 2005; Ebrahimi

inhibits epiptope presentation during et a/., 2003; Forrest

maintenance; spliced transcript et a/., 2007; Fowler

including v-cyclin; antiapoptotic, et al., 2003;

regulates p53 expression; interacts Moorman et al.,

with BET proteins; important for 2003b; Ottinger et

splenic latency establishment. al., 2009)

ORF74 Early-late v-GPCR homologue; oncogenic; role (Ebrahimi et al.,

in reactivation of latent genes; 2003; Lee et al.,

modulator ofviral replication; 2003; Moorman et

al., 2003a; Wakeling

et al., 2001)   
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Conclusions

All herpesviruses have the common feature in which they have the ability to
 

establish long life latency throughout the lifetime of the host. The

gammaherpesvirinae are of considerable interest due to the disease they causein

humans. Two human related gammaherpesviruses include Karposi’s sarcoma

herpesvirus (KSHV, or human herpesvirus 8) and Epstein’s barr virus (EBV).

Research on both viruses has been limited to in vitro studies. MHV68 has been

proposed as an animal model for KSHV and EBV due to manyof its genes having

high homology to these two viruses. MHV68 wasfirst isolated from the Myodes

glareolus and has constantly been used in experimental studies by infection of mus

musculus - BALB/c and C57BL/6 laboratory mice. Many reports have now confirmed

the natural host of MHV68 to be the Apodemussylvaticus (wood mouse).

Experimental infection with MHV68 in the wood mice has only been performedin

D.J Hughes (PhD thesis) prior to this study, in which he demonstrates the

importance of using the wood mouseforinvestigating MHV68 pathogenesis (D.J.

Hughes PhD thesis). In his study, D.J. Hughes noted that the infectious virustitres in

the lung of wood mice (10° PFU) were much lower compared to the BALB/c mice

(10° PFU) when infected with MHV68 (D.J. Hughes PhD thesis). Bank voles infected

with MHV68 displayed poor infection efficiency compared to the wood mice

(D.J.Hughes PhD thesis). The inflammatory response was muchintensified in BALB/c

mice compared to wood mice and bank voles, and noted that the BALB/c mice

showed severe increase in cellularity and necrosis compared to the wood mice.

MHV68 infected wood mice showed severe multi-focal granulomatousinfiltration

(dominated by macrophages) in the lungs and the bank voles showedlittle (D.J.

Hughes PhD thesis). The BALB/c mice inflammatory response were dominated by

CD8° cytotoxic T cells for acute MHV68 clearance, whilst in the wood mice,B cells

dominated the acute phase infection with few T cells and macrophages present

(Ehtisham et a/., 1993). With the bank voles, macrophages, neutrophils, T cells and

B cells dominated but at a much lower degree than the wood mouse (D.J. Hughes

PhD thesis). All these results show that the immune system of these rodent species

have different ways of counteracting the MH
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V68 infection. Hughes also reported that splenomegaly which is markedly present

in the infection of laboratory mice (i.e. BALB/c and C57BL/6 mice) was almost

absent in the wood mice, although levels of latently infected splenocytes was

similar to the BALB/c mice (Hughes unpublished data). Serological and PCR analysis

in the United Kingdom found that MHV68 was endemic in the wood mouse and not

in the bank vole or field vole (Blasdell et a/., 2003). Due to these significant

differences and being the natural host for MHV68, the wood mouse model was

used in these studies as it was more phenotypical relevant as well as being a more

realistic animal model system for MHV68 pathogenesis studies. Thus,

demonstrating the overall importance of using the natural host (wood mice) for

accurate assessmenton the studies on MHV68 pathogenesis.

The open reading frame - ORF73, ORF74, and ORF5SO are knownto be conserved

among the gammaherpesvirinae subfamily including KSHV, EBV and MHV68.In

these studies, in vivo experiments had been carried out on the wood mouse.

ORF73 and ORF74 have been demonstrated to be key candidate latency associated

transcripts and expressed during the latent cycle of MHV68in latently infected cells

(Virgin et al., 1997). MHV68 ORF74is also expressed duringlytic infection (Wakeling

et al., 2001). ORF50, the major lytic switch has also been found to be

transcriptionally active in latent memory cells (Flano et a/., 2002).

Role of ORF73 in MHV68 pathogenesis

The first two aims of this thesis was to create a recombinant MHV68virus unable to

express ORF73 protein using the BAC technology, and to determine the precise

function of ORF73 in MHV68, both in vitro and in vivo. The MHV68 recombinant

virus with the mutated ORF73 was designed so that there was minimum disruption

at a transcriptional complex area of the genome, and the least disruption to the

DNA and RNAstructure. This mutated ORF73 recombinant virus was predicted to

produce either a truncated ORF73 protein which would be non-functional due to

the aa sequenceafter the deletion being changed, or it would produce an unstable

mRNA which would be degraded by the ubiquitin proteasome pathway (Dudek,

1999; Sarikas et al/., 2005). A short section of 50 amino acids (aa) would remain in-

frame and still be translated but was considered not to be highly evolutionary
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conserved and has no known functional domains. It was hypothesized that the

MHV68 ORF73will play a crucial role in the establishment of latency due to both

KSHV LANA-1 and HVS ORF73 (ORF73 homologues) playing a key role in the

establishment of latency (Lan et a/., 2004; Schafer et a/., 2003). It was predicted

that the MHV68 recombinantvirus with the mutated ORF73 when usedto infect

the wood mouse, would fail to establish latency in the spleen and lung, and that the

amountofviral DNA load in the lungs would increase due to suppression on ORF50

being disrupted.

A single-step growth curve was conducted on 73A and 73R virus. The 73A virus

replicated with similar viral growth kinetics and had similar viral titres as the 73R

virus. This indicated that MHV68 ORF73 wasnotessential for replication of MHV68

- in vitro replication. Similar results were seen in two other studies (Fowler et al.,

2003; Moormanetal., 2003b). In this study, it was concluded that ORF73 was

essential for the acute phase replication stage in the lungs of MHV68 infected wood

mice. The qPCRresults showed that at day 7 p.i. more viral DNA load waspresentin

the lungs of the 73A virus-infected wood mice comparedto the 73R virus-infected

mice. At day 14 p.i., lower amounts of viral DNA load wasseenin 73Avirus infected

mice compared to the 73R virus, and both demonstrated a statistical significant

difference (p<0.05 studentt-test). This coincided with the histological evaluations.

At day 7 p.i. the intensity of the inflammatory response was more pronounced in

the 73A virus-infected wood mice comparedto the 73R virus-infected wood mice.

It is predicted that the disrupted ORF73 gene may haveresulted in increased lytic

replication activity as result of ORF73 no longer suppressing the ORF5O genein

MHV68_ pathogenesis, hence resulting in the increased intensity of the

inflammatory response and viral DNA load in the lungs of infected wood mice.

Another hypothesis is that the CD8° T cells immune evasion properties of MHV68

ORF73 had been disrupted in the 73A recombinant virus. This resulted in the

immune system (CD8*T cells) of the wood mice removing more MHV68 virus and

hence, the decrease in viral DNA load with the 73A virus-infected wood mice

compared to the 73R virus-infected wood mice in the lung at day 14 p.i.. Another

reason maybe that the qPCR had amplified the presence of more viral DNA due to
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the expansion of lymphocytes within the vicinity of the lungs, and hence, an

indication of more latent virus? Although there was statistical significance seen in

this study, questions can be asked if there is any biological significance. No

experiments were carried out to detect the presence of MHV68 latentvirus in the

wood mice infected with either 73A or 73R viruses. This would be very useful to

know as other groups have demonstrated that the disruption of ORF73 results in

the lack of latent virus in the spleen of MHV68 infected laboratory mice.

Transcription mapping of ORF73

At the time of writing, the information known about the transcription of MHV68

ORF73 was minimal, and functional assumptions were based on those of other

gammaherpesvirinae. In both KSHV and HVS latency, LANA-1 / ORF73 transcribed a

polycistronic MRNAtranscript that encoded ORF71 (v-FLIP), ORF72 (v-cyclin) and

ORF73 (LANA-1 homolog) from a common promoter upstream of (Dittmer et al.,

1998; Hall et a/., 2000a; Talbot et a/., 1999). This ORF73 mRNAtranscript provides

the function of anti-apoptosis (ORF71), reactivation from latency (ORF72) and the

establishment of latency [ORF73] (Talbotet al., 1999). It was hypothesized that due

to the presence of the KSHV LANA-1 and HVS ORF73 polycistronic mRNA

transcripts, preliminary assumptions would be that MHV68 ORF73 mayhavesimilar

mRNAtranscripts present. To note, MHV68 does not contain a ORF71 (v-FLIP)

homologue (Virgin et a/., 1997).

The point at which transcription of MHV68 genes begin and end remainsto a great

extent unknown.At the start of this project little was known aboutthe transcription

of MHV68 ORF73. The main aim of this chapter wasto provide a detailed analysis of

the transcription of MHV68 ORF73 by using 5’ and 3’ RACE (Rapid Amplification of

cDNA ends by PCR)to find potential ORF73 mRNAtranscripts which could be co-

expressed with other transcripts, potential spliced variants, and potential viral

promoters associated with ORF73. It was hypothesized that ORF73 would contain

an mRNAtranscript which co-expressed with other transcripts by utilising initiation

of translation and alternative splicing. Transcription mapping of both the 5’ and 3’

ends of ORF73 mRNAwascarried out with RNA extracted from MHV68infected

NIH-3T3, BHK-21, C127, C127ARTA,and S11E cells.
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In MHV68 infected NIH-3T3, BHK-21, C127, OMK cells only (not including

C127ARTA, and S11E cells), these virus-infected cells displayed an unspliced

transcript co-expressing ORF72, M11 and ORF73. This transcript determined by 3’

RACE, displayed a polyadenylation site positioned at the genomic co-ordinate

102512 (AF105037). It is assumed that from these results, different latency

reservoirs (certain cells) actually require different gene requirements in order to

maintain latency. In this case, these cells (NIH-3T3, BHK-21, C127, OMK) can

establish latency as well as reactivate from latency. The C127ARTA, and S11E cells

which establish and exhibit latent virus only, do not require the function to

reactivate from latency and therefore, do not contain this particular mRNA

transcript.

In MHV68infected NIH-3T3, BHK-21, C127, and OMK cells, 5’ RACE identified an

unspliced ORF73 mRNAtranscript with a 5’ end up to the genomic coordinates of

105717 (this genomic coordinate corresponds to the middle of ORF74). It is

predicted that from these results a potential viral promoter may exist within the

ORF74 region of MHV68. ORF74 is transcribed in MHV68 latency and has been

found to be important in the reactivation from latency (Moormanet al., 2003a;

Virgin et al., 1999).

In all MHV68infected cells used in this study, 5’ RACE identified a transcription start

site at the genomic coordinates 104774 to 105010. It is predicted that a viral

promoter exists within this region and the main function is probably only to express

ORF73, and hence important for the establishment of latency and episomal

maintenance in MHV68 (Fowleret a/., 2003; Moormanetal., 2003b).

In the MHV68 infected OMK, BHK-21, NIH-3T3, C127 cells, all three RACE kits used

in the study identified a common spliced ORF73 transcript that started in ORF73

and wasspliced to ORF68 (genomic coordinates 96806 — 96905 [Roche kit]; 97325

to 97791 [Invitrogen and Ambionkit]). It is not known why ORF73 would co-express

with ORF68, however, a potential viral may exist at the ORF68site.
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Overall, new potential viral promoters may exist in ORF68 and ORF74. If so,

promoter assay experimentswill have to be carried out to confirm the presence of

these viral promoters.

Role of ORF74

ORF74is a latency associated gene and has been demonstratedas a lytic gene also

(Simas et al., 1999; Virgin et al., 1997; Wakeling et a/., 2001). ORF74 is highly

conserved throughout the gammaherpesviruses and is a GPCR (Virgin et al., 1997).

In this chapter (chapter 6), it was hypothesized that MHV68 ORF74 mayplay a role

in lytic replication and latency in the MHV68virus cycle.

In this chapter, the role of MHV68 ORF74 in virus pathogenesis was assessed in in

vivo and in vitro. A MHV68 recombinant virus containing a disrupted ORF74 was

used to infect wood mice, and its role analysed. The ORF74 region of MHV68 was

disrupted by insertion of a 16 bp linker containing translational stop codons. This

area of insertion was chosento cause the minimum disruption to the DNA and RNA

structure and was predicted to produce either a non-functional truncated ORF74

protein, non-functional ORF74 receptor, or produce an unstable mRNA which

would be degraded by the ubiquitin-proteasome pathway (Dudek, 1999; Sarikas et

al., 2005). It was hypothesized that disruption of MHV68 ORF74 would result in

reduced efficiency of latent reactivation and may have an effect on MHV68 virus

replication.

A single-growth curve analysis was carried out on both the ORF74STOP mutant and

revertant viruses, and were assessed on NIH-3T3 cells. No significant differencesin

the growth patterns of both viruses were seen and it was concluded that ORF74

was not essential for viral replication growth in vitro. Howeverin in vivo studies,

ORF74 indicated a role in acute phase replication in the lung of wood mice.

Disrupting ORF74 increased the viral DNA load in the lungs of the virus-infected

wood mice on days 7 and 21 p.i.. The viral DNA load was one logi0 higher

compared to the revertant virus, and this had statistical significant difference

(p<0.05 student t-test). On day 14 p.i. there was no statistically significant-

difference (p<0.05 studentt-test). Histological evaluations coincided with the qPCR
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results. ORF74STOP virus-infected wood mice showed a moreintense inflammatory

response comparedto the revertant virus infected wood mice on days 7 and 21 p.i..

From theseresults, it was predicted that ORF74 functions to migrate virus-infected

cells to the interstitium and MLN, and towards the spleen. By disrupting the ORF74

it may have resulted in the delay of this migration and hence,theincreasein viral

DNA load within the infected lungs at days 7 and 21 p.i.. More experiments will

have to be carried out to further confirm this process. It may be possible that

ORF74, a GPCR,utilises certain chemokines (CXC with ELR motif) to carry this out.

An alternative hypothesis is that MHV68 ORF74 plays an essential role in the

reactivation of virus from latency. In this case, if the MHV68 ORF74 region is

disrupted, it is possible that this significant increase in viral DNA load in the lungs

may belatent virus. To test this hypothesis, a reactivation assay could be used to

reactivate latent virus from the spleen and lungs of ORF74STOP and REVERTANT

virus-infected wood mice. Although there was statistical significance seen in this

study, questions can be askedif any biological significance actually occurs.

Newlatentcell line

Membersof the family, especially EBV, are known to be epithelio-tropic and cause

disease, notably nasopharyngeal carcinoma (NPC), a head and neck tumour, which

is highly prevalent and a significant health problem in South-east Asia (Brennan,

2006). EBVis difficult to study for experimental research asit is a human hostvirus.

Cell lines developed for NPC research have limitations, for example, fresh tumour

tissue (biopsy) and explants-cultured cells or cells cultured in nude mice. Other

limitations include the loss of EBV from the NPCcell lines after prolonged passage

in tissue culture (Huang et a/., 1980; Kook & Prasad, 1986;Lin et a/., 1993).

ORF50is a highly conserved genein the gammaherpesvirinae (Virgin et al., 1997).

ORF5O / RTA activates a variety of viral genes that initiate the ordered cascade of

MHV-68 productive cycle gene expression, andis the critical lytic switch gene that

activates latent genomes.It is also essential for productive virus replication (Virgin

et al., 1997; Wu et al., 2000). Generation of a mutant ORF50 MHV68 caused

deregulation of ORF50 transcription, and resulted in poor establishment ofviral
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latency in the spleen and severe reduction of immunogenicity (Bonameetal., 2004;

May et al., 2004).

It is now well known that MHV68 can infect many cell types and can establish

latency in macrophages, dendritic cells, lung epithelial cells and B cells (Flano et al.,

2000; Stewart et a/., 1998). Since, MHV68 can establish latency in epithelial cells,

the aim of this chapter was to create a latently infected MHV68 epithelial cell line

using a MHV68 recombinant BAC clone with a disrupted ORF50 gene and the C127

epithelial cell line. It was therefore hypothesised that by using a BAC clone of

MHV68 with ORF5O disrupted the viral episome will remain in its latent state within

the epithelial cell. The MHV68 mutated ORF50 BAC plasmid was disrupted by an

insertional mutation - a transposonusing the ‘Signature tagged mutagenesis (STM)’

technique (Saenz & Dehio, 2005; Song et a/., 2005). Due to the insertional mutation

of the STM transposon, the ORF50 gene of MHV68 when transcribed and translated

was disrupted and its main function in reactivating latent virus was lost. The

insertional mutation by the transposon resulted in a frameshift mutation of the

ORF50 gene and hence, a non-functional ORF50 protein or produced an unstable

mRNA which would be degraded by the ubiquitin-proteasome pathway (Dudek,

1999; Sarikas et al/., 2005).

The MHV68 BAC plasmid containing a mutated ORF50 gene wastransfected into

C127 cells using the calcium-phosphate transfection method and grownin culture

medium containing puromycin (3 ug/ml). Cells containing MHV-68 genomes were

selected by growth in puromycin (3 ug/ml) using the ring cloning technique, and

screened by PCR and RT-PCR.It was shownthatthe cell line could grow at normal

conditions similar to the C127 cell line without expressing any cytopathic effect -

viral plaque formation. DNA wasobtained using the QlAmp DNA mini kit and with

PCR amplification detected the presence of the MHV68 genomewithin thesecells.

In order to test that the new C127ARTAcell line could reactivate MHV68 into the

lytic cycle, a plasmid containing the ORF50 genewastransfected backinto the cell

line.
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To analyse the presence of circular and linear episomes, a gardella gel analysis

would have been useful to clarify the presence of the amount oflatent and lytic

MHV68 episomes.

Finally, a new stable latent epithelial cell line was constructed by BAC technology by

disrupting the ORF50 gene of MHV68, and that it has been shownthatit is capable

of reactivating upon insertion of the ORF50 gene.For futures to comethis cell line

can be utilized for future research i.e. NPC research.

Overall, this thesis has highlighted the complexity of how ORF73 and ORF74 behave

in gammaherpesviruslatent infection as well as the creation of a new latentcell line

for gammaherpesvirus research.
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Abbreviations
 

A

A

aa

ABC method

AIDS

amp

AP-1

ATCC

ATP

BAC

BET

BHK

bp

BSA

CaCl,

cAMP

cD

cDNA

CIP

CM

CMV

CO,

CPE

CREB

CTL

mutant

adenosine

amino acids

avidin biotin complex method

acquired immunodeficiency syndrome

ampicillin

activator protein-1

American type culture collection

adenosine triphosphate

bacterial artificial chromosomes

bromodomain extra terminal domain

baby hamster kidney

base pair

bovine serum albumin

cytosine

calcium chloride

cyclic AMP

cluster of differentiation

complementary DNA

calf intestinal phosphatase

chloramphenicol

cytomegalovirus

carbon dioxide

cytopathic effect

cAMP response element binding protein

cytotoxic T lymphocyte

degreescelcius
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DAB

dATP

DC-SIGN

dcTP

dGTP

dNTP

DMEM

DMSO

DNA

dNTP

DTT

EBNA

EBV

E.coli

EDTA

EMEM

FBS

FCS

g/gp

GFP

GM-GSF

GPCR

GSK

GSP

GTP

3,3’ diaminobencidintetra-hydrochloride

deoxyadenosinetriphosphate

dendritic cell-specific intercellular adhesion molecular-3-grabbing

non-integrin

deoxycytidine triphosphate

deoxyguanosinetriphosphate

deoxynucleotides

dulbecco’s modified eagles medium

dimethylsulfoxide

deoxyribonucleic acid

deoxynucleoside triphosphate

dithiothreitol

early

Epstein-barr virus nuclear antigen

Epstein-barr virus

Escherichia coli

ethylene diaminetetraacetic acid

Eagles’ minimum essential medium

fetal bovine serum

fetal calf serum

glycoprotein

guanine

green fluorescent protein

granulocyte macrophagecolonystimulating factor

G-coupled protein receptor

glycogen synthasekinase

gene specific primers

guanosine triphosphate
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HO.

HCl

HDAC

HEPES

HHV

HIF1-a

HO-1

HVS

ICTV

kb

kbp

KS

KSHV

LANA

LB

LBA

MAPK

MCD

MeCp2

MEF

MLN

hydrogen peroxide

hydrogenchloride

histone deacetylases

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Human herpesvirus

hypoxia inducible factor-1

heme oxygenase-1

herpesvirus saimiri

international committee on taxonomyofviruses

immediate early

immunoglobulin

interferon gamma

interleukin

infectious mononucleosis

kilobase

kilobase pairs

Karposi’s sarcoma

Karposi’s sarcoma associated herpesvirus

late

latency associated nuclear antigen

Luria Bertani medium

Luria Bertani medium agar

mitogen activated protein kinase

Multicentric Castleman’s disease

methyl-CpG binding protein 2

mouse embryonicfibroblasts

mediastinal lymph nodes
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MHV68

MOI

mORF73

mRNA

NaCl

NaPOQO,

NFAT

NFKB

ng

nm

NIH

NK

NPC

nt

OD

Oligo(dT)

OMK

ORF

PAP

PBS

PCR

PEL

p.i.

PI3-K

PIPES

Murid herpesvirus strain 68

multiplicity of infection

MHV68 ORF73

messenger RNA

number

sodium chloride

sodium phosphate

nuclear factor of activated T-cells

nuclear factor kappa B

nanograms

nanometres

national institutes of health

natural killer cells

nasopharyngeal carcinoma

nucleotides

optical density

oligodeoxythymidine

Owl MonkeyKidney

open reading frame

plasmid or protein

peroxidise-anti-peroxidase

phosphate buffered saline

polymerase chain reaction

primary effusion lymphoma

postinfection

phosphatidyl-inositol 3-kinase

piperazine-N,N’-bis(ethanesulfonic acid)
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PFU

pRb

RACE

RFP

Rpm

RNA

RPMI

RRV

RT

RTA

qPCR

qRT-PCR

SCID

SOCS

STAT3

STM

rT

TAE

TAP

TAP buffer

TBE

TBS

TdT

TGFB

TNFa

TR

plaque forming units

retinoblastoma protein

revertant / rescue

rapid amplification of cDNA ends

red fluorescent protein

rounds per minute

ribonucleic acid

rosewell park memorial institute

rhesus monkey rhadinovirus

room temperature

replication and transcriptional activator

quantitative PCR

quatitative realtime PCR

severe combined immunodeficiency

suppressorof cytokine signalling

signal transducer and activatorof transcription 3

signature tagged mutagenesis

thymidine

tris acetic acid EDTA buffer

transporter-associated with antigen processing

tobacco acid pyrophosphatase buffer

tris borate EDTA buffer

tris buffered saline

terminal Deoxynucleotidyl transferase

transforming growthfactor beta

tumour necrosis factor alpha

terminal repeats
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tRNA

Tris-HCl

U

UTR

UV

VEGF

v/v

WT

w/v

transfer RNA

tris hydrochloride

uracil

untranslated region

ultraviolet light

vascular endothelial growth factor

volume per volume

wildtype

weight per volume
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