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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) was discovered in 1994 in Kaposi’s 

sarcoma and has since fulfilled all criteria for causation. KSHV is also associated with 

two forms of B-cell neoplasia; primary effusion lymphoma (PEL) and plasmablastic 

multicentric Castleman’s disease (MCD). In most instances, PEL is thought to derive 

from a post-germinal centre (GC) B-cell but the exact stage of B-cell development is 

unknown. Also, of the 85 KSHV open reading frames that could contribute to viral 

pathogenesis, the expression of only half has been characterised. It is therefore unclear 

how KSHV interacts with its host B-cell and how this relates to lymphomagenesis.

This thesis concerns the creation and testing of two DNA arrays and their application to 

the analysis of KSHV and human gene expression in PEL, This study shows that KSHV 

genes can be divided into five groups based on their expression pattern; class I latent 

genes, class II latent genes, primary lytic genes, secondary lytic genes and tertiary lytic 

genes. By analogy with EBV, KSHV latent genes are likely to be necessary for the 

control of B-cell development and for transformation. Comparison with other B-cell 

tumour types reveals that PEL has a human gene expression profile similar to plasma 

cells. This is characterised by low expression of genes involved in proliferation, B-cell 

signalling, GC B-cell development and NF-kB activation but high expression of genes 

with functions in the secretory pathway. As is the case for plasma cell tumours, high 

expression of the vitamin D receptor renders PEL sensitive to growth inhibition by 

vitamin D analogue drugs, PEL cells also over-express genes involved in inflammation, 

cell adhesion and invasion, which may be responsible for their presentation in the body 

cavities. These data suggest that KSHV promotes plasma cell development and that 

PEL arises as a consequence of this virus-mediated B-cell activation.
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MESA MOPS-EDT A-sodium acetate
MHC Major histocompatibility complex
MHV-68 Murine gammaherpesvirus 68
MIP Macrophage inflammatory protein
MIR Modulator of immune recognition
MLL Mixed-lineage leukaemia
MM Multiple myeloma
MMLV Moloney murine leukaemia virus
MMSET Multiple myeloma SET domain protein
MPIF-2 Myeloid progenitor inhibitory factor-2
mRNA Messenger RNA
Mtal Metastasis associated 1
MUMl Multiple myeloma oncogene 1
MxA Myxovirus resistance protein A
MZ Marginal zone
NCI National Cancer Institute
NDRGl N-myc downstream regulated gene 1
Nef HIV negative factor
NEAT Nuclear factor of activated T cells
NF-kB Nuclear factor of K light polypeptide gene enhancer in B-cells
NK Natural killer
NPC Nasopharyngeal carcinoma
NPCl Niemann-Pick disease, type Cl
OBP Origin binding protein
OBP-1 Origin binding protein-1
ORCl Origin recognition complex 1
ORF Open reading frame
OriLyt Origin of lytic replication
ORP Oxygen regulated protein
P/CAF P300/CBP-associated factor
P/S Penicillin and streptomycin
PAA Phosphonoacetic acid
PAF Primase-associated factor
PALS Periarteriolar lymphoid sheath
PBMC Peripheral blood mononuclear cells
PBS Phosphate-buffered saline
PBX Pre-B-cell leukaemic homeobox
PCA Principle component analysis
PCL Plasma cell leukaemia
PCNA Proliferating cell nuclear antigen
PCR Polymerase chain reaction
PE Phycoerythrin
PEL Primary effusion lymphoma
PERV Porcine endogenous retrovirus
PKA Protein kinase A
PKB Protein kinase B
PKC Protein kinase C
PKR Double-stranded DNA dependent protein kinase
PLC-y Phospholipase C-gamma
PML Promyelocytic leukaemia
PMT Photomultiplier tube
POD PML oncogenic domains
PPRT Pyrophosphate phosphoribosyltransferase
Pr KSHV protease
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pRb Retinoblastoma protein
Pre-BCR Pre-B-cell receptor complex
P/S 100 units/ml penicillin and 100 p-g/ml streptomycin
PTLD Post-transplant lymphoproliferative disorder
PVDF Polyvinylidene fluoride
PVM Pneumonia virus of mice
RA All-trans-retinoic acid
RAFTK Related adhesion focal tyrosine kinase
RAG Recombinase-activating gene
RANTES Regulated on activation normal T-cell expressed and secreted
Rap Replication-associated protein
RAP LDL-related protein-associated protein 1
RBP-Jk Recombination-signal binding protein Ig Jk region
RCCl Regulator of chromosome condensation 1
RDA Representational difference analysis
RIPA Radioimmunoprecipitation
RNA Ribonucleic acid
RNAi RNA interference
RPMI Roswell Park Memorial Institute
RSV Respiratory syncytial virus
RT Reverse transcriptase
RT-PCR Reverse transcription-polymerase chain reaction
SIP Site 1 protease
S2P Site 2 protease
SAGE Serial analysis of gene expression
SAP SLAM-associated protein
SAPK Stress-activated protein kinase
SCAP SREBP cleavage-activating protein
SCF Stem-cell factor
ses Saline sodium citrate
SD Standard deviation
sDENS Background subtracted signal density
SDF-1 Stromal cell-derived factor-1
SDS Sodium dodecyl sulphate
SE Standard error
SERS Splicing factor, arginine/serine-rich
SMZL Spleen marginal zone lymphoma
SNURF Small nuclear ribonucleoprotein upstream reading frame
S0D2 Superoxide dismutase 2
SOM Self-organising map
SRBCT Small round blue-cell tumours
SREBP Sterol regulatory element binding protein
ssDBP ssDNA binding protein
sDENS Background-subtracted signal density (ArrayVision)
SSPE Saline sodium phosphate EDTA
SSR Signal sequence receptor
STAT Signal transducer and activator of transcription
STP Saimiri transforming protein
SV40 Simian virus 40
sVCA Small viral capsid antigen
SVM Support vector machine
T Time
TAE Tris-acetate-EDTA
TAP-1 Transporter associated with antigen processing-1
TARC Thymus activation-regulated chemokine
Tat HIV transactivator of transcription
TdT Terminal deoxynucleotide transferase
TE Tris-EDTA
TEGT Testis enhanced gene transcript
TEMED T etramethylethy lenediamine
Th Helper T-cell
TIMP2 Tissue inhibitor of metalloproteinase 2
TM Tris-magnesium (TM)

19



TMAP Tyrosine 3-monooxygenase activation protein
TMV Tobacco mosaic virus
TNF Tumour necrosis factor
TNFR-1 Tumour necrosis factor receptor-1
TPA 12-0-tetradecoylphorbol 13 -acetate
TR Terminal repeats
TRADD Tumour necrosis factor receptor-associated death domain
TRAP Tumour necrosis factor receptor-associated factor
TRAMP Translocating chain-association membrane protein
tRNA Transfer RNA
TSGlOl Tumour susceptibility gene 101
U Unit (except in Mann Whitney U test)
U2AF1 U2 small nuclear RNA auxiliary factor 1
UBEIL Ubiquitin-activating enzyme El-like
UPR Unfolded protein response
uv Ultra-violet
V Ig variable region
vBcl-2 Viral Bcl-2
vCBP Viral complement binding protein
v-cyclin Viral cyclin
VDAC3 Voltage-dependent anion channel 3
VDR Vitamin D receptor
VEGF Vascular endothelial growth factor
VEGFR-3 VEGF receptor-3
v-FLIP Viral FLICE inhibitory protein
vGCPR Viral G-protein coupled receptor
vIAP Viral inhibitor of apoptosis
VIDA Virus Database
Vif HIV virion infectivity factor
vIRF Viral interferon regulatory factor
VLA-6 Very late antigen-6
vMIP Viral macrophage inflammatory protein
vOX-2 Viral OX-2
VSV Vesicular stomatitis virus
vzv Varicella-Zoster virus
XBP-1 X-box binding protein-1
X-Gal 5-bromo-4-chloro-3-indolyl-P-D-galactoside
XLP X-linked lymphoproliferative disease
XPCC Xeroderma pigmentosum complementation group C
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Chapter 1 

Introduction

In 1872 Mauriz Kaposi, a Hungarian dermatologist practising in Vienna, published the 

case histories of five patients in his care who exhibited what he described as “idiopathic 

multiple pigmented sarcomas” (Kaposi, 1872). The disease was designated Kaposi's 

sarcoma (KS) in 1891 but remained rare, with cases confined to elderly European men 

of Mediterranean or Middle Eastern origin and in some equatorial countries of Africa. 

Reports of incidences of KS in young homosexual American men in 1981, outside of 

the expected high-risk groups, heralded the beginning of the acquired 

immunodeficiency syndrome (AIDS) epidemic (Friedman-Kien et al, 1982). Kaposi’s 

sarcoma-associated herpesvirus (KSHV) was discovered in 1994 by Chang and 

colleagues who used representational difference analysis (RDA) to search for DNA 

sequences present in AIDS-associated KS but not in adjacent normal skin (Chang et al, 

1994). The closest human relative of KSHV is Epstein-Barr virus (EBV) and, like EBV, 

KSHV infects B-cells (Ambroziak et al, 1995, Harrington et al, 1996, Henry et al, 

1999, Monini et al, 1999b) and is associated with two forms of B-cell lymphoma; 

primary effusion lymphoma (PEL) (Cesarman et al, 1995a) and multicentric 

Castleman’s disease (MCD) (Soulier et al, 1995, Chadbum et al, 1997). KSHV is now 

the leading cause of neoplasia in individuals with AIDS.

This thesis concerns the use of DNA array technology to analyse both host and virus 

gene expression in KSHV infected primary effusion lymphoma. Before introducing 

KSHV and DNA arrays I shall first present a brief introduction of B-cell development 

and explain how this relates to B-cell tumours.
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1 .1  T u m o u r s  o f  B ‘C e U s

1.1.1 The stages of B-cell development

B -cells are a lymphoid cell lineage that, upon encounter with specific antigen, 

differentiate into antibody secreting plasma cells. Plasma cells are therefore the final 

mediators o f the humoral immune response. B -cell development can be viewed as a 

temporally ordered series o f discrete stages spanning haematopoietic stem cell to 

plasma cell. Different developmental stages are defined by the status o f the 

immunoglobulin (Ig) genes, which encode antigen receptors, and the expression o f cell 

surface markers (Table 1.1). B -cell development can be divided into two parts: the 

antigen-independent generation o f  mature B -cells with a diverse array o f antigen 

specificity (section 1.1.1.1. and Figure 1.1) and the antigen-driven production o f 

memory B-cells and plasma cells (the humoral immune response, section 1.1.1.2 and 

Figure 1.2).
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Stem cell Germline Germline
Early-pro-B-cell D-J rearrangment Germline
Late-pro-B-cell V-DJ rearrangment Germline
Large pre-B-cell Germline ■ ■
Small pre-B-cell V-J rearrangement WÊÊ
Immature B-cell
Mature B-cell p and 6
Lymphoblast ?
Plasma cell Secreted p
Centroblast a, e, p or y .  Mutated Mutated ^ ■ ■ 1
Centrocyte a, e, pory. Mutated Mutated
Post-GC memojv B-cell a, e, p or Y- Mutated Mutated m
Post-GC plasma cell Sec. a ,  e, pory. Mut. Mutated 1 ^ n
Table 1.1. Immunoglobulin (Ig) gene status and surface marker expression by stage of B- 
cell development.
Each B-cell stage can be identified according to a set of unique characteristics. Black shading -  
expressed in all cells of that type, grey shading - expressed on some cells, white shading -  not 
expressed. Germinal centre (GC)-independent memory B-cell is not included as little is known 
about this B-cell subset. Data taken from Janeway et al. (2001) except *(Pascual et ai, 1994), 
#(Jover et ai, 1989), || (Klein et ai, 1998).
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1.1.1.1 Generation of m ature B-cells

B-cells are formed in the bone marrow from pluripotent haematopoietic stem cells 

(Figure 1.1). This requires survival factors, such as interleukin (IL)-7 (Lee et al, 1989), 

stem-cell factor (SCF) (McNiece et al, 1991) and stromal cell-derived factor-1 (SDF-1) 

(Nagasawa et al, 1996), produced by bone marrow stromal cells. The earliest 

committed member of the B-cell lineage is the early pro-B-cell, which can be identified 

by the expression of cell surface CD 19, part of the B-cell co-receptor. During this stage, 

diverse (D) and joining (J) gene segments encoding the Ig heavy chain (IgH) are joined 

by recombination (Hozumi and Tonegawa, 1976, Early et al, 1980, Hardy et al, 1991). 

The variable region (V) is then recombined with the DJ segments in the late pro-B-cell 

stage. The enzymes responsible include recombinase-activating genes 1 and 2 (RAG-1 

and 2) (Oettinger et al, 1990) and terminal deoxynucleotide transferase (TdT) (Komori 

et al, 1993). Successful IgH rearrangement leads to formation of the large pre-B-cell 

stage, characterised by production of p heavy chain. This is encoded by a transcript 

containing the rearranged VDJ segments spliced to the p constant exon (Rabbitts, 

1978). The p heavy chain forms part of the pre-B-cell receptor complex. Studies with 

transgenic mice show that the formation of this receptor is necessary for further B-cell 

development (Loffert et al, 1996). The subsequent small pre-B-cell stage is 

characterised by rearrangement of the genes encoding the Ig light chain (IgL) (Ehlich 

and Kuppers, 1995, ten Boekel et al, 1995). There are two loci encoding light chain 

gene segments, K and X. The k  loci are rearranged first, and if this fails, the X loci are 

rearranged (Arakawa et al, 1996). Productive rearrangement leads to synthesis of IgL, 

which combines with the p heavy chain to form IgM. The cell is now an immature B- 

cell, IgM is the antigen receptor component of the B-cell receptor (BCR) complex, 

which also contains the signalling molecules Iga and IgP (CD79 a and b). Signalling 

from the complete BCR leads to down-regulation of RAG expression, preventing 

further Ig rearrangements (Grawunder et al, 1995). In the case of strongly self-reactive 

B-cells, RAG expression is maintained and development is arrested while the light 

chains are replaced (receptor editing) (Tiegs et al, 1993, Prak and Weigert, 1995). If 

this fails to prevent self-recognition, the cell is removed by apoptosis, a process termed 

clonal deletion (Nemazee et al, 1991, Chen et al, 1995). Weakly self-reactive 

immature B-cells become anergic (non-responsive) or ignorant, that is antigen binding 

does not trigger intracellular signalling (reviewed in Comall et al, 1995).
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The stochastic choice between multiple copies of heavy chain V, D and J segments and 

light chain V and J segments leads to the production of a population of immature B- 

cells with many different antigen specificities (combinatorial diversity). These leave the 

bone marrow in the blood and are attracted into follicles of secondary lymphoid organs 

by B-lymphocyte chemokine (BLC) (Gunn et al, 1998). Here, immature B-cells 

differentiate into mature B-cells, which co-express IgD formed by alternative splicing to 

the 5 heavy chain constant region. Less than half of immature B-cells survive to form 

mature B-cells. Some are removed by clonal deletion (Russell et al, 1991) while others 

fail to compete for entry into lymphoid follicles (Cyster et al, 1994, Fulcher and 

Basten, 1994). The follicles provide essential survival signals, such as B-cell activating 

factor of the tumour-necrosis-factor family (BAFF) (Harless et al, 2001). Also, low- 

level signalling through the B-cell receptor is necessary for mature B-cell survival (Lam 

et al, 1997, Turner et al, 1997, Levine et al, 2000, Heltemes and Manser, 2002). B- 

cells that succeed in entering lymphoid follicles can enter the circulation and, in the 

absence of contact with specific antigen, survive with a half-life of 3-8 weeks.

B-cells also enter the spleen marginal zone (MZ), where they become non-circulating 

MZ B-cells. Migration to the MZ rather than the follicles may be favoured by lower 

intensity BCR signalling (Cariappa et al, 2001) and expression of integrins aLp2 and 

a4pl (Lu and Cyster, 2002). Another subset of B-cells, B-1 cells, mature 

predominantly in the body cavities (Macpherson et al, 2001). B-1 cells can be defined 

by CD5 and IgM expression with low expression of IgD but their origin is unclear 

(reviewed in Berland and Wortis, 2002).
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Figure 1.1. The generation of mature B-cells.
B-cell development can be viewed as a temporally ordered series of discrete stages uniquely 
defined by surface markers and immunoglobulin (Ig) gene status (see Table 1.1). B-cells 
differentiate from stem cells in the bone marrow. The first committed stage of the B-cell lineage 
is the early pro-B-cell, defined by GDI9 expression. During this stage and the next (late pro-B- 
cell) the Ig heavy chain (IgH) gene segments are rearranged. Successful rearrangement gives 
rise to a large pre-B-cell defined by expression of the pre-B-cell receptor complex (pre-BCR, red 
“Y”). Ig light chain (IgL) gene segments are rearranged during the subsequent small pre-B-cell 
stage, which if completed successfully becomes an IglVI-expressing immature B-cell (blue “Y”). 
Recognition of self-antigens induces apoptosis (clonal deletion) or energy. Surviving immature 
B-cells enter the circulation and traffic to the secondary lymphoid organs where they become 
IgD-expressing mature B-cells (green “Y”) following positive selection in the follicles. Any cells 
cross-reactive with self-antigens in the periphery or unable to compete for entry into the follicles 
are removed. Mature B-cells circulate between the blood and lymph nodes or move to the 
spleen marginal zone (MZ B-cell).
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1.1.1.2 The humoral immune response

The next phase of B-cell development, the production of antibody-secreting plasma 

cells, is summarised in Figure 1.2. Antigen is presented by dendritic cells in the T-cell 

zones of lymph nodes or periarteriolar lymphoid sheath (PALS) of the spleen. Antigen- 

specific CD4-I- T-cells adhere to the dendritic cells and differentiate into effector helper 

T-cells ( T h ). B-cells are attracted to the T-cell zones by CCL19 and CCL21 (Cyster et 

al, 1999, Reif et al, 2002) and antigen-specific B-cells are sequestered. B-cells 

internalise antigen bound by surface Ig and present it on major histocompatibility 

complex (MHC) class II molecules. Recognition of this antigen by Th cells leads to 

activation of the B-cell (Hanna, 1964). Activation occurs through ligation of CD40 

(Valle et al, 1989, Moelle et al, 1992), CD30 (Shanebeck et al, 1995) and release of 

IL-4 (Valle et al, 1989). The activated B-cells, termed lymphoblasts, proliferate to form 

a primary focus (Jacob et al, 1991a, Garside et al, 1998).

Lymphoblasts can migrate into a lymphoid follicle where they continue to proliferate, 

forming a germinal centre (GC) (reviewed in MacLennan, 1994). GC B-cells consist of 

centroblasts, defined by expression of CD77, and centrocytes that are CD77 negative 

and express higher levels of Ig. Proliferating GC B-cells displace resting B-cells to the 

periphery of the follicle (so called mantle zone B-cells). The purpose of the GC reaction 

is the production of high affinity Ig of different isotypes. Different isotypes (IgA, E or 

G) comprise different heavy chain constant regions (a, 8 and y respectively). This 

occurs through class switching, the further rearrangement of the Ig heavy chain locus to 

allow the use of the a, e and y heavy chain segments that lie downstream of p. and Ô 

(reviewed in Stavnezer, 1996). Class switching requires CD40 ligation, while the 

specific isotype selected is governed by the cytokines present. The affinity of the B-cell 

receptor for the specific antigen also increases in the GC (termed affinity maturation) 

(Berek et al, 1991, Jacob et al, 1991b). This is achieved by somatic hypermutation, the 

introduction of point mutations in the variable regions of heavy- and light-chain genes. 

This occurs by the creation of double-stranded breaks and their subsequent repair by an 

error-prone DMA polymerase (reviewed in Diaz and Casali, 2002). Somatic 

hypermutation may also occur outside of the GC at unknown sites (Takahashi et al, 

1998). Further receptor editing can also occur in the GC (Han et al, 1997a, 

Papavasiliou et al, 1997). GC B-cells with high affinity antigen receptors out-compete 

those with lower affinity receptors in receiving survival signals through the BCR
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(Kelsoe, 1996, Pulendran et al, 1997). B-cell survival and proliferation in the GC 

requires the continued presence of T-cells and follicular dendritic cells (FDCs) 

(Humphrey et al, 1984, Liu et al, 1989).

B-cells that survive the selection process in the GC differentiate into either plasmablasts 

(pre-plasma cells) or memory B-cells (reviewed in Choi, 1997, Han et al, 1997b). The 

signals governing this cell fate decision are uncertain but studies suggest that plasma 

cell development is favoured by high-affinity antigen receptor (Smith et al, 1997), 

signals from OX40L (Stuber and Strober, 1996). IL-10 (Choe and Choi, 1998) and IL-6 

(Kawano et al, 1995, Jego et al, 2001). The alternative development of memory B- 

cells is favoured by IL-4 (Zhang et al, 2001a) and signalling through CD40 (Arpin et 

al, 1995).

Together with memory T-cells, memory B-cells form the organism’s immunological 

memory (Schittek and Rajewsky, 1990). They are long-lived, non-dividing cells that 

can be identified by CD27 expression (Klein et al, 1998). Memory B-cells circulate in 

the blood or colonise the spleen MZ (Liu et al, 1988, Dunn-Walters et al, 1995). Upon 

secondary antigen stimulation these B-cells are reactivated to form plasma cells 

secreting high-affmity antibody (Berek et al, 1987, Arpin et al, 1997, McHeyzer- 

Williams and Ahmed, 1999). Memory B-cells lacking mutated Ig genes can be formed 

independently of the GC (Toyama et al, 2002).

Plasmablasts continue to divide (Sze et al, 2000) and begin to synthesise secreted 

antibody from alternatively spliced Ig mRNA. Plasmablasts formed in lymph node or 

splenic follicles migrate to the bone marrow where they terminally differentiate into 

non-dividing plasma cells (Benner et al,  1981, Dilosa et al, 1991, Takahashi et al, 

1998). Those originating in gut-associated lymphoid tissue migrate to gut epithelia. 

Plasma cells can be identified by expression of CD38 (Leo et al, 1992) and CD138 

(Sanderson et al, 1989) in association with low levels of B-cell specific antigens, MHC 

class II (Abney et al, 1978, Halper et al, 1978) and the lymph node homing receptor 

CCR7 (Hargreaves et al, 2001). The cells are specialised to secrete large amounts of Ig 

and have well developed endoplasmic reticulum (ER) and Golgi. Plasma cell life span is 

dictated by the capacity of the spleen (Sze et al, 2000), possibly due to the limited 

number of plasmablast-associated dendritic cells that provide survival signals (Garcia 

De Vinuesa et al, 1999). Plasma cells produced in the latter stages of the humoral
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immune response can survive for over a year in the spleen and bone marrow of mice 

(Slifka et al, 1998).

B-cells can also differentiate into plasma cells independently of the GC. Lymphoblasts 

proliferating in the primary focus can form plasmablasts that migrate to the medullary 

cord of the lymph nodes (red pulp of the spleen) where they differentiate into plasma 

cells (Toellner et al, 1996, Luther et al, 1997). These cells secrete non-mutated 

pentameric-IgM, providing an initial low-affinity antibody response. B-cells can also 

respond to some antigens, such as bacterial polysaccharide, without requiring T-cell 

help. This is the prominent means of activation of B-1 cells and MZ B-cells (reviewed 

in Martin and Kearney, 2000). T-cell independent responses also give rise to unmutated 

low-affmity IgM secreting plasma cells (Dal Porto et al,  1998, Oliver et al, 1999, 

Berland and Wortis, 2002). The majority of plasma cells formed by extra-follicular 

responses are short lived (2-3 days) (Ho et al, 1986, Smith et al, 1996). However, as 

for post-GC plasma cells, some survive for longer depending on the capacity of the 

spleen (Sze et al, 2000).
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Figure 1.2. The humoral immune response.
Circulating mature B-cells enter the T-cell zones of secondary lymphoid organs (periarteriolar 
sheathof the spleen). B-cells that encounter antigen (Ag) are activated to form lymphoblasts. In 
most cases, B-cell activation requires help from helper T-cells (T h ). Lymphoblasts can give rise 
to plasmablasts that migrate to lymph node medullary cords (spleen red pulp) where they 
differentiate into IgM-secreting plasma cells (CD38+). Some antigens are able to activate B- 
cells without T-cell help. This is the predominant means of activation for splenic MZ B-cells. 
During T-cell-dependent responses, lymphoblasts can also enter the follicle and form a germinal 
centre (GC). GC B-cells (centroblasts and centrocytes) proliferate rapidly and can switch Ig 
heavy chain to form IgA, IgE or IgG (purple “Y”). The affinity of GC B-cell Ig for antigen is 
increased by somatic hypermutation. Low affinity B-cells die by apoptosis (X). B-cells leaving 
the GC can differentiate into memory B-cells (CD27+ IgD-), which enter the circulation, or Ig 
secreting plasmablasts that differentiate into plasma cells in the bone marrow or gut epithelia.
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1.1.1.3 Regulators of B-cell development

B-cell development appears to be controlled by a small number of master regulatory 

genes. Differentiation of both lymphoid and myeloid cell lineages from haematopoietic 

stem cells is controlled by the Ets-family member PU.l (reviewed in Schebesta et ai, 

2002). Low PU.l expression specifically induces lymphoid development by activating 

expression of the IL-7 receptor a-chain. Progression to the early pro-B-cell stage 

requires the transcription factors E2A and early B-cell factor (EBP) (Bain et al, 1994, 

Zhuang et al, 1994, Lin and Grosschedl, 1995, O'Riordan and Grosschedl, 1999). 

These proteins cooperatively induce the expression of the surrogate light chains of the 

pre-B-cell receptor, Iga and IgP and RAG-1 and 2.

Development beyond the early pro-B-cell stage requires Pax5 (B-cell specific activator 

protein (BSAP)) (Urbanek et al, 1994). E2A and EBP are expressed in B-cells from 

Pax5 deficient mice indicating Pax5 acts downstream (Nutt et al, 1997, Nutt et al,

1998). However, Pax5 is also necessary for the earlier commitment to the lymphoid 

lineage. Pax5 activates the expression of B-cell genes CD19 and Iga (Goebel et al,

2001) while simultaneously repressing myeloid-specific genes (Nutt et al, 1999). The 

maintenance of mature B-cell identity and function also requires Pax5 (Horcher et al, 

2001).

Members of the nuclear factor of k light polypeptide gene enhancer in B-cells (NP-kB) 

gene family have roles throughout B-cell development. Experiments with knockout 

mice have revealed roles for different combinations of NP-KB family members in the 

formation of pro-B-cells, immature B-cells and for the survival of mature B-cells 

(reviewed in Gerondakis et al, 1999). CD40 ligation leads to increased NP-KB activity 

during B-cell activation (Lalmanach-Girard et al, 1993, Berberich et al, 1994, Prancis 

et al, 1995, Hsing and Bishop, 1999) and defects in B-cell activation are a common 

phenotype of NP-kB knockout mice (reviewed in Gerondakis et al, 1999). Loss of NP- 

kB is associated with a block in the G1 phase of the cell cycle and increased apoptosis 

due to the absence of the B-cell lymphoma (Bcl)-2 family member Bfl-1. This 

requirement for NP-kB prevents inappropriate B-cell activation in the absence of T-cell 

help or multivalent T-cell independent antigens. NP-kB activity is also necessary for
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class switching (Snapper et al, 1996, Doi et al, 1997) and for up-regulation of Bcl-xL 

and Bfl-1 in the GC (Lee et al, 1999a).

Differentiation into GC B-cells requires the transcription factor BCL-6 (Dent et al, 

1997, Fukuda et al, 1997, Ye et al, 1997). Lymphoblasts that do not up-regulate BCL- 

6 expression differentiate into extrafollicular plasmablasts rather than forming a GC 

(Fukuda et al, 1997). Microarray analysis has revealed that BCL-6 expression is 

necessary to maintain expression of GC B-cell markers and inhibit the expression of 

genes associated with B-cell activation and plasmacytic differentiation (Shaffer et al, 

2000). When BCL-6 expression is decreased, plasmacytic differentiation is induced 

through B-lymphocyte-induced maturation protein-1 (Blimp-1) (Reljic et al, 2000, 

Shaffer et al, 2000).

Two transcription factors. Blimp-1 and IRF4, promote plasma cell development. Blimp- 

1 is up-regulated upon plasma cell differentiation in the GC and in extrafollicular sites 

(Soro et al, 1999, Angelin-Duclos et al, 2000) and is sufficient to induce plasma cell 

development (Turner et al, 1994, Schliephake and Schimpl, 1996, Messika et al, 1998, 

Piskurich et al, 2000). IRF4 is expressed in the same subset of GC B-cells as Blimp-1 

(Angelin-Duclos et al, 2000, Falini et al, 2000) and is necessary for the formation of 

Ig-secreting B-cells (Mittrucker et al, 1997). Blimp-1 expression is induced by IL-6 but 

inhibited by CD40 (Randall et al, 1998, Knodel et al, 2001), perhaps explaining the 

respective effects of these agents on cell fate in the GC (section 1.1.1.2). Blimp-1 

promotes plasma cell development by repressing the transcription the B-cell 

transcription factors EBF, E2A, Pax5, PU.l and Spi-B (Lin et al, 2002, Shaffer et al,

2002), MHC class II transcriptional activator (CUTA) (Piskurich et al, 2000), 

myelocytomatosis viral oncogene homologue (c-myc) (Lin et al, 1997b) and BCL-6 

(Shaffer et al, 2002).
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1.1.2 Epstein-Barr virus (EBV) control of B-cell development

EBV (human-herpesvirus (HHV)-4) was discovered in 1964 in cells cultured from 

Burkitt’s lymphoma (BL) (Epstein et al, 1964). The virus is estimated to be present in 

around 96% of endemic BL cases in Africa (Magrath, 1990). EBV is also associated 

with the B-cell neoplasia classical Hodgkin’s lymphoma (HL) and B-cell 

lymphoproliferative disease (BLPD) and the epithelium-derived nasopharyngeal 

carcinoma (NPC). EBV-associated tumours are discussed in section 1.1.3. The 

oncogenic potential of EBV was established by the transformation of infected B-cells in 

culture to create lymphoblastoid cell lines (LCLs) (Henle et al, 1967, Pope, 1967, Pope 

et al, 1968, Nilsson et al, 1971). However, the virus benignly infects and persists for 

life in around 90% of the world’s population (Henle et al, 1969). The explanation for 

this apparently contradictory behaviour is thought to lie in its interaction with host B- 

cells and how this affects B-cell development.

EBV expresses five different sets of genes depending on the stage of development of 

the infected B-cell (Table 1.2). This pattern of EBV expression is maintained in 

tumours derived from these infected cells. The largest of group of genes, the lytic genes, 

is involved with virus replication. The other four sets are only expressed during virus 

latency and are named EBV latency types III, II, I and 0. The genes expressed during 

latency are thought to control B-cell development by mimicking B-cell signalling 

pathways. The virus also uses B-cell transcription factors to regulate the expression of 

its own genes. The functions of the EBV latent genes are detailed in Table 1.3. It has 

been proposed that EBV drives the development of memory B-cells for use as a 

reservoir of latent infection (Thorley-Lawson and Babcock, 1999). A model for how the 

virus achieves this is illustrated in Figure 1.3 and discussed below. EBV-associated B- 

cell tumours are thought to arise as a consequence of this virus-induced activation of 

memory B-cell development (section 1.1.3).

32



Expression programme Expression observed in
After Kieff After Thoriey- 

Lawson
Genes expressed Normai B-ceiis Transformed

B-ceiis
Latency III Growth BARTs, EBERs, EBNA-1, Activated B-cell LCLs

programme 2, 3A, 3B, 30, LMP-1, BLPD
LMP-2A, LMP-2B

Latency II Default BARTs, EBERs, EBNA-1, GC-B-cell Classical HL
programme LMP-1, LMP-2A, LMP-2B

Latency 1 BARTs, EBERs, EBNA-1 BL
Latency 0 Latency BARTs, EBERs Memory B-cell

programme Possibly LMP-2
Lytic All other virus genes in an Plasma cells*
replication ordered cascade

Table 1.2. EBV expression programmes.
EBV expresses different sets of genes depending on the stage of development of the infected 
B-cell. BARTs and EBERs have not been shown to be expressed in specific B-cell subsets in 
vivo but are detectable in EBV infected cells in peripheral blood (presumed to be memory B- 
cells). Their expression in activated and GC B-cells in vivo is suggested from analysis of 
transformed B-cells. * Activation of plasma cell differentiation in vitro leads to lytic replication, it 
is unknown if this is the case in vivo. Herpesvirus lytic replication is discussed in section 1.2.4. 
Data taken from Kieff and Rickinson (2001) and Thorley-Lawson (2001).
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Gene Requirement for
Immortalisation

Function

BARTs

EBER-1 
and 2

EBNA-LP

EBNA-1

EBNA-2

EBNA-3A

EBNA-3B

EBNA-3C

LMP-1

LMP-2A

LMP-2B

Not required 
(Robertson etal.,
1994).

Not required 
(Swaminathan et 
al., 1991).
Required (Mannick 
etal., 1991). 
Required (Lee et 
al., 1999b). 
Required (Skare et 
al., 1985).

Required 
(Tomkinson etal., 
1993).
Not required 
(Tomkinson and 
Kieff, 1992). 
Required 
(Tomkinson etal.,
1993).

Required (Kaye et 
al., 1993).

Not required 
(Longnecker et al., 
1992, Kim and 
Yates, 1993).

Not required (Kim 
and Yates, 1993).

Encodes three proteins, RK-BARFO, RPMS1 and A73 that 
interact with Notch4 (Kusano and Raab-Traub, 2001), RBP- 
jK(Smith etal., 2000) and RACK1 respectively (Smith etal.,
2000).
EBER-1 inhibits double-stranded DNA dependent protein 
kinase (PKR) (Sharp etal., 1993).

Enhances EBNA-2-mediated transcriptional activation 
(Harada and Kieff, 1997).
Maintains viral genome by association with host chromatin 
(Yates etal., 1985).
Activates the transcription of EBNAs (Woisetschlaeger et 
al., 1991), LMPs (Wang etal., 1990b, Zimber-StrobI etal.,
1993) and host CD21 (Cordier etal., 1990), CD23 (Wang et 
al., 1987), c-fgr (Knutson, 1990) and c-myc (Kaiser etal., 
1999) by binding with RBP-Jk (Ling etal., 1994) and PU.l 
(Johannsen etal., 1995).
Binds RBP-Jk (Krauer etal., 1996) and limits EBNA-2 
mediated transcriptional activation (Le Roux etal., 1994)

Binds RBP-Jk (Krauer etal., 1996) and limits EBNA-2 
mediated transcriptional activation (Le Roux etal., 1994).

Binds RBP-Jk (Robertson etal., 1995) and limits EBNA-2 
mediated transcriptional activation (Le Roux etal., 1994). 
Up-regulates expression of CD21 (Wang etal., 1990a) and 
LMP1 (Marshall and Sample, 1995) through PU.l or Spi-B 
(Zhao and Sample, 2000).
Mimics CD40 signalling by binding TRAFs (Mosialos etal.,
1995) and TRADD (Izumi and Kieff, 1997) and activates NF- 
kB (Hammarskjold and Simurda, 1992, Laherty etal., 1992), 
JNK (Eliopoulos and Young, 1998), p38 (Eliopoulos etal., 
1999) and CDC42 (Puis etal., 1999).
Binds fyn, lyn and syk tyrosine kinases (Burkhardt etal.,
1992). Blocks BCR signal transduction (Miller etal., 1994). 
Promotes B-cell survival and prevents differentiation 
(Caldwell etal., 1998). Blocks lytic replication (Miller etal.,
1994).
Unknown.

Table 1.3. EBV latent genes and their functions.
EBV encodes 9 latent proteins, 6 of which localise to the nucleus (EBNAs) and three to the 
membranes (LMPs). EBERs and BARTs are also transcribed during latency. EBERs are 
uncoding and it is uncertain whether BARTs are translated In vivo.
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Saliva Chronic infectionAcute infection

o

Tonsil / adenoids

Figure 1.3. A model for EBV control of B-cell development.
Adapted from (Thorley-Lawson and Babcock, 1999) and (Rickinson and Kieff, 2001).
1. EBV (red star) is transmitted in saliva and infects naïve resting B-cells in the tonsil through 
CD21, The expression of EBV type III latency genes causes B-cell activation.
2. EBV-infected lymphoblasts are thought to migrate to GCs and proliferate under the control of 
EBV type I and type II latency.
3. In chronically infected individuals (>90% of the human population) the virus persists in post- 
GC memory B-cells in the blood. In these cells the virus is quiescent, exhibiting a highly 
restricted pattern of expression, termed type 0 latency.
4. EBV-infected memory B-cells home back to the tonsils and adenoids where the virus adopts 
the type II latency programme.
5. Plasma cell differentiation of EBV-infected lymphoblasts and memory B-cells is thought to 
lead to activation of lytic virus replication and release of progeny virions. These are then able to 
re-infect naïve B-cells in the tonsil or a new host by transmission in saliva.
Stages of B-cell development are represented as shown in Figure 1.2.
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A model for EBV control of B-cell development

The section numbers relate to Figure 1.3.

1.1.2.1 Infection of resting naïve B-cells

EBV is transmitted in saliva (Yao et al, 1985) and is thought to initially infect naïve 

resting mantle zone B-cells (IgD+) present in nasopharyngeal lymphoid tissue (Aman 

et al, 1984, Joseph et al, 2000a). Virus entry is mediated by gp350/220 interaction 

with cell surface CD21 (Fingeroth et al, 1984, Nemerow et al, 1985), which forms part 

of the B-cell co-receptor. This mimics signalling from complement component C3d and 

the infected cell enters the cell cycle (Matsumoto et al, 1993). After infection, the latent 

genes Epstein-Barr nuclear antigen (EBNA) leader-protein (EBNA-LP) and EBNA-2 

(Allday et al, 1989, Rooney et al, 1989) are expressed from promoters containing Pax5 

sites (Tierney et al, 2000). EBNA-2 activates the expression of the rest of the latent 

virus genes, namely BARTs (Bam A rightward transcripts), Epstein-Barr encoded 

RNAs (EBERs), Epstein-Barr nuclear antigens (EBNAs) 1, 3A, 3B and 3C and latent 

membrane proteins (LMPs) 1, 2A and 2B (Wang et al, 1990b, Woisetschlaeger et al, 

1991, Zimber-StrobI et al, 1993). This expression programme is known as type III 

latency (Kieff and Rickinson, 2001) or the growth programme (Thorley-Lawson and 

Babcock, 1999, Table 1.2).

EBNA-2 also activates the expression of a number of cellular genes associated with B- 

cell activation, such as CD23 and c-myc. Indeed, LCLs established after in vitro 

infection are nearly indistinguishable from B-cells proliferating in response to antigen 

and T-cell help in their expression of markers of adhesion, activation and differentiation 

(reviewed in Kieff and Rickinson, 2001). This is due to the expression of latent genes 

that mimic normal B-cell signalling pathways (Table 1.3). EBNA-2 activates 

expression through the B-cell transcription factors recombination-signal binding protein 

Ig Jk region (RBP-Jk) (Ling et al, 1994) and PU.l (Johannsen et al, 1995). RBP-Jk 

(Artavanis-Tsakonas et al, 1995) and CD23 (Hubmann et al, 2002) are regulated by 

Notch, which can partially replace EBNA-2 function (Gordadze et al, 2001). LMP-1 

mimics signalling from CD40 (Mosialos et al, 1995, Kilger et al, 1998, Busch and 

Bishop, 1999, Uchida et al, 1999). The virus protein directly binds tumour necrosis 

factor (TNF) receptor-associated factors (TRAFs) 1 and 3 and TRAF2 via TNF
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receptor-associated death domain (TRADD) (Izumi and Kieff, 1997), leading to 

activation of NF-kB (Hammarskjold and Simurda, 1992, Laherty et al, 1992), Jun N- 

terminal kinase (JNK) (Eliopoulos and Young, 1998) and p38 (Eliopoulos et al, 1999) 

signalling pathways. Both LMP-1 and CD40 also activate signal transducers and 

activators of transcription (STATs) through binding Janus-activated kinase 3 (JAK3) 

(Gires et al, 1999). LMP-2A mimics signalling from the BCR by binding the tyrosine 

kinases lyn, fyn and syk (Burkhardt et al, 1992) and can rescue B-cell development in 

Ig knockout mice (Caldwell et al, 1998).

EBV induction of B-cell proliferation increases the number of virus-infected cells. In 

vitro this results in the formation of continuously proliferating LCLs. In vivo the 

numbers of virus infected lymphoblasts are controlled by cytotoxic T lymphocyte 

(CTL) immunosurveillance (Yao et al, 1985, Tan et al, 1999).

1.1.2.2 Germinal centre (GC) B-cells

It is thought EBV-infected lymphoblasts migrate to GCs in the tonsils and adenoids 

(Thorley-Lawson and Babcock, 1999). EBV infected GC B-cells (IgD- CDlO-k) express 

a more restricted set of latent genes, so called type 11 latency or the default programme 

(Babcock et al, 2000). Type 11 latency is defined by the expression of BARTs, EBERs, 

EBNA-1 and LMPs 1, 2A and 2B. EBNA-1 is expressed by EBV in all dividing cells 

and is necessary for maintenance of the EBV genome (Yates et al, 1985). Some GC B- 

cells may only express type 1 latent genes as this is observed in BL, a tumour of GC B- 

cells (see section 1.1.3.3). It is not known how transition to a GC B-cell is achieved but 

the extinction of EBNA-2 expression is likely to be important as it blocks 

differentiation (Polack et al, 1996). The expression of LMP-1 and LMP-2A in infected 

GC B-cells could provide the CD40 and BCR signals necessary for survival (Thorley- 

Lawson and Babcock, 1999, Rickinson and Kieff, 2001).

1.1.2.3 Peripheral blood memory B-cells

EBV is found in post-GC memory B-cells (CD 19+ IgD-) in the peripheral blood 

(Babcock et al, 1998). These cells are thought to be the reservoir of latent infection. 

Consistent with this, EBV-infected memory B-cells, rather than lymphoblasts, 

accumulate in immunosuppressed patients (Babcock et al, 1999). EBV-infected
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memory B-cells are thought to be derived from EBV-infected GC B-cells. This could be 

due to the mimicking of CD40 signalling by LMP-1, which favours memory B-cell 

development (Arpin et al, 1995). Reverse transcription-polymerase chain reaction (RT- 

PCR) shows that peripheral blood memory B-cells express only BARTs (Chen et al, 

1999), EBERs (Tierney et al, 1994) and possibly LMP-2 (Qu and Rowe, 1992, Tierney 

et al, 1994, Babcock et al, 1999, Babcock et al, 2000). This is the latency programme 

or latency type 0. None of the growth-promoting genes required for transformation 

(Table 1.2), which are also the main CTL targets (Rickinson and Kieff, 2001), are 

expressed, enabling the virus to persist in a benign state. As memory B-cells are non

dividing, EBNA-1 also needs not be expressed.

1.1.2.4 Tonsil memory B-cells

The colonisation of memory B-cells allows the virus to spread throughout the 

circulation. PCR detection of EBV in B-cell subsets suggests that EBV-infected 

memory B-cells preferentially return to the tonsils and adenoids (Laichalk et al, 2002) 

where they re-express EBNA-1, LMP-1 and LMP-2A (type II latency) (Babcock et al, 

2000, Babcock and Thorley-Lawson, 2000). It is thought that LMP-1 and LMP-2A 

mimic survival signals from T-cells and the BCR respectively to maintain the infected 

memory B-cell pool. That LMP-2A could provide a survival signal rather than an 

activation signal is consistent with blockade of antigen signalling due to BCR 

desensitisation (Miller et al, 1994), its inability to drive proliferation (Longnecker et 

al, 1992, Kim and Yates, 1993) and its ability to rescue B-cell development in Ig 

knockout mice (Caldwell et al, 1998). Also, the reactivation of memory B-cells in the 

tonsils by induction of type II latency could lead to GC re-entry and the amplification of 

infected memory B-cells.

Infectious mononucleosis (IM) is a reaction to acute EBV infection observed in 30-50% 

of adolescents and adults (Steven, 1996). In IM, EBV type III latency is also observed 

in tonsil memory B-cells (Kurth et al, 2000), an event never witnessed in healthy 

carriers (Joseph et al, 2000b). EBV is able to infect resting memory B-cells in vitro 

(Aman et al, 1984, Thorley-Lawson and Mann, 1985). Therefore the proliferation of 

EBV-infected memory B-cells in older individuals may reflect the inability to elicit a 

strong naïve CTL response against the virus. However, only resting post-GC memory
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B-cells accumulate in the peripheral blood suggesting that the normal EBV-B-cell 

interactions are maintained in IM.

1.1.2.5 Lytic virus replication and production of new virions

EBV replication in the tonsils and overlying epidermis is observed in individuals with 

acute IM (Weiss and Movahed, 1989, Anagnostopoulos et al, 1995). Terminal 

differentiation of the infected lymphoblast into a plasma cell may lead to the induction 

of lytic virus replication (Crawford and Ando, 1986, Niedobitek et al, 1991b, 

Anagnostopoulos et al, 1995). Lytic EBV replication is observed in chronically 

infected immunosuppressed patients (Greenspan et al, 1985). Also, all EBV-carriers 

shed the virus into their saliva throughout their lives (Yao et al, 1989). This suggests 

that plasma cell differentiation of circulating EBV-infected memory B-cells may also 

lead to the induction of lytic virus replication. Infection of naïve B-cells in the tonsils 

occurs continuously in chronically infected healthy individuals (Joseph et al, 2000a). 

Therefore, the production of new virus in the tonsils maintains the virus in the host and 

allows transmission in saliva.

1.1.3 B-ceii tum ourigenesis

Tumours retain many of the characteristics of the cell type from which they arise. This 

is especially true of B-cell neoplasia where distinctive morphology, immunophenotypes 

and immunoglobulin gene sequences allow them to be classified by their cell of origin 

(reviewed in Kuppers et al, 1999, Dunn-Walters et al, 2001, Jaffe et al, 2001). This is 

consistent with the model that malignant B-cells are frozen at otherwise transitory 

developmental stages (Greaves, 1986) due to a block in differentiation (Potter, 1978). 

Tumours corresponding to almost all stages of B-cell development have been described 

in humans (Table 1.4). The stage of B-cell development is now the main criteria for 

tumour classification (Jaffe et al, 2001). Different tumour types possess different 

mutations and chromosomal translocations suggesting varied mechanisms of 

transformation. The study of normal B-cell development has indicated that 

tumourigenesis reflects the biology of the particular stage of B-cell development from 

which the cancer was derived. Discovering the stage of B-cell development a tumour 

represents is therefore critical for understanding its pathogenesis. The significant role
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that DNA array technology has played in the study of B-cell neoplasia is discussed 

within section 1.3.5.

B-cell stage Tumour B-cell stage markers Common features
Pre-B-cell Precursor B-cell acute 

lymphoblastic leukaemia (B- 
ALL)

CD19, C D 79a  & TdT  
No surface Ig

TEL-AML1 fusion 
BCR-ABL fusion 
E2A-PBX1 fusion 
MLL-AF4 fusion 
Hyper- and hypoploidy

Mature B-cell Mantle cell lymphoma (MCL) IgM, C D 1 9 a n d  CDS  
Non-mutated Ig

Cyclin D1 translocation

Unmutated spleen marginal 
zone lymphoma (SM ZL)* (1)

IgM, IgD, C D 20 & C D 79a  
Non-mutated Ig (1)

Loss of 7q21-32

Unmutated chronic 
lymphocytic leukaemia 
(CLL)*

IgM, CD19, C D 79a  & CDS 
Memory B-cell expression profile 
(2)
Non-mutated Ig

Trisomy 12 
Loss of 11q22-23

GC B-cell Follicular lymphoma (FL) C D19, C D 10, C D 79a  & BCL-6 
Ongoing somatic hypermutation

Bcl-2 translocation

GC B-like diffuse large B-cell 
lymphoma (GC-DLBCL)* (3)

CD19, C D 7 9 a &  BCL-6 
GC expression profile (3) 
Ongoing somatic hypermutation 
(4)

Bcl-2 translocation 
BCL-6 translocations and 
mutations
Mutation of c-myc, RhoH and 
Pax-S (S)

Burkitt’s lymphoma (BL) IgM, CD19, C D 10, C D 77 & BCL- 
6
Ongoing somatic hypermutation

c-myc translocations and
mutations
EBV infection

Nodular lymphocyte- 
depleted Hodgkin’s 
lymphoma*

CD20, C D 79a & BCL-6 
Ongoing somatic hypermutation

Constitutively active N F-kB

Post-GC B-cell Activated B-like diffuse large 
B-cell lymphoma (activated- 
DLBCL)* (3)

C D 1 9 & C D 7 9 a
Activated expression profile (3)
Class-switched, mutated Ig

Bcl-2 translocation 
B CL-6 translocations and 
mutations
Mutation of c-myc, RhoH and 
Pax-5 (5)

Mutated spleen marginal 
zone lymphoma (SMZL)*

IgM, IgD, C D 20 & C D 79a  
Mutated Ig

Loss of 7q21-32

Mutated chronic lymphocytic 
leukaemia (CLL)*

IgM, CD19, C D 79a  & CDS 
Memory B-cell expression profile 
(2)
Mutated Ig

Loss of 13q14  
Loss of 11 q22-23

Hairy cell leukaemia (HCL) C D 1 9 & C D 7 9 a  
Class-switched, mutated Ig

Over-expression of cyclin D1

Classical Hodgkin’s 
lymphoma (HL)*

C D30 & PaxS 
Mutated Ig

Constitutively active N F-kB 
EBV infection

Anaplastic-DLBCL 
(Hodgkin’s like-anaplastic 
large cell lymphoma)

C D 30 & PaxS 
Mutated Ig (6)

EBV infection (6)

B-cell lymphoproliferative 
disease (BLPD)

C D 1 9 & C D 7 9 a  
Mutated Ig

Immunosuppression 
EBV infection

Plasm a cell Waldenstrom
macroglobulinemia

CD19, C D 2 0 & C D 3 8  (7) 
Secreted & mutated Ig

Translocation of Pax-5

Multiple myeloma (M M) 
Plasm a cell leukaemia (PCL) 
Plasmacytoma

C D 3 8 & C D 1 3 8  No B-cell 
markers
Secreted & mutated Ig Normally 
class-switched

Cyclin D, M M S E T, FG FR3, Maf 
transcription factor and c-myc 
translocations
Ras and FG FR 3 mutations (8)

Table 1.4. B-cell tumours and their classification by developmental stage.
Tumours representing most stages of B-cell development are found In humans. In general 
tumour names derive from the site of presentation rather than stage of B-cell development; 
leukaemias are tumours of the blood, lymphomas are tumours of the lymph nodes and 
myelomas are tumours of the bone marrow. The different tumour types display evidence for 
different mechanisms of transformation that reflect the normal biology of each B-cell stage. 
^Indicates tumour types whose properties suggest derivation from two different stages of B-cell 
development. For splenic marginal zone lymphoma (SMZL) and diffuse large B-cell lymphoma 
(DLBCL), for which this was discovered recently, the data In the final two columns do not 
distinguish between the two B-cell stages. Data taken from Jaffe et al. (2001) except for (1) 
(Bahler etal., 2002), (2) (Klein etal., 2001), (3) (Allzadeh etal., 2000), (4) (Losses etal., 2000), 
(5) (PasqualuccI etal., 2001), (6) (Stein etal., 2000), (7) (Gertz etal., 2000) and (8) (Kuehl and 
Bergsagel, 2002).
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1.1.3.1 Tumours of pre-B-cells

Precursor B-cell acute lymphoblastic leukaemia (B-ALL) is a neoplasm of pro- and pre- 

B-cells (reviewed in Jaffe et al, 2001). In the vast majority of cases tumour cells 

express TdT, involved in Ig rearrangement. Some have completed both heavy and light 

chain rearrangement, others just heavy chain, suggesting transformation of different 

stages of development (Korsmeyer et al, 1983). The earliest stage (early precursor B- 

ALL) expresses CD 19, CD22, CD79a and human leukocyte antigen (HLA)-DR, the 

intermediate stage (common ALL) also expresses CD 10 and the most mature stage (pre- 

B-ALL) expresses cytoplasmic p heavy chains. Surface Ig is normally absent from all 

stages.

Around one third of paediatric B ALL cases have altered numbers of chromosomes. 

These are classified as either hypoploidy, hyperploidy with under 50 chromosomes or 

hyperploidy with over 50 chromosomes. A number of different chromosomal 

translocations are also associated with B ALL. These may be derived from mistakes 

made during Ig rearrangement. The most common is the t(12;21)(pl3;q22) translocation 

that fuses the gene encoding the TEL transcription factor with acute myeloid leukaemia 

(AML) 1 (Golub et al, 1995, Romana et al, 1995, Shurtleff et al, 1995). AMLl 

regulates transcription in normal haematopoiesis and its fusion with TEL impairs its 

DNA binding activity, preventing its function (reviewed in Westendorf and Hiebert, 

1999, Perry et al, 2002). The t(9;22)(q34;qll.2) translocation fuses the breakpoint 

cluster region (bcr) gene with that encoding the tyrosine kinase Abelson murine 

leukaemia (ABL) (Heisterkamp et al, 1983, Groffen et al, 1984, Prakash and Yunis, 

1984, Shtivelman et al, 1985, Fainstein et al, 1987). The ABL virus encodes the 

related oncogene product, v-ABL, and also causes pre-B-cell leukaemia. The bcr-ABL 

fusion protein possesses elevated ABL tyrosine kinase activity that correlates with its 

ability to transform cells (Lugo et al, 1990, Anderson and Mladenovic, 1996). This 

may be due to the downstream activation of Ras, which is necessary for transformation 

(Mandanas et al, 1993, Sawyers et al, 1995).

Two translocations fuse regulators of homeobox (HOX) gene expression with 

transcriptional activators. Pre-B-cell leukaemic homeobox (PBX) 1 is the mammalian 

homologue of extradenticle, required for HOX activity in Drosophila (Peifer and 

Wieschaus, 1990). A quarter of childhood pre-B-ALL cases exhibit translocations that
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fuse the E2A transcriptional regulator at 19pl3.3 with PBXl at lq23 (Nourse et al, 

1990, Hunger et al, 1991). As discussed in section 1.1.1, E2A is a transcriptional 

activator of B-cell development and, unlike PBXl, E2A-PBX1 activates transcription 

from promoters with PBXl sites (Van Dijk et al, 1993). This property leads to 

proliferation and transformation in transgenic mice (Dedera et al, 1993). The mixed- 

lineage leukaemia (MLL) locus at llq23 is fused to other loci, such as AF4 at 4q21, in 

a small number of B ALL cases (Djabali et al, 1992, Gu et al, 1992, McCabe et al, 

1992, Tkachuk et al, 1992). Like PBXl, MLL regulates the expression of HOX genes 

during development (Yu et al, 1998) and MLL fusion proteins act as dominant alleles 

(Corral et al, 1996, Lavau et al, 1997, Dobson et al, 1999).

1.1.3.2 Tum ours of m ature B-cells

Tumours of mature naïve B-cells are relatively rare, probably reflecting the non

dividing and genetically stable nature of these cells. Mantle cell lymphoma (MCL) is 

likely to be derived from mature naïve B-1 cells due to its immunophenotype (IgM+ 

IgD± CD 19+ CD5+ CD 10- BCL-6 ) (reviewed in Jaffe et al, 2001) and Ig gene status 

(rearranged but normally unmutated) (Hummel et al, 1994). A translocation between 

the cyclin D1 and IgH genes is observed in virtually all cases (Rimokh et al, 1994, Li et 

al, 1999a), which leads to constitutive over-expression of cyclin D1 (Oka et al, 1994, 

de Boer et al, 1995). Cyclin Dl, in a complex with cyclin dependent kinase (CDK) 4, 

phosphorylates and inactivates Rb protein thus triggering entry into S phase of the cell 

cycle. Around half of splenic marginal zone lymphomas (SMZLs) have unmutated Ig 

heavy chains, indicating an origin from mature naïve B-cells (Bahler et al, 2002). 

These tumour cells express surface IgM, IgD, CD20 and CD79a in the absence of CD5, 

CDIO, CD23 and cyclin Dl (reviewed in Jaffe et al, 2001).

1.1.3.3 Tum ours of GC B-cells

Most human B-cell tumours are derived from cells at the GC or post-GC stage of 

development. This suggests that the GC is a particularly tumourigenic environment. GC 

B-cells undergo rapid clonal expansion and generate double-stranded DNA breaks 

during class switching, somatic hypermutation and receptor editing. This puts the cell at 

risk for the generation of oncogenic chromosomal translocations. Also, somatic 

hypermutation of a non-Ig locus could result in an oncogenic mutation. Any alteration
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that renders the cell independent of normal selection in the GC or that maintains the GC 

phenotype can therefore give rise to a continuously proliferating tumour.

Burkitt’s  lymphoma (BL)

BL cells express CD19, CDIO and BCL-6, indicative of a GC B-cell origin (reviewed in 

Rickinson and Kieff, 2001). The common expression of CD77 and non-class-switched 

IgM indicates transformation of a centroblast rather than centrocyte. Also, Ig sequences 

in BL exhibit intra-clonal diversity, characteristic of ongoing hypermutation (Klein et 

ai, 1995, Tamaru et al, 1995). All BL cases show one of three translocations that bring 

the c-myc proto-oncogene under the control of the IgH, IgL X or IgL K promoter (Zech 

et al, 1976). The break-points in sporadic BL tend to be within the Ig switch region, 

suggesting an error during class-switch recombination (Magrath, 1990). Breakages in 

endemic BL chromosomes are more often within J region introns or rearranged V(D)J 

sequences characteristic of somatic hypermutation (Goossens et al, 1998). In all cases, 

translocation results in the constitutive expression of c-myc, driving continuous cellular 

proliferation and preventing differentiation. In some cases, the coding region of the c- 

myc is also mutated, possibly due to somatic hypermutation in the neighbouring Ig 

locus (Yano et al, 1993, Bhatia et al, 1995, Hoang et al, 1995). Although present in 

96% of BL in Africa (endemic BL), EBV is only associated with 20% of cases in North 

America and Europe (Sixbey, 2000). The virus is also associated with 25-40% of AIDS- 

associated BL (Raphael et al, 1991). As only a subset of cases involve EBV, the virus 

would appear to be acting as a cofactor to myc dysregulation. The provision of B-cell 

survival signals by LMP-1 and LMP-2A may aid transformation (see section 1.1.2). 

EBNA-1 may also promote the acquisition of mutations through the enhancement of 

RAG expression (Srinivas and Sixbey, 1995).

Follicular lymphoma (FL)

FL is also derived from GC B-cells. The tumour cells express CD19, CDIO and BCL-6 

and exhibit ongoing somatic hypermutation (Zelenetz et al, 1992). FL possesses a 

characteristic t(14;I8) translocation that juxtaposes the anti-apoptotic gene Bcl-2 and 

the J region of IgH (Tsujimoto et al, 1984, Tsujimoto et al, 1985). This renders the 

tumour cells resistant to signals that would otherwise promote apoptosis (Nunez et al, 

1990). Unlike c-myc translocations in BL, the breakpoint involved in this translocation
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is located at the 5’ end of J or D heavy chain segments. These are therefore likely to 

reflect mistakes occurring during receptor editing in the GC (Han et al, 1997a, 

Papavasiliou et al, 1997).

Diffuse large B-cell lymphoma (DLBCL)

DLBCL accounts for around 40% of cases of non-Hodgkin’s lymphoma (NHL) in the 

West. Microarray analysis has demonstrated that DLBCL is made up of two distinct 

tumour types; one resembling GC B-cells (GC B-like DLBCL) and one resembling 

activated B-cells (activated B-like DLBCL) (Alizadeh et al, 2000, see section 1.3.5.1). 

Both forms have somatically mutated Ig genes, but this is ongoing in GC B-like 

DLBCL (Lossos et al, 2000). The GC form also expresses BCL-6. The t(14;18) 

translocation occurs in 20-30% of cases and another 30% have translocations involving 

BCL-6 (Ye et al, 1993, Ye et al, 1995). As is the case for c-myc translocations, 

breakages around BCL-6 are probably formed during class switching. In addition, BCL- 

6 and other proto-oncogenes, such as c-myc, RhoH and Pax5, are often mutated in a 

manner reminiscent of somatic hypermutation (Migliazza et al, 1995, Pasqualucci et 

al, 1998, Pasqualucci et al, 2001).

1.1.3.4 Tum ours of post-GC B-cells

Hodgkin’s  lymphoma (HL)

For over a century the cellular origin of Hodgkin’s disease remained enigmatic. The 

discovery that the Hodgkin and Reed-Stemberg (HRS) tumour cells contained 

rearranged Ig genes revealed the disease to be a B-cell lymphoma (Kuppers et al, 1994, 

Kanzler et al, 1996) and the disease has been renamed Hodgkin’s lymphoma (HL) 

accordingly. HL comprises two distinct disease entities; nodular lymphocyte- 

predominant HL and classical HL. As discussed for DLBCL, tumours derived from 

post-GC B-cells can be distinguished from those derived from GC B-cells by the 

presence of hypermutated but clonal Ig genes. The analysis of Ig gene sequences in HL 

demonstrated that nodular lymphocyte-predominant HL is a malignancy of GC B-cells. 

The tumour is composed of lymphocytic and histiocytic (L&H) HRS cells that show 

evidence of ongoing somatic hypermutation (Braeuninger et al, 1997, Marafioti et al, 

1997, Ohno et al, 1997) and express BCL-6 (Falini et al, 1996). In contrast, the Ig
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genes of classical HRS cells are mutated but this process is no longer occurring 

(Kanzler et al, 1996, Marafioti et al, 2000) and the cells do not express BCL-6 

(Carbone et al, 1998b). The Ig gene mutations either disrupt the open reading frame 

(ORF) or regulatory region preventing their expression (Kuppers et al, 1994, Kanzler et 

al, 1996, Marafioti et al, 2000). These cells should therefore have been lost in the GC. 

However, classical HRS cells contain constitutively active NF-kB that prevents 

apoptosis by inducing the expression of Bfl-1 and Bcl-xL (Bargou et al, 1996, Bargou 

et al, 1997). This can be due to loss-of-function mutations of inhibitor of NF-kB (IkB) 

(Cabannes et al, 1999, Emmerich et al, 1999, Jungnickel et al, 2000), activation of 

IkB kinase (Krappmann et al, 1999) or over-expression of TRAFl (Durkop et al,

1999).

A link between classical HL and EBV infection was first suggested due to the risk 

associated with a history of IM (Gutensohn and Cole, 1980). The virus can be detected 

in around 50% of cases in the West and nearly 100% of cases in Africa, Asia and South 

America (Ambinder et al, 1993, Weinreb et al, 1996, Hayashi et al, 1997). The virus 

is specifically found in HRS cells in classical HL and not the surrounding infiltrate 

(Weiss et al, 1987, Anagnostopoulos et al, 1989, Weiss et al, 1989, Wu et al, 1990). 

EBV sequences are clonal indicating that infection preceded expansion (Boiocchi et al,

1993). The virus exhibits type II latency and thus expresses the NF-KB activator LMP-1 

(Niedobitek et al, 1991a, Pallesen et al, 1991). LMP-1 also promotes turnover of IkB 

(Sylla et al, 1998). Therefore, NF-kB activation, as a result of mutation or virus 

infection, may be a common requirement for classical HL tumourigenesis. It has also 

been demonstrated that LMP-1-induced down-regulation of CD99 in B-cells is 

sufficient to generate a HRS cell phenotype (Kim et al, 1998, Kim et al, 2000). The 

delivery of survival signals from LMP-2A may also contribute to the survival of 

otherwise crippled HRS B-cells.

Anaplastic large cell lymphoma (ALCL) is a tumour of T-cells. A distinct group of 

tumours within this classification were found to instead derive from B-cells and have 

been reclassified as anaplastic-DLBCL (reviewed in Stein et al, 2000). Tumour cells 

have mutated Ig genes (Kuze et al, 1998) and resemble HRS cells both 

morphologically and in the expression of Pax5 (Krenacs et al, 1998, Foss et al, 1999) 

suggesting a similar derivation. As with classical HL, EBV DNA (Hummel et al, 1995, 

Kuze et al, 1996) and LMP-1 (Lazzi et al, 1998) are frequently detected.
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B-cell lymphoproliferative d isorder (BLPD)

EBV is associated with a further tumour of post-GC B-cells, BLPD, that can form in 

immunosuppressed individuals. Those at risk include transplant recipients, where it is 

termed post-transplant lymphoproliferative disorder (PTLD) (Lucas et al, 1997), those 

suffering from AIDS (Beral et al, 1991, Gaidano et al, 1998) or those with hereditary 

mutations in SLAM-associated protein (SAP), where it is termed X-linked 

lymphoproliferative disease (XLP) (Purtilo et al, 1975, Hamilton et al, 1980). At least 

90% of PTLD and 80% of AIDS-associated BLPD are infected with EBV (Rickinson 

and Kieff, 2001). In both cases, the proliferation of EBV infected cells is associated 

with the loss of EBV-specific CTL activity (Hague et al, 1997, Perera et al, 1998). 

Immunostaining usually demonstrates a type III latency pattern, consistent with the 

lymphoblastoid appearance of the cells (Young et al, 1989, Hamilton-Dutoit et al, 

1991, Hamilton-Dutoit et al, 1993). BLPD cases in AIDS patients contain mutated Ig 

genes indicating a post-GC origin (Delecluse et al, 1999). Type III latency is not 

observed in post-GC B-cells in healthy hosts but is a characteristic of IM (section 

1.1.2). Therefore, as is the case for IM, the tumour may reflect the inappropriate 

induction of type III latency in memory B-cells due to a failure of immune control 

(Thorley-Lawson, 2001).

Tum ours of memory B-cells

Half of spleen marginal zone lymphoma (SMZL) cases have somatically hypermutated 

Ig (Bahler et al, 2002), suggesting they may be derived from MZ memory B-cells. 

Similarly chronic lymphocytic leukaemia (CLL) also exhibits Ig mutations in around 

50% of cases (Schroeder and Dighiero, 1994, Oscier et al, 1997, Fais et al, 1998). 

CLL was thought to derive from B-1 cells due to the expression of CD5 (Dighiero et al,

1996) but microarray analysis has suggested that CLL is instead derived from memory 

B-cells (Klein et al, 2001). Therefore, unmutated CLL may be derived from GC- 

independent memory B-cells (Toyama et al, 2002). Hairy cell leukaemia (HCL) 

expresses class-switched (Kluin-Nelemans et al, 1990) hypermutated Ig (Maloum et 

al, 1998), characteristic of post-GC B-cells. The chronic, indolent nature of HCL 

suggests it may have a similar cell of origin as CLL.
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1.1.3.5 Tumours of plasma cells

Tumours of post-GC plasma cells maintain many of the features of this cell type 

including secretion of Ig (usually IgG) and expression of CD38 and CD 138 in the 

absence of B-cell markers (reviewed in Jaffe et al, 2001). The Ig genes are highly 

mutated with evidence for selection by antigen (Bakkus et al, 1992, Vescio et al,

1995). Plasma cell malignancies include multiple myeloma (MM), plasma cell 

leukaemia (PCL) and plasmacytoma, which represent different sites of presentation of 

the same disease, and Waldenstrom macroglobulinemia (lymphoplasmacytic 

lymphoma).

Waldenstrom macroglobulinemia is a rare condition typically diagnosed by monoclonal 

serum IgM secreted by the tumour cells. Although rarely class-switched, Ig sequences 

usually show evidence of somatic hypermutation. A translocation between 

chromosomes 9 and 14 involving the B-cell transcription factor Pax5 is reported in 50% 

of cases (lida et al, 1996, lida et al, 1999).

Most MM tumours have translocations involving an Ig switch region suggesting the 

initial transforming event occurred in the GC (Bergsagel et al, 1996). The translocation 

partner is usually a member of one of three groups of genes; cyclin D genes (Dl at 

llq l3 , D2 at 12pl3 or D3 at 6p21) (Chesi et al, 1996, Shaughnessy et al, 2001), 

multiple myeloma SET domain protein (MMSET) or fibroblast growth factor receptor 3 

(FGFR3) at 4pl6 (Chesi et al, 1997, Chesi et al, 1998) and the b-ZIP transcription 

factors c-Maf or MAFB at 16q23 and 20qll respectively (Chesi et al, 1998, Hanamura 

et al, 2001). C-myc expression is elevated by further complex translocations late during 

MM tumour progression (Foumey et al, 1990, Nobuyoshi et al, 1991, Shou et al,

2000). Unlike the translocations involving Ig loci, these are unlikely to represent errors 

of B-cell specific DNA-modification mechanisms (Bergsagel and Kuehl, 2001).

Constitutive activation of the mitogen-activated protein kinase (MAPK) pathway is a 

common property of MM cells. Mutations that activate the N-ras or Kras2 proto

oncogenes are present in 40% of MM tumours (Liu et al, 1996, Chesi et al, 2001). The 

MAPK pathway is also activated by MM-associated FGFR3 mutations (Chesi et al,

2001). Furthermore, both IL-6 (Kawano et al, 1988, Klein et al, 1989) and insulin-like 

growth factor 1 (IGFl) (Georgii-Hemming et al, 1996, Ferlin et al, 2000, Ge and
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Rudikoff, 2000) stimulate MM cell proliferation and survival through MAPK. IL-6 acts 

during normal B-cell development as a plasmablast growth and survival factor (Jego et 

al, 2001) and is produced by bone marrow stromal cells after plasma cell adhesion 

(Uchiyama et al, 1993). IGFl is also produced by stromal cells and attracts plasma 

cells to the bone marrow (Asosingh et al, 2000). Therefore, MM pathogenesis may 

depend on its local environment and reflect the constitutive activation of normal plasma 

cell survival pathways.
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1.2 Kaposi's sarcoma-associated herpesvirus (KSHV)

1.2.1 Human herpesv iruses

KSHV is the eighth human herpesvirus to be discovered (human herpesvirus 8 or HHV- 

8). The human herpesviruses and the diseases they cause are listed in Table 1.5. KSHV 

is a member of the sub-family gammaherpesvirus, genus Rhadinovirus by both 

sequence homology (McGeoch and Davison, 1999) and gene content (Montague and 

Hutchison, 2000, Alba et al, 2001a). It has close homologues in many primate species 

including Chimpanzees, Gorillas and Rhesus Macaques (Desrosiers et al, 1997, Rose et 

al, 1997, Greensill et al, 2000, Lacoste et al, 2000b, Lacoste et al, 2000c). Before the 

discovery of KSHV, the archetypal Rhadinovirus was herpesvirus saimiri (HVS) that 

infects squirrel monkeys {Saimiri sciureus) (reviewed in Fickenscher and Fleckenstein,

2001). KSHV’s closest human relative is EBV (section 1.1.2), a member of the genus 

Lymphocrypto virus.

Sub Human Common name Disease associations
fam ily herpesvirus
a HHV-1 Herpes-simplex virus (HSV)-I Oropharangeal herpes (cold sores) 

Genital herpes
a HHV-2 Herpes-simplex virus (HSV)-2 Genital herpes
a HHV-3 Varicella-Zoster virus (VZV) Varicella (chickenpox) 

Zoster (shingles)
Y HHV-4 Epstein-Barr virus (EBV) Infectious mononucleosis 

Nasopharyngeal carcinoma 
Burkitfs lymphoma 
Classical Hodgkin’s lymphoma

P HHV-5 Human cytomegalovirus CMV-mononucleosis
(HCMV) CMV disease

P HHV-6 Exanthem subitum (sixth disease)
P HHV-7 Exanthem subitum (sixth disease)
Y HHV-8 Kaposi’s sarcoma-associated 

herpesvirus (KSHV)
Kaposi’s sarcoma 
Primary effusion lymphoma 
Multicentric Castleman’s disease

Table 1.5. Human herpesviruses and their disease associations.
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1.2.2 Herpesvirus morphology

Membership o f the Herpesvirus family is traditionally based on the architecture o f the 

virion (Figure 1.4). The linear double-stranded D N A  genom e is packaged as a torus 

inside an icosahedral protein shell called the capsid (Furlong et al ,  1972, Nazerian, 

1974). Herpesviruses may also package mRNA into the capsid (Bresnahan and Shenk, 

2000, Greijer et ai ,  2000). Computer reconstruction o f cryogenic electron microscope 

(cryoEM ) images has determined that the KSHV capsid is a 20-face icosahedron (Wu et 

al,  2000, Trus et al ,  2001). The capsid is surrounded by a protein layer termed the 

tegument (Roizman and Furlong, 1974), which, although once thought to be 

amorphous, displays some icosahedral symmetry mirroring that o f the capsid (Zhou et 

al,  1999). The virus envelope is a typical lipid bilayer derived from cellular membranes 

(Falke et al ,  1959, Armstrong et al ,  1961, Morgan et al ,  1968). Various virus-encoded 

glycoproteins protrude from the envelope (not visible in Figure 1.4A).

B
Tegument Tegument Glycoprotein

Envelope
Genome

Capsid

Envelope
Genome

Capsid

Figure 1.4. Morphology of the KSHV virion.
Electron micrograph (A) and cartoon (B) of a KSHV virion. KSHV shares the same morphology 
and structure as other members of the herpesvirus family. Herpesviruses are surrounded by a 
lipid membrane (envelope), which is studded with virus glycoproteins (not shown to scale). 
Within this is a protein layer known as the tegument of uncertain structure and composition. The 
final layer is the capsid, an icosahedral protein shell that contains the virus genome packaged 
as linear double-stranded DNA. (A) taken from Schulz (1998). Bar, 100 nm.
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1.2.3 The KSHV genome

The KSHV genome consists of a 140.5 kilobase (kb) long unique coding region (LUR) 

flanked by multiple GC rich -800 base-pair (bp) terminal repeats (TR) (Russo et al,

1996), giving a total estimated size of around 170 kb (Renne et al, 1996a, Figure 1.5). 

Open reading frame (ORF) analysis of the viral genome determined that it contains 81 

ORFs of greater than 100 amino acids (Russo et al, 1996), although it is not known 

exactly how many form exons or complete genes. Of these ORFs, 66 have homologues 

in the related rhadinovirus HVS and are numbered based on HVS nomenclature. ORFs 

thought to be unique for KSHV were named K1 to K15 although K8 and K13 were 

subsequently found to have homologues and additional unique ORFs (K4.1, K4.2, K8.1, 

KlO.l, K10.5, K ll.l and K14.1) have since been included. Genes conserved in all 

sequenced herpesviruses are grouped in 7 blocks in the genome with sub-family, genus 

and virus specific genes in between (Chee et al, 1990, Russo et al, 1996). Function has 

been assigned to many of the genes based on the known roles of homologues in other 

herpesviruses but the exact role of around half is presently unknown (summarised in 

Table 1.6).
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Figure 1.5. The KSHV genome.
The KSHV genome is around 170 kb and consists of a 140.5 kb long unique coding region (LUR) flanked by multiple GC rich ~800bp terminal repeats (TR, shown 
as red boxes). Distance along the LUR is shown in kb. The TR regions are used to anchor KSHV episomes to the host chromatin and are therefore essential for 
latent replication. KSHV also contains two origins of lytic replication (oriLyt-L and oriLyt-R, red ovals (AuCoin et al., 2002)). Open reading frame (ORF) analysis 
predicts KSHV to encode 88 genes (blue arrows), although some of these may only represent exons. ORFs encoded on the forward strand are shown left-to-right 
and vice versa. The KSHV genome shares the 7 block-organisation of conserved genes with other herpesviruses (large grey boxes 1-7), with Gammaherpesvirus, 
Rhadinovirus and KSHV specific ORFs present in between. Two RNAs of uncertain coding potential are also transcribed. T i l and T0.7. Figure updated from Russo 
eta!., (1996).
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ORF Protein product Function

K l Constitutively activates B-cell signailing pathways through syk. 
Down-regulates BCR. Oncogenic.

O R F 4 V ira l com plem ent binding  
protein  (vCB P) I n h ib i t s  c o m p l e m e n t - m e d i a t e d  i y s i s .

O R F 6 ssDNA binding protein 
(ssDBP) DNA replication (W u e t  a i . , 2001b).

O R F 7

O R F 8 Glycoprotein B
Glycoprotein incorporated into virion (Baghian e t  a i . ,  2000). Binds 
integrin a331 and m ediates virus entry.

O R F 9 DNA polymerase Functional DNA polymerase (Lin e t a i . ,  1998).
O R F 10
O R F 11

K2 vlL -6 Activates gp130 independently of IL-6R. Autocrine growth factor in 
PEL. Angiogenic.

O R F 2 Dihydrofolate reductase 
(D HFR ) Thymidylate production (Cinquina e t a i ,  2000).

K3 MIR1 Down-regulates M HO class 1.
O R F 70 Thymidylate synthase Thymidylate production (Gaspar e t  a i . , 2002).

K4 vM IP-ll C C R -3 agonist. Broad-spectrum cytokine receptor antagonist. 
Inhibits leukocyte chemotaxis. Angiogenic.

K4.1 vM IP 'lll C C R -4  agonist. Angiogenic
K4.2
K5 M IR 2 Down-regulates MHO class 1. Inhibits NK-cell mediated lysis.
K6 vM IP-l C C R -8 agonist. Angiogenic.
K7 vlAP Inhibits apoptosis.

PAN or nut-1 or T1.1 RNA R N A  s p a c i n g

O R F 16 vB cl-2 Inhibits bax-m ediated and virally induced apoptosis.

O R F 17 Pr and AP 
Scaffolding protein

Protease (Pr) and assembly protein (AP) (Unal e t a i . ,  1997). 
Incorporated into capsid (Nealon e t a i . ,  2001).

O R F 18
O R F 19 T e g u m e n t

O R F 20
O R F 21 Thymidine kinase Thymidylate production (Cannon e t a i . ,  1999a).
O R F 22 Glycoprotein H G l y c o p r o t e i n

O R F 23
O R F 24
O R F 25 Major capsid protein Capsid (Nealon e t a i . ,  2001)
O R F 26 Minor capsid protein or TR I-2 Capsid (Nealon e t a i . ,  2001)
O R F 27
O R F 28
O R Fs 29a  
and b P a c k a g i n g  o f  D N A

O R F 30
O R F 31
O R F 32
O R F 33
O R F 34
O R F 35
O R F 36 Phosphotransferase (Cannon e t a i . ,  1999a)
O R F 37 Aikaline exonuclease D N a s e  i n v o l v e d  in  D N A  r e p a i r  a n d  p a c k a g i n g

O R F 38 T e g u m e n t

O R F 39 Glycoprotein M G l y c o p r o t e i n

O R F 40 Primase-associated factor 
(PAF) with 0R F 41 DNA replication (W u e t a i . ,  2001b)

O R F 41 Primase-associated factor 
(PAF) with O R F40 D NA replication (W u e t a i . ,  2001b)

O R F 42
O R F 43 Minor capsid protein C a p s i d

O R F 44 Helicase DNA replication (W u e t a i . ,  2001b)

O R F 45 G e n e  e x p r e s s i o n  ( H u a n g  e t  a l . ,  2 0 0 1 a ) .  Inhibits IR F-7 (Zhu e t  a l . ,  
2002a).

O R F 46 Uracil DNA glycosidase D N A  r e p a i r  -  r e m o v a l  o f  d U T P  f r o m  D N A
O R F 47 Glycoprotein L G l y c o p r o t e i n

O R F 48
O R F 49
O R F  50 K SHV Rta or Lyta Lytic transactivator

K8 K SHV Zta or K-bZIP or Rap 
or OBP

O r ig in  b i n d i n g  p r o t e i n  ( W u  e t a i . ,  2 0 0 1 b ) .  T r a n s a c t i v a to r .  
Cell cycle arrest

K8.1 gp35-37 Glycoprotein incorporated into virion (Raab e t a i . ,  1998, Li e t a i . ,  

1999b, Zhu e t a i . ,  1999b). Binds heparin sulphate.
O R F 52
O R F 53
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O R F 54 dUTPase Thymidylate production (Kremmer e t a i . ,  1999)
O R F 55
O R F 56 Primase DNA replication (W u e t a i . ,  2001b)

O R F 57 KS-SM
Posttranscriptional regulator of gene expression (Gupta e t a i . ,  

2000, Kirshner a t  a ! ., 2000). E x p o r t  o f  v ir a l  t r a n s c r i p t s .

K9 vlRF-1 Blocks interferon and IR F mediated transcriptional activation. 
Inhibits p53. Transactivates c-myc. Oncogenic.

K10
K10.1 B l o c k s  i n t e r f e r o n  a n d  I R F  m e d i a t e d  t r a n s c r i p t i o n a l  a c t i v a t i o n .

K10.5 B l o c k s  i n t e r f e r o n  a n d  I R F  m e d i a t e d  t r a n s c r i p t i o n a l  a c t i v a t i o n .

K11

K11.1 vlRF-2 Blocks interferon and IRF mediated transcriptional activation. 
Inhibits PKR.

O R F 58

O R F 59
Processivity factor (PF-8 or 
PPF)

Needed for efficient extension by POL (Lin e t a i . ,  1998)

O R F 60
Ribonucleotide reductase 
(small subunit)

N u c l e o t i d e  m e t a b o l i s m  - f o r m a t io n  o f  d e o x y r i b o n u c i e o t i d e s

O R F 61
Ribonucleotide reductase 
(large subunit)

N u c l e o t i d e  m e t a b o l i s m  - f o r m a t io n  o f  d e o x y r i b o n u c i e o t i d e s

O R F 62 TRI-1 A s s e m b l y / D N A  m a tu r a t io n .  Capsid protein (Nealon e t a i . ,  2001)
O R F 63 T e g u m e n t

O R F 64 T e g u m e n t  -  i n t e r a c t s  w i th  c a p s i d .

O R F 65 SVGA or SCIP Capsomer-interacting protein (Nealon e t a i . ,  2001)
O R F 66
O R F 67 T e g u m e n t

O R F 67.5
O R F 68 G l y c o p r o t e i n

O R F 69
K12 Kaposin A Oncogenic. Binds Cytohesin-1.
ORF 71 v-FLIP Inhibits Fas m ediated apoptosis. Oncogenic.
ORF 72 v-Cyclln Constitutively activates CDK6.

O R F 73
Latent nuclear antigen (LNA- 
1 or LANA-1)

Tethers episome. Binds p53 and pRb. Transcriptional regulation. 
Oncogenic.

K14 vOX-2 or vAdh or vNCAM Stimulates myeloid-lineage cells.

ORF 74 vGCPR or viL-8 receptor Constitutively active G-protein coupled receptor. Binds IL-8. 
Oncogenic. Angiogenic?

O R F 75 p h o s p h o r i b o s y l f o r m y l g l y c i n e a m i d e  a m i d o t r a n s f e r a s e  ( F G A R A T )

K14.1

K15
Down-regulates BCR signal transduction. Binds TRAFs and HAX- 
1.

Table 1.6. KSHV open reading frames (ORFs), their protein products and function.
KSHV ORFs are listed by their order in the genome and are named according to the system of 
(Russo et al., 1996). Protein names are taken from the literature. Those in bold are homologues 
of host genes. Protein function is based on experimental evidence (referenced in text if not in 
table) except for those in italics, which are based only on homology to characterised proteins of 
other herpesviruses (Russo etai., 1996).

Unusual to KSHV (amongst the herpesviruses) and its newly discovered primate cousins 

is the large number of genes encoding homologues of host genes (bold in Table 1.6). 

These include viral homologues of cyclin D2, FLIP (Fas-associated death domain 

(FADD) interleukin-ip-converting enzyme (FLICE) inhibitory protein), interferon 

regulatory factors (IRFs), Bcl-2 and IL-8 receptor. Many of the host genes pirated by 

KSHV are induced by other herpesviruses, notably EBV. For example, KSHV encodes a 

homologue of cyclin D2 whereas EBV LMP-1 induces cyclin D2 in B-cells (Arvanitakis 

et ai, 1995). It is thought that the acquisition of host genes enables KSHV to hijack host 

cellular processes and avoid anti-viral responses (Neipel et al, 1997, Moore and Chang, 

1998).
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1.2.4 KSHV life cycle

The KSHV life cycle is not understood in as much detail as that o f EBV (section 1.1.2). 

However, the data available suggest that KSHV follow s a typical herpesvirus life cycle  

(Figure 1.6). All herpesviruses are able to remain latent in their natural hosts (Roizman 

and Pellett, 2001). In cells harbouring latent virus the genom e takes the form o f closed  

circular D N A  m olecules in the nucleus (episom es). Latent genom es retain the capacity to 

reactivate and produce new virus. Reactivation o f alphaherpesviruses results in disease, 

such as herpes and zoster, but as EBV demonstrates, gammaherpesvirus latency can be 

pathogenic.

Cell lysis and release 
of viral progeny

Virus in bodily fluids

Lytic replication 
triggered by 

cellular stress

Virus initiates lytic replication

Cell d iv is io rv ^ Z ^

Transmission 
and infection

Virus becomes 
latent

Episomal DNA

Figure 1.6. The KSHV life cycle.
KSHV is thought to be transmitted in saliva and perhaps in semen. The target cell type in vivo is 
uncertain but the virus can be detected in peripheral blood B-cells and can infect endothelial cells 
in vitro. Upon entering a cell, herpesviruses have a choice between two modes of replication; 
latent replication, during which the virus genome is copied by host DNA replication machinery 
during the cell cycle, or lytic replication, during which the genome is copied by virus-encoded 
DNA replication proteins and packaged into progeny virions. Herpesviruses can also reactivate 
from latency to enter lytic replication, although the mechanism by which this occurs is poorly 
understood. Virus replication results in cell lysis, and the progeny virions are able to infect more 
cells or be transmitted to a new host.
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1.2.4.1 Virus entry

Initial binding of KSHV to the cell surface is through heparin sulphate and is necessary 

for virus infection of human foreskin fibroblasts (HFF), 293 cells and B-cells (Akula et 

al, 2001b). This interaction is mediated by the KSHV glycoproteins gB and gp35-37 

(Akula et al, 2001a). Akula et al, (2002) have shown that virus entry involves gB- 

mediated interaction with integrin a3|3l. Infection can be competed with the natural 

ligand fibronectin, specific antibodies and soluble integrin. Integrin a3pi is expressed on 

in vitro target cells of KSHV and transfection of human integrin a3 into hamster CHO- 

B2 cells enhances infection. However, the absence of complete inhibition by any 

blocking method and the limited 2-3 fold increase in infection observed by expression of 

integrin a3 suggests that other receptors have yet to be found. Electron microscopy of 

infected endothelial cells shows that KSHV enters the cell by membrane fusion or 

endocytosis (Dezube et al, 2002). By analogy to herpes-simplex virus 1 (HSV-1), entry 

by the endosomal route is unlikely to be productive (Campadelli-Fiume et al, 1988).

1.2.4.2 Establishm ent of latency

Following virus entry, linear herpesvirus genome translocates to the nucleus. By analogy 

with EBV, the virus genes transcribed in response to the cellular environment determine 

whether the virus enters a state of relative quiescence known as latency, or whether it 

begins the programme of lytic gene expression. During latency KSHV exists in the 

nucleus as closed circular episomal DNA (Decker et al, 1996, Renne et al, 1996a). It is 

thought that the host DNA replication machinery copies the viral DNA early during S 

phase as is the case for EBV (Hampar et al, 1974, Gussander and Adams, 1984). The 

initial amplification of the one infecting KSHV genome to the 40 or more present in PEL 

cells (Cesarman et al, 1995a) probably occurs during the first round of cellular DNA 

replication following infection. During mitosis, KSHV DNA is tethered through the TR 

sequences to histone HI on host chromatin via the KSHV-encoded latent nuclear antigen 

(LNA-1) (Ballestas et al, 1999, Cotter and Robertson, 1999, Ballestas and Kaye, 2001). 

LNA-1 is therefore the functional homologue of EBV EBNA-1. During latency, 

herpesvirus gene expression is typically restricted to only a few genes (Roizman and 

Pellett, 2001). The number of latent genes varies between herpesviruses; HSV-1 

expresses only presumed non-coding latency-associated transcripts (LATs) (Wagner et
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al, 1988) whereas EBV has a more complex life cycle involving 4 different programmes 

of latent gene expression (section 1.1.2). Known KSHV latent genes are discussed in 

section 1.2.8. Potentially, latency minimises the number of viral epitopes that are 

presented by infected cells to CTLs.

1.2.4.3 Lytic replication

Latent KSHV can be reactivated by the activation of protein kinase C (PKC) with 12-0- 

tetradecoylphorbol 13-acetate (TPA) (Renne et al, 1996b), inhibition of histone 

deacetylase with sodium butyrate (Miller et al, 1997) release of intracellular calcium 

with ionomycin (Chang et al, 2000) and inhibition of DNA méthylation with azacytidine 

(Chen et al, 2001). Herpesvirus lytic replication is characterised by a temporally ordered 

programme of lytic gene expression that results in cell lysis (Wagner et al, 1972, 

Roizman et al, 1975, Roizman and Pellett, 2001). Traditionally, lytic genes are 

categorised into regulatory classes, which differ by their response to metabolic inhibitors 

(Table 1.7). Upon de novo lytic infection, KSHV immediate-early genes are likely to be 

activated by a tegument protein, the paradigm being HSV-1 VP 16 (Post et al, 1981, 

Batterson and Roizman, 1983, Campbell et al, 1984). Immediate-early genes 

transactivate the expression of early genes, which include enzymes required for DNA 

replication. Late genes are not expressed until after DNA replication has begun and 

generally encode structural proteins of the virion and those involved in their assembly. 

As for EBV, most studies on KSHV replication concern chemically induced virus 

reactivation and therefore immediate-early genes are instead defined as those genes not 

requiring new protein synthesis for their expression. KSHV lytic gene expression is 

discussed in Chapter 4.

Class Symbol Definition

Immediate-early a Expression requires no prior viral protein synthesis.

Early P Expression is independent of virus DNA synthesis.

Partial-late yl Expression is increased by virus DNA synthesis.

True-late Y2 Expression requires virus DNA synthesis.

Table 1.7. Regulatory classes of herpesvirus genes expressed during lytic replication after 
de novo  infection.
Definitions taken from Roizman and Pellett (2001).
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The immediate-early KSHV ORF 50 encodes Rta (also known as Lyta), which is 

necessary (Lukac et al, 1999) and sufficient (Gradoville et al, 2000) to activate lytic 

replication. Rta is able to activate its own promoter giving a rapid autocatalytic rise in 

expression. Sites necessary for Rta induced transcription have been found in the 

promoters of viral T l.l RNA (Song et al, 2001, Chang et al, 2002), T0.7 RNA (Chang 

et al, 2002) and ORF 57 (Duan et al, 2001). Cellular factors are also likely to be 

important for the reactivation of KSHV from latency. CREB-binding protein (CEP) and 

c-Jun bind to Rta and activate Rta mediated transcription (Gwack et al, 2002) while Rta 

activation of the KSHV thymidine kinase promoter is dependant on Spl (Zhang et al, 

1998). The promoter of ORF 50 is heavily methylated in latent PEL cell lines and 

infected peripheral blood mononuclear cells (PBMC) (Chen et al, 2001). Déméthylation 

of the promoter is induced by TPA treatment explaining how this agent activates the lytic 

cycle of KSHV. It is unknown what the triggers of déméthylation might be in vivo, but 

they are likely to be indicative of cellular stress.

Other KSHV proteins have roles in the early stages of lytic replication. Cell cycle arrest 

appears to be a universal mechanism of herpesvirus lytic replication (Flemington, 2001). 

For KSHV, cell cycle arrest in G1 is mediated by activation of p21^^^ by the early 

protein encoded by K8 (Wu et al, 2002). K8 may also activate the expression of other 

viral lytic genes, as is the case for its EBV homologue Zta (Chevallier-Greco et al, 1986, 

Lieberman et al, 1990). KSHV ORF 57 encodes KS-SM, a post-transcriptional activator 

of gene expression (Gupta et al, 2000). KS-SM may function in a similar manner to its 

homologues in other herpesviruses, which export viral mRNA from the nucleus (Sandri- 

Goldin, 1998, Semmes et al, 1998, Goodwin et al, 1999).

1.2.4.4 DNA replication

Lytic replication can be monitored by the appearance of linear progeny herpesvirus 

DNA. This is observed in PEL cells after treatment with TPA (Renne et al, 1996b). A 

number of DNA replication enzymes are conserved between all herpesviruses suggesting 

DNA replication proceeds by a conserved mechanism. This has been most extensively 

studied using HSV-1 for which DNA synthesis has been reconstituted in vitro (reviewed 

in Boehmer and Lehman, 1997). DNA replication proceeds via a rolling-circle 

mechanism and requires HSV-1 encoded DNA polymerase, processivity factor, single

stranded DNA binding protein (ssDBP), the tripartite DNA helicase-primase complex
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and origin binding protein (OBP). KSHV homologues of these proteins form a 

replication complex that is able to replicate DNA containing the EBV lytic origin of 

replication (oriLyt) in vitro (Lin et ah, 1998, Wu et al, 2001b). Two KSHV oriLyts have 

since been identified in the genome (AuCoin et al, 2002) (Figure 1.5). 

Characteristically, KSHV replication complexes form adjacent to nuclear promyelocytic 

leukaemia (PML) oncogenic domains (PODs), which exclude and marginate cellular 

DNA (Ishov and Maul, 1996, Ishov et al, 1997, Wu et al, 2001b). Herpesviruses also 

encode a number of genes involved in nucleotide metabolism and DNA repair, such as 

thymidylate synthase and uracil-DNA glycosidase. These are not necessary for HSV-1 

DNA replication in cultured cells but are likely to be needed in vivo.

1.2.4.5 H erpesvirus assem bly

Packaging of progeny herpesvirus DNA into newly formed capsids occurs in the nucleus 

(reviewed in Roizman and Knipe, 2001). KSHV genes whose products are known to 

form part of the capsid are ORF 25 (major capsid protein (MCP)), ORF 17 (scaffolding 

protein), ORF 62 (TRI-1), ORF 26 (TRI-2) and ORF 65 (small viral capsid antigen 

(sVCA) (Nealon et al, 2001). Herpesvirus capsids bud from the inner nuclear membrane 

and then fuse to the outer nuclear membrane, releasing them into the cytoplasm 

(reviewed in Mettenleiter, 2002). The evidence for this comes primarily from EM studies 

of HSV-1 infection. Two HSV-1 proteins, Ul31 and Ul34 are necessary for budding into 

the peri-nuclear space. Herpesviruses are thought to acquire their tegument and envelope 

in the cytoplasm (Siminoff and Menefee, 1966, Stackpole, 1969). The tegument interacts 

with the virus capsid on one side and the cytoplasmic tails of the viral glycoproteins on 

the other, thereby securing the integrity of the virus particle. The interaction with the 

capsid is through the homologous gene family defined by HSV-1 Ul36 (McNabb and 

Courtney, 1992). Tegument-associated capsids obtain their envelope by budding into 

vesicles of the trans-Golgi network by interaction with viral membrane glycoproteins. 

The envelope proteins gE/I and gM play a prominent role in this process (Brack et a l , 

1999, Brack et al, 2000). The final act of KSHV replication is cell lysis and the release 

of infectious viral progeny (Renne et al, 1996b, Cannon et al, 2000, Roizman and 

Pellett, 2001).
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1.2.5 D iseases assoc ia ted  with KSHV

1.2.5.1 K aposi's sarcom a (KS)

There are four epidemiologically distinct forms of KS; classic, endemic, post-transplant 

or iatrogenic and AIDS-associated. Classic KS is the form originally described by 

Kaposi and occurs predominantly in elderly men of Southern European, Arabic or Jewish 

ancestry (Franceschi and Geddes, 1995). In parts of equatorial Africa, KS has pre-existed 

the current HIV epidemic. This is the endemic form and is usually more aggressive than 

classic KS, affecting the lymph nodes as well as the extremities and also occurring in 

children (Bayley, 1984, Downing et al, 1984). This paediatric lymph nodal form may be 

a manifestation of primary infection, analogous to EBV-associated infectious 

mononucleosis (Boshoff and Weiss, 2001). Over the last 20 years the incidence of KS in 

patients receiving organ transplants and other immunosuppressive therapy has increased 

(Harwood et al, 1979). This is more common in countries where classic or endemic KS 

occurs or in patients originating from these countries that have since moved elsewhere 

(reviewed in Boshoff and Weiss, 2001). AIDS-associated KS is the most common 

neoplasm in patients with AIDS (Beral et al, 1990, Rabkin et al, 1995). The distribution 

of AIDS-KS, occuring primarily in homosexual men, is consistent with a sexually 

transmitted cofactor.

There are a number of lines of evidence that KSHV causes KS:

■ KSHV DNA is found in all KS lesions (reviewed in Schulz, 1998, Boshoff and 

Weiss, 2001) but not in surrounding healthy skin or other vascular tumours (lARC,

1997).

■ KSHV DNA, RNA and proteins are detectable in KS spindle cells, the presumed 

neoplastic component (Boshoff et al, 1995, Li et al, 1996, Davis et al, 1997, 

Rainbow et al, 1997, Staskus et al, 1997, Sturzl et al, 1997, Dupin et al, 1999, 

Kellam et al, 1999, Katano et al, 2000a).

■ KSHV is monoclonal in advanced lesions suggesting that virus infection precedes 

clonal expansion (Judde et al, 2000).

■ The incidence of KS is high in populations with a high KSHV seroprevalence (see 

section 1.2.7).
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■ The detection of KSHV by PCR in the peripheral blood (Whitby et al, 1995, Moore 

et al, 1996c), or seroconversion to KSHV antigens (Gao et ai, 1996, Martin et al,

1998), predicts the subsequent development of KS.

■ Treatment with inhibitors of herpesvirus DNA polymerase reduces the rate of 

appearance of new KS lesions in AIDS patients (Jones et al, 1995, Glesby et al, 

1996, Mocroft et al, 1996).

Early stage KS lesions, known as the patch stage, are composed of small, irregular, 

endothelial-lined spaces that surround normal blood vessels. These are accompanied by 

an infiltrate of inflammatory cells, such as CD8+ T-cells, monocyte/macrophages and 

dendritic cells (Uccini et al, 1997, Ensoli and Sturzl, 1998, Fiorelli et al, 1998). As the 

disease progresses, a spindle-celled vascular process expands throughout the dermis and 

these spindle cells form slit-like, vascular channels that contain red blood cells (plaque 

stage). Late stage lesions, known as the nodular stage, consist of sheets of spindle cells 

and slit-like vascular spaces. The spindle cells are thought to be the tumour cells but their 

origin is unclear. The majority express lymphatic endothelial cell markers, such as 

vascular endothelial growth factor (VEGF) receptor-3 (VEGFR-3) and podoplanin 

(Jussila et al, 1998, Dupin et al, 1999, Weninger et al, 1999) while some express 

proteins more characteristic of smooth muscle, macrophages and dendritic cells or 

several of these at once (Nickoloff and Griffiths, 1989, Sturzl et al, 1992, Uccini et al,

1994). This suggests that the cells most likely derive from a multipotent precursor cell 

whose progeny give rise to haematopoietic and endothelial cells.

In early KS lesions, only around 10% of spindle and endothelial cells are KSHV positive 

(Dupin et al, 1999). In late stage nodular lesions around 90% of spindle cells contain 

KSHV, suggesting that the virus provides a growth advantage to infected cells (Boshoff 

et al, 1995, Staskus et al, 1997, Sturzl et al, 1999a). These data indicate that early stage 

KS is a polyclonal hyperplasia that only develops into a true clonal malignancy as the 

disease progresses. This is supported by work showing that KSHV terminal repeat 

sequences in nodular KS lesions display all patterns of clonality (mono, oligo and 

polyclonal) (Judde et al, 2000) suggesting the disease begins as a polyclonal hyperplasia 

that develops (through oligoclonality) into a monoclonal tumour. This may be analogous 

to EBV-associated PTLD that can progress from a polyclonal hyperplasia to monoclonal 

tumours in the context of immunosuppression (Knowles et al, 1995). Also, regression of 

AIDS-KS can occur (Janier et al, 1985, Brooks, 1986), especially after the start of
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highly active anti-retroviral therapy (HAART) (Lebbe et al, 1998), and post-transplant 

KS upon the withdrawal of immunosuppressive therapy (Zisbrod et al, 1980).

Paracrine factors may be involved in disease progression (Gallo, 1998, Dupin et al,

1999). KS spindle cells promote KS-like lesions in nude mice by recruiting and inducing 

the growth of mouse cells (Salahuddin et al, 1988, Ensoli et al, 1989, Ensoli et al,

1994). This may be mediated by the ThI cytokines interferon (IFN)-y, TNF, IL-1 and IL- 

6 produced by the invading inflammatory cells. IFN-y reactivates latent virus (Chang et 

al, 2000) and ThI cytokines increases KSHV DNA load in cultured PBMC (Monini et 

al, 1999b). IL-6 enhances the proliferation of KS cells in culture (Miles et al, 1990). 

Also, these cytokines induce the production of basic fibroblast growth factor (bPGF) by 

spindle cells, which functions as a KS cell growth factor. These ThI cytokines lead to 

further inflammatory cell recruitment through the production of the chemokines 

macrophage chemoattractant protein-1 (MCP-1), IL-8, regulated on activation normal T- 

cell expressed and secreted (RANTES), macrophage inhibitory protein (MlP)-la and Ip 

and the angiogenic factors bPGF and VEGF. KSHV also encodes a number of cytokine 

homologues that may be involved in KS pathogenesis (see section 1.2.9).

The more aggressive nature of AIDS-KS may be due to the severe immunosuppression 

of these patients allowing KSHV replication. The induction of KS cell growth, 

angiogenesis and KSHV replication by human immunodeficiency virus-1 (HIV-1) Tat 

may also exacerbate the condition (Vogel et al, 1988, Ensoli et al, 1990, Ensoli et al, 

1993, Harrington et al, 1997).

1.2.5.2 Primary effusion iymphoma (PEL)

Unusual malignant lymphomas presenting in the body cavities of AIDS patients were 

described in 1989 and termed body cavity-based lymphoma (BCBL) (Knowles et al, 

1989). Soon after the discovery of KSHV in KS, Cesarman and co-workers found that 

KSHV was specifically associated with this rare form of lymphoma (Cesarman et al, 

1995a). The existence of BCBLs negative for KSHV prompted the re-naming of KSHV- 

positive cases as PEL to reflect the initial presentation (Nador et al, 1996). PEL 

normally manifests as malignant effusions in the pleural, pericardial or peritoneal 

cavities, but without significant tumour mass (reviewed in Cesarman and Knowles,

1999). PEL cells specifically home to the serous membranes to which they adhere
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(Carbone and Gaidano, 1997). The majority of PEL patients are HIV positive with 

advanced immunosuppression (Komanduri et al, 1996). However, PEL has also been 

observed in HIV negative men and women (Carbone et al,  1996, Nador et al, 1996, 

Said et al, 1996). PEL cells contain rearranged Ig genes, indicating a B-cell origin 

(Knowles et al, 1989, Cesarman et al, 1995a). The stage of B-cell development 

represented by PEL is discussed in Chapter 5.

The association between KSHV and PEL has been confirmed by multiple studies 

(Pastore et al, 1995, Carbone et al, 1996, Otsuki et al, 1996, Gessain et al, 1997, 

Karcher and Alkan, 1997). KSHV is present within every PEL cell (Lennette et al, 1996, 

Kellam et al, 1997, Rainbow et al, 1997, Dupin et al, 1999, Katano et al, 2000b) and, 

in around 80% of cases, PEL cells also contain EBV (Cesarman and Knowles, 1999). 

EBV co-infection is primarily observed in AIDS patients. The presence of clonal Ig gene 

rearrangements suggests PEL is a clonal tumour (Nador et al, 1996). KSHV terminal 

repeats are also clonal in PEL, demonstrating that KSHV infection preceded tumour 

expansion (Judde et al, 2000). PEL is uncommon, even in populations with high KSHV 

seroprevalence, suggesting other factors are necessary for its development. The high 

incidence of EBV co-infection suggests it may be one such factor. However, the finding 

that EBV doesn’t express EBNA 2 and 3 and only low levels of LMP-1 (Horenstein et 

al, 1997, Szekely et al, 1998, Callahan et al, 1999) makes it unlikely that EBV is 

directly driving PEL cell proliferation. As with KS, HIV Tat may also be involved in the 

exacerbation of PEL as it can induce PEL cells to migrate and adhere to endothelial cells 

(Chirivi et al, 1999). PEL cases rarely show alterations of the Bcl-2, ras and p53 genes 

but the regulatory region of the BCL-6 gene is frequently mutated (Gaidano et al, 1999). 

PEL cells do not exhibit c-myc translocations (Cesarman et al, 1995a, Karcher and 

Alkan, 1997) but do posses numerous other chromosomal abnormalities (Knowles et al, 

1995, Drexler et al, 1998, Cesarman and Knowles, 1999, Gaidano et al, 1999). The lack 

of any common abnormality is consistent with direct transformation by KSHV.

Similar to KS, PEL cell growth is enhanced by cytokines. Interleukins 6 and 10 and their 

receptors are expressed at high levels by PEL cells in vitro (Drexler et al, 1999). The 

growth of PEL cells in severe combined immunodeficiency (SCID) mice is inhibited by 

antibodies to human IL-6, indicating that it acts as an autocrine growth factor (Poussât et 

al, 1999). VEGF may also act as an autocrine growth factor in vivo (Aoki and Tosato,
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1999). KSHV encodes a number of homologues of cellular genes, including IL-6, which 

may be involved in PEL tumourigenesis (sections 1.2.8 and 1.2.9).

1.2.5.3 Multicentric C astlem an 's d isease  (MCD)

MCD is an unusual lymphoproliferative disorder that is characterised by 

lymphadenopathy, episodes of fever and splenic infiltration (reviewed in Peterson and 

Frizzera, 1993). MCD is more common in HIV infected individuals where it is often an 

aggressive disease. A characteristic of MCD is its close association with KS, which led 

Soulier and colleagues to look for, and find, KSHV DNA in MCD tissue (Soulier et ai,

1995). KSHV is present in almost all cases of MCD in AIDS patients and in around half 

of those in HIV negative individuals (Corbellino et ai, 1996, Gessain et al, 1996, Luppi 

et al, 1996, Chadbum et al, 1997). KSHV positive MCD cases are now recognised as 

forming a distinct subset of MCD, named plasmablastic MCD, which contains large 

plasmablastic cells, all of which harbour KSHV (Dupin et al, 1999, Dupin et al, 2000, 

Parravicini et al, 2000, Du et al, 2001). These plasmablasts localise mainly in the 

mantle zone of B-cell follicles. Consistent with this, the lack of somatic mutations in the 

rearranged Ig heavy and light chain genes indicate that they originate from naïve B-cells 

(Du et al, 2001). KSHV infected plasmablasts are CD20+ CD5- CD23- CD30- CD38- 

CD45- (Dupin et al, 1999, Parravicini et al, 2000). The cells show IgM X light-chain 

restriction (Dupin et al, 2000) whereas neighbouring KSHV negative mantle zone B- 

cells and interfollicular plasma cells are polytypic. Unlike PEL cells, co-infection by 

EBV has not been detected in MCD plasmablasts (Dupin et al, 2000, Du et al, 2001). 

Similar to PEL, IL-6 and its viral homologue have been implicated in MCD pathogenesis 

(section 1.2.9).

Despite invariable expression of cytoplasmic IgM X (Dupin et al, 2000), studies 

examining the number of KSHV terminal repeats (Judde et al, 2000) or Ig 

rearrangements (Du et al, 2001) indicate that MCD plasmablasts are polyclonal in 

origin. A number of patients with KSHV-associated plasmablastic MCD will progress to 

develop a monoclonal plasmablastic lymphoma (Dupin et al, 1999, Dupin et al, 2000, 

Du et al, 2001, Oksenhendler et al, 2002). This is therefore akin to the development of 

KS from a polyclonal neoplasia into a monoclonal tumour (section 1.2.5.1).
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1.2.6 Cell tropism

All gammaherpesviruses infect lymphoid cells (Roizman and Pellett, 2001). As 

previously discussed, KSHV is associated with B-cell lymphoma. KSHV can also be 

detected in peripheral blood CD 19+ B-cells of individuals with KS (Ambroziak et al,

1995, Harrington et al, 1996, Henry et al, 1999, Monini et al, 1999b). Infection of 

human tissue grafts in SCID mice reveals that after a period of lytic infection, latent 

virus is detected primarily in CD 19+ B-cells (Dittmer et al, 1999). However, neither 

primary nor transformed human B-cells support latent infection in vitro (Mesri et al,

1996, Friborg et al, 1998, Renne et al, 1998). Productive infection can be detected in 

cells identified as monocytes in KS lesions and KSHV DNA in monocytes in peripheral 

blood (Blasig et al, 1997, Henry et al, 1999, Monini et al, 1999b). These cells may be 

identical to the circulating KSHV-positive macrophage-like spindle cells identified in KS 

patients (Sirianni et al, 1997). However, these data have not been reproduced by others 

(Parravicini et al, 2000). KSHV has also been found in purified peripheral blood T-cells, 

albeit rarely (Harrington et al, 1996, Henry et al, 1999). The infection of CD34+ stem 

cells (Henry et al, 1999, Mikovits et al, 2001) may explain how KSHV DNA becomes 

present in both lymphoid and myeloid lineages.

KS spindle cells lose the virus in culture (Foreman et al, 1997). Therefore, a number of 

attempts have been made to derive an in vitro infection system to act as a model. The 

human embryonic-kidney epithelial cell line 293 supports productive infection and 

limited serial passage by KSHV, but only 1% of cells become infected (Foreman et al,

1997, Friborg et al, 1998). Similarly, around 1-5% of bone marrow microvascular and 

human umbilical vein endothelial cells (BMVECs and HUVECs respectively) support 

KSHV infection (Flore et al, 1998). Although only a small number of cells become 

infected, the paracrine induction of VEGF and its receptor, kinase domain receptor 

(KDR), leads to transformation of all cells in the culture and KSHV infection is 

maintained (Flore et al, 1998, Masood et al, 2002). This may therefore represent a 

valuable model for early-stage KS lesions. In addition to endothelial cells in KS lesions, 

KSHV mRNA has been detected in kératinocytes of the overlying epidermis (Foreman et 

al, 1997, Reed et al, 1998). KSHV is also able to infect kératinocytes in vitro (Cerimele 

et al, 2001). This suggests that, similar to EBV, KSHV infection of epithelial cells may 

play a role in transmission of the virus.
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Of all the cell types tested, KSHV infection of dermal microvascular endothelial cells 

(DMVECs) is the most efficient (Moses et al, 1999, Cannon et al, 2000, Ciufo et al, 

2001, Dezube et al, 2002). The majority of cells become latently infected and convert to 

a spindle-cell morphology, with around 5% spontaneously entering lytic replication 

(Moses et al, 1999, Ciufo et al, 2001). This may therefore more closely model late- 

stage KS lesions. However, DMVECs are not transformed by KSHV and require either 

immortalisation by human papilloma virus (HPV) E6 and E7 (Moses et al, 1999) or 

addition of fresh cells (Ciufo et al, 2001) for their propagation. Infection of DMVECs 

has been used to study the effects of KSHV latency and lytic replication on host gene 

expression (section 1.3.7).

1.2.7 Epidemiology and transm ission

Unlike most human herpesviruses, KSHV is not spread universally through the human 

population. The seroprevalence of KSHV in northern Europe, North America and Asia is 

generally found to be fewer than 5% (Gao et al, 1996, Simpson et al, 1996, Kedes et 

al, 1997a, Katano et al, 2000a). As with KS, in the West KSHV antibodies are found 

predominantly in HIV-positive homosexual men (Gao et al, 1996, Kedes et al, 1996, 

Lennette et al, 1996, Simpson et al, 1996, Kedes et al, 1997a). The seroprevalence in 

this population is 32-85% depending on the antigen tested (Lennette et al, 1996, 

Simpson et al, 1996). The highest seroprevalence in healthy populations are found in 

sub-Saharan Africa (40%) (Ablashi et al, 1999, Schulz, 2000), consistent with the 

localisation of endemic KS. In Mediterranean countries, the seroprevalence averages 

10%, explaining the concentration of classic KS cases in patients of this extraction. The 

incidence of classic KS in Italy varies by region in parallel to KSHV prevalence (Geddes 

et al, 1995, Calabro et al, 1998, Whitby et al, 1998). Classic KS and KSHV antibodies 

are common in both Sephardi and Ashkenazi Jews suggesting that KSHV entered the 

Jewish population before the Diaspora (Zahger et al, 1993, Fenig et al, 1998, 

Davidovici et al, 2001).

KSHV can be sub-typed based on the sequence of ORF K1 (Nicholas et al, 1998, 

McGeoch and Davison, 1999). Different subtypes have different geographical 

distributions and are associated with different ethnic groups (Cook et al, 1999, 

Hayward, 1999, Meng et al, 1999, Poole et al, 1999, Zong et al, 1999a, Lacoste et al,
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2000a). Subtype B is almost exclusively linked with Africa, subtype C is found in 

patients from the Middle East and Mediterranean Europe, subtype A in western Europe 

and North America, subtype D in a small number of individuals from the Pacific Islands 

and subtype E from people indigenous to South America. The sequence divergence of 

K1 suggests it is currently under some sort of evolutionary pressure (Kasolo et al, 1998, 

Nicholas et al, 1998, Zong et al, 1999a) but it is unknown how this might affect its 

function (section 1.2.9.8).

In homosexual men, KSHV infection is associated with the number of male partners and 

history of sexually transmitted infections (Martin et al, 1998, Grulich et al, 1999). 

KSHV seroprevalence is also associated with HIV infection in female prostitutes and 

high-risk sexual behaviour in American women (Cannon et al, 2001). This relationship 

between seroprevalence and sexual behaviour suggests that KSHV can be transmitted 

sexually. Consistent with this, KSHV has been found in the genital tract of seropositive 

women (Whitby et al, 1999) and in prostate and semen (Monini et al, 1996, Staskus et 

al, 1997, Diamond et al, 1998, Pellett et al, 1999). In Africa, KSHV is likely to be 

acquired at an early age as endemic KS is seen in children (Ziegler and Katongole- 

Mbidde, 1996). In endemic areas, the prevalence of antibodies to KSHV increases 

steadily with age (Olsen et al, 1998, Sitas et al, 1999, Rezza et al, 2000) and this 

occurs before puberty (Bourboulia et al, 1998, He et al, 1998, Mayama et al, 1998, 

Gessain et al, 1999). Mother-to-child and sibling-to-sibling transmissions have been 

shown to occur in South Africa and French Guyana (Bourboulia et al, 1998, 

Plancoulaine et al, 2000). Familial transmission of KSHV has also been documented in 

Italian, Israeli and Egyptian children (Andreoni et al, 1999, Whitby et al, 2000, 

Davidovici et al, 2001). The presence of KSHV DNA in saliva (Koelle et al, 1997, 

Cattani et al, 1999) suggests this may be the route of such transmission.

1.2.8 G enes exp ressed  during latent infection

It became apparent soon after the discovery of the virus that cells infected in vivo 

contained closed circular viral DNA (Decker et al, 1996, Renne et al, 1996a) and a 

highly restricted pattern of gene expression (Zhong et al, 1996), hallmarks of latent 

infection. Because KSHV is latent in the majority of tumour cells it seems likely that the
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genes expressed during latency play a major role in the pathogenesis of KSHV 

associated cancer.

Genes shown thus far to be expressed in all infected cells are LNA-1, encoded by ORF 

73 (Kedes et al, 1997b, Kellam et al, 1997, Rainbow et al, 1997), v-cyclin (ORF 72) 

and v-FLIP (ORF 71). These genes, all adjacent in the genome, are co-transcribed on two 

polycistronic mRNAs, LTl (LNA-l/v-cyclin/v-FLIP) and LT2 (v-cyclin/v-FLIP) 

(Dittmer et al, 1998, Sarid et al, 1999, Talbot et al, 1999), in all PEL and KS spindle 

cells (Davis et al, 1997, Staskus et al, 1997, Dittmer et al, 1998, Reed et al, 1998, 

Ascherl et al, 1999, Sarid et al, 1999, Sturzl et al, 1999b). The presence of LNA-1 

protein has been demonstrated in all infected cells in KS, PEL and MCD (Lennette et al,

1996, Kellam et al, 1997, Rainbow et al, 1997, Dittmer et al, 1998, Dupin et al, 1999, 

Dupin et al, 2000, Katano et al, 2000b, Parravicini et al, 2000). v-Cyclin (Platt et al,

2000) and v-FLIP (Low et al, 2001) proteins are expressed in latent PEL cells in vitro. 

In addition, the T0.7 transcript is expressed in all KSHV infected cells (Blasig et al,

1997, Staskus et al, 1997, Sturzl et al, 1997, Sadler et al, 1999, Staskus et al, 1999, 

Sturzl et al, 1999b). K15 protein is expressed in all PEL cells in vitro and in KSHV- 

positive plasmablasts in vivo (Sharp et al, 2002).

1.2.8.1 Latent nuclear antigen (LNA-1)

As well as acting to tether the viral episomes to the host chromosomes, LNA-1 has been 

shown to possess a number of other functions. Transient transfection studies show that 

LNA-1 can up-regulate expression from a number of different promoter sequences 

(Radkov et al, 2000, Renne et al, 2001) including that of telomerase (Knight et al,

2001). LNA-1 transactivates expression from the LT1/LT2 promoter (Jeong et al, 2001, 

Renne et al, 2001) suggesting it may maintain expression of these transcripts while the 

majority of the viral genome remains silent. LNA-1 can also repress transcription from 

some promoters (Krithivas et al, 2000, Schwam et al, 2000, Renne et al, 2001), 

although it is unclear whether LNA-1 represses host or viral gene expression in vivo. In 

this regard, LNA-1 may be functionally equivalent to EBNA-2. The effects of LNA-1 on 

transcription may be due to its binding to a number of cellular proteins implicated in 

transcriptional regulation such as RINGS (Platt et al, 1999), activating transcription 

factor (ATF)-4/cyclic AMP response element binding protein (CREB)-2 (Lim et al,

2000) and mSinSA (Krithivas et al, 2000). mSinSA is a component of a co-repressor
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complex that recruits histone deacetylases to promoters. LNA-1 also interacts with other 

members of this complex, SAP30 and CIR, although it is unknown whether this actually 

occurs in KSHV infected cells. The promoter of Rta, the viral transactivator of lytic 

replication, is heavily methylated in latent cells and thus transcriptionally inactive (Chen 

et al, 2001). Méthylation of DNA leads to the loss of histone HI and recruitment of 

repressor complexes containing mSin3A and histone deacetylase. Therefore it is 

tempting to speculate that LNA-1 acts to repress Rta expression, thus maintaining 

latency.

LNA-1 binds p53, repressing its transcriptional activity and its ability to induce apoptosis 

(Friborg et al, 1999). LNA-1 is complexed with p53 in PEL cell lines and so may be 

responsible for inhibiting the p53-dependent induction of apoptosis by gamma-radiation 

that is observed in PEL cells. LNA-1 also transactivates promoters that are dependent on 

retinoblastoma protein (pRb)-E2F and associates with the hypophosphorylated form of 

pRb in transfected cell lines (Radkov et al, 2000). This binding of LNA-1 to pRb is 

dependent on the “pocket region” of pRb that mediates its interaction with E2F. LNA-1 

is also able to abrogate the induction of cell cycle arrest induced by pRb. These data 

suggest that LNA-1 is able to compete with E2F for binding of pRb, freeing E2F to 

activate the transcription of genes involved in cell cycle progression. Aberrant E2F 

activity can trigger apoptosis via the p53 pathway. Therefore the inhibition of p53 by 

LNA-1 allows latent KSHV to promote cell cycle progression whilst inhibiting 

apoptosis. This suggests that LNA-1 is functionally equivalent to oncogenic proteins in 

other DNA tumour viruses such as large T antigen of simian virus 40 (SV40) and E6/E7 

of HPV. Consistent with this, LNA-1 is able to transform primary rat embryo fibroblasts 

in co-operation with H-ras and render them tumourigenic in nude mice (Radkov et al, 

2000).

Interestingly, pRb is thought to mediate some of its repressive effects on transcription via 

the recruitment of histone deacetylases and is able to bind the mSin3A co-repressor 

complex via RBPl (Lai et al, 2001). The other binding partner of LNA-1, RING3, 

transactivates cell cycle regulatory genes through E2F and is able to bind E2F containing 

complexes (Denis et al, 2000). Therefore the effects of LNA-1 on transcription may be 

mediated through pRb and E2F pathways (Figure 1.7).
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1.2.8.2 Viral cyclin (v-cyclln)

KSHV encoded v-cyclin is a human cyclin D homologue, most closely related to cyclin 

D2. Human cyclin D binds to and activates CDK4 and CDK6, which are able to 

phosphorylate pRb, releasing the repression on E2F. E2F is then free to activate the 

transcription of S-phase genes, such as cyclin E, whose products are needed to progress 

from G1 to S phase of the cell cycle (reviewed in Adams, 2001). v-cyclin is also able to 

phosphorylate pRb in vitro in complexes with CDK6 and, to a lesser extent, CDK4 

(Godden-Kent et al, 1997, Li et al, 1997). However, unlike cellular cyclin D/CDK6 

complexes, phosphorylation of pRb by v-cyclin/CDK6 is insensitive to inhibition by the 

CDK inhibitors (CKI) pl6™“ “, p2l“ '”‘ and p27™‘ (Swanton et al., 1997). Ectopic 

expression of v-cyclin in quiescent fibroblasts prevents CKI imposed G1 arrest and 

stimulates entry into S-phase. This provides a model of how v-cyclin may dysregulate 

the cell cycle by encoding its own G1 cyclin. The targeting of the pRb-E2F pathway by 

both LNA-1 and v-cyclin (Figure 1.7) may explain their transcriptional co-regulation.

v-cyclin/CDK6 can also phosphorylate histone HI (Godden-Kent et al, 1997, Li et al, 

1997) and the CDK2 substrates p27^^ (Ellis et al, 1999, Mann et al, 1999), Id-2, cell 

division cycle (GDC) 25a (Mann et al, 1999), E2F-4 (Duro et al, 1999), origin 

recognition complex 1 (ORCl) and CDC6 (Laman et al, 2001). v-cyclin/CDK6 

phosphorylation of p27^^^ induces its ubiquitin-mediated destruction and in doing so 

overcomes p27^^^ induced cell cycle arrest (Ellis et al, 1999, Mann et al, 1999). As 

well as inhibiting D-type cyclin-CDK complexes, p27^^^ also inhibits cyclinE/CDK2. 

The degradation of p27™’̂  induced by v-cyclin/CDK6 therefore results in D-type and E- 

type cyclin/CDK activity independent of cellular controls. The relevance of this for in 

vivo pathogenesis is suggested by the observation that lymphocytes are largely 

maintained in GO/Gl by high levels of p27^^^ and that CDK6 precipitated from PEL 

cells is able to phosphorylate pRb and p27^^^ (Ellis et al, 1999).

Origin recognition complex 1 (ORCl) and CDC6 are candidate replication proteins 

whose phosphorylation is thought to be important for recognition of the origins of DNA 

replication. Their phosphorylation by v-cyclin/CDK6 may explain the ability of this 

complex to functionally substitute for cyclinA/CDK2 to initiate DNA replication (Laman 

et al, 2001). v-cyclin/CDK6 also prolongs S-phase in transfected cell lines.
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v-cyclin can also trigger apoptosis in cells with elevated levels of CDK6 (Ojala et al,

1999) probably by phosphorylating and inactivating the cellular anti-apoptotic factor 

Bcl-2 (Ojala et al, 2000). It is unclear why latent virus might want to trigger apoptosis. 

However, the phosphorylation of Bcl-2 may be linked to its role in the cell cycle since in 

uninfected cells the phosphorylation of Bcl-2, possibly by cyclinB/Cdc2, is a marker of 

M phase events (Ling et al, 1998). Interestingly, the KSHV Bcl-2 homologue (vBcl-2) 

encoded by ORF 16 protects against v-cyclin/CDK6 induced apoptosis (Ojala et al,

2000). Also, p53 loss prevents v-cyclin-mediated induction of apoptosis, allowing cell 

expansion (Verschuren et al, 2002). This could be recapitulated by LNA-1 during latent 

infection.

v-cyclin/CDK6 has a much expanded substrate repertoire to host cyclinD/CDK 

complexes and mimics cyclinE/CDK2, cyclinA/CDK2 and possibly cyclinB/Cdc2 

(Figure 1.7). Therefore, the apparent redundancy between v-cyclin and LNA-1 in both 

targeting pRb is only likely to encompass one aspect of their respective functions.
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Figure 1.7. A model for LNA-1 and v-cyclin function during the cell cycle.
In uninfected cells passage across the restriction point (R) during G1 is controlled by the binding 
of the retinoblastoma protein (pRb) to E2F (reviewed in Harbour and Dean, 2000, Adams, 2001). 
The phosphorylation of pRb by cyclinD/CDK complexes frees E2F from the inhibitory effects of 
histone deacetylase (HDAC) allowing the transcription of genes such as cyclins E and A which 
are needed for passage into S-phase (S). cyclin E/C DK2 activity leads to the phosphorylation and 
destruction of p27 '̂^^ allowing the cell cycle to proceed. CyclinA/CDK2 activity during S-phase, 
for example phosphorylation of the candidate replication proteins orcl and cdc6, leads to DNA 
synthesis. Aberrant cell growth can trigger cell cycle arrest or apoptosis in late G1 due to E2F-

y |A R F /|ARF u. ,i._ omediated activation of pi 4  expression
p53 complex preventing p53 degradation

p i4 binds to the mouse double minute 2 (MDM2)-

In KSHV infected cells, the latent proteins LNA-1 and v-cyclin act at multiple points during the cell 
cycle. Binding of LNA-1 to hypophosphorylated pRb frees E2F allowing transcription of S-phase 
genes (Radkov et a/., 2000). As LNA-1 can also bind mSin3 (Krithivas et al., 2000) this too may 
be present in the LNA-1-pRB complex. The kinase RING3 is known to bind E2F (Denis et a/., 
2000) and LNA-1 can bind RINGS (Platt et a!., 1999) suggesting LNA-1 may be directly involved 
in E2F-stimulated gene expression, v-cyclin activates CDK6 to phosphorylate pRb (Godden-Kent 
et a/., 1997, Li et al., 1997), further shifting the equilibrium towards free E2F. Unlike host 
cyclinD/CDK complexes, v-cyclin/CDK6 is immune to inhibition by the CDK inhibitors pio'^ "̂*®, 
p21 "̂^  ̂ and p27*̂ '  ̂ (Swanton et al., 1997). Like host cyclinE/CDK2, v-cyclin CDK6 is able to 
phosphorylate p27*̂ '̂  ̂ overcoming p27 "̂^  ̂ mediated cell cycle arrest (Ellis et al., 1999, Mann et 
al., 1999). v-cyclin/CDK6 is also able to phosphorylate the cyclinA/CDK2 substrates 0RC1 and 
CDC6 (Laman et al., 2001). This may explain the ability of v-cyclin/CDK6 to functionally 
substitute for cyclin A/CDK2 to initiate DNA replication. LNA-1 binds p53, repressing its 
transcriptional activity and its ability to induce apoptosis (Friborg et al., 1999). Thus, by 
substituting its own proteins at multiple stages during the cell cycle, KSHV is able to control cell 
cycle progression independently of cellular controls.
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1.2.8.3 Viral FLICE inhibitory protein (v-FLIP)

v-FLIP is a homologue of the cellular protein FLIP (Irmler et al, 1997). FLIPs contain 

death-effector domains that interact with the adapter protein Fas-associated death domain 

(FADD), inhibiting the recruitment and subsequent activation of the protease FLICE by 

the CD95 (Fas) death receptor. v-FLIPs from other gammaherpesviruses were found to 

protect cells from Fas, tumour necrosis factor receptor-1 (TNFR-1), translocating chain- 

association membrane protein (TRAMP) and TNF-related apoptosis-inducing ligand 

receptor (TRAIL-R) mediated apoptosis (Bertin et al, 1997, Thome et al, 1997). KSHV 

v-FLIP is also able to protect cells from Fas-mediated apoptosis and permits clonal 

growth in the presence of Fas ligand. Furthermore, v-FLIP expressing B-cells develop 

into tumours in mice by preventing death-receptor induced apoptosis triggered by CTL 

immunosurveillance (Djerbi et al, 1999). Indeed, KS cells were shown to be resistant to 

Fas-mediated apoptosis before v-FLIP was identified (Mori et al, 1996). v-FLIP has also 

been directly implicated in the pathogenesis of KS because expression of v-FLIP 

transcripts is increased in late-stage KS lesions, which also show reduced apoptosis 

(Sturzl et al, 1999a). v-FLIP also binds to inhibitor of N F - k B  ( I k B )  kinase, resulting in 

its activation and the downstream induction of NF-KB (Liu et al, 2002). Activation of 

NF-KB by KSHV may be necessary for the survival of PEL cells (Keller et al, 2000).

v-FLIP is likely to be expressed from an internal ribosome entry site (1RES) located 

within the v-cyclin ORF (Bieleski and Talbot, 2001, Grundhoff and Ganem, 2001, Low 

et al, 2001). Two cellular proteins are known to be expressed from 1RES elements 

specifically during the G2/M phase of the cell cycle. The use of an 1RES for translation 

enables these mRNAs to bypass the general inhibition of cap-dependent translation in 

G2/M phase-arrested cells. Therefore expression of v-FLIP from an 1RES would ensure 

the infected cell is protected from CTL-induced cell killing throughout the cell cycle 

(Bieleski and Talbot, 2001).

1.2.8.4 Kaposin

In situ hybridisation shows that the T0.7 transcript, encoding kaposin A, is expressed in 

all KS tumours examined, from early to late stages (Staskus et al, 1997, Sturzl et al, 

1997, Sturzl et al, 1999b) and in PEL and MCD (Staskus et al, 1999). In advanced 

tumours the vast majority of spindle cells are positive for this transcript indicating it may
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have an important role in latent infection. Although T0.7 has been shown to be expressed 

in uninduced PEL cell lines (Renne et al, 1996b), more recent results indicate it is not 

present in PEL cell lines, but in its place exists a longer transcript whose length varies in 

different cell lines and KS biopsies (Sadler et al, 1999). These mRNAs are 3' coterminal 

with T0.7 and extend into a series of polymorphic direct repeats; DRl and DR2. These 

transcripts are expressed during latency and up-regulated upon stimulation of lytic 

replication with TPA (Sadler et al, 1999). Translation of the longer transcripts appears 

to be initiated from CUG and GUG codons in vitro giving rise to kaposins B and C. 

These can be detected in a small subsets of cells in cultures of the PEL cell line BCBL-1 

(Kliche et al, 2001) but their function is unknown. All transcripts contain the K12 ORF 

that encodes the small 60 amino acid protein kaposin A (Russo et al, 1996, Sadler et al, 

1999). Kaposin A is a transmembrane protein that is present in many, but not all, BCBL- 

1 cells (Kliche et al, 2001). Expression of kaposin A transforms NIH3T3 cells (Kliche et 

al, 2001) and Rat-3 cells, which can form highly vascular sarcomas upon subcutaneous 

injection into athymic nude mice (Muralidhar et al, 1998). The phenotypic changes 

associated with kaposin A-mediated transformation require the binding and subsequent 

membrane recruitment of the guanine nucleotide exchange factor cytohesin-1 (Kliche et 

al,  2001).

1.2.8.5 K15

The finding that KSHV encodes a functional homologue of the major latent nuclear 

antigen of EBV suggests it may also contain an equivalent of the EBV LMP-1, 2A  and 

2B. K15 of KSHV shares a similar genomic location and intron-exon structure to EBV 

LMP-2A and both encode proteins predicted to have 12 transmembrane domains (Glenn 

et al, 1999, Poole et al, 1999, Choi et al, 2000). K15 exists in two distinct forms, P 

(predominant) and M (minor), which share very little sequence homology (Poole et al,

1999). The M form is thought to have derived from recombination with an unknown 

herpesvirus. It is currently unknown how the sequence differences may affect the 

functions of these two forms. K15 transcripts can be detected weakly by northern blot in 

latent PEL cell lines and are up-regulated by TPA (Glenn et al, 1999, Choi et al, 2000). 

K15 protein is latently expressed in PEL cell lines and in MCD, and protein levels do not 

increase during lytic replication (Sharp et al, 2002). Like EBV LMP-1, both forms of 

K15 have putative SH2, SH3 and TRAP binding domains (Glenn et al, 1999, Choi et al,

2000). Recombinant K15-P localises to membranes and interacts with TRAFs (Glenn et
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al, 1999). More detailed analysis shows that the majority of K15 protein is localised to 

the mitochondria and ER where it interacts with HAX-1, a protein of anti-apoptotic 

function (Sharp et al, 2002). K l5 may also act to down-regulate BCR signal 

transduction (Choi et al, 2000).

1.2.9 G enes expressed  during lytic replication

ORE 25 mRNA, encoding MCP (Moore et al, 1996b, Nealon et al, 2001), can only be 

detected in late stage KS in a subset of T0.7 expressing cells (Staskus et al, 1997). This 

result is echoed in PEL (Staskus et al, 1999) suggesting that only a minority of infected 

cells are actively producing new virus in these lesions. This is in contrast to MCD where 

many infected cells express MCP RNA (Staskus et al, 1999). vIL-6 is expressed in 10- 

30% of KSHV-positive plasmablasts in MCD (Parravinci et al, 1997, Du et al, 2001) 

but only 1-5% in PEL and KS (Moore et al, 1996a, Ascherl et al, 1999, Staskus et al, 

1999, Katano et al, 2000b, Parravicini et al, 2000, Brousset et al, 2001). Other lytic 

proteins are also expressed in a higher proportion of cells in MCD than in PEL or KS 

(Katano et al, 2000b). This suggests that MCD tissue may be a major site for the 

production of new virus within the infected host. This is supported by the finding that 

KSHV terminal repeats (Judde et al, 2000) and Ig rearrangements (Du et al, 2001) are 

polyclonal in MCD.

The presence of replicating virus in KS, PEL and MCD suggests that lytic gene products 

may be in part responsible for the pathogenesis of these diseases. This is consistent with 

the finding that KSHV from KS, PEL and MCD has demethylated ORE 50 promoters 

compared to KSHV from PBMCs (Chen et al, 2001). It is also of note that patients with, 

or at risk of developing KS, have high antibody titres against KSHV lytic proteins 

(Goudsmit et al, 2000). Lytically expressed gene products could play a role in the 

pathogenesis of early KS hyperplasia through paracrine mechanisms as discussed in 

section 1.2.5.1. This is supported by the observation that KSHV infection of primary 

endothelial cells leads to transformation even though only 1-5% of cells become infected 

(section 1.2.6). Gene expression studies have identified a number of lytic genes in the 

KSHV genome (Chapter 4). A number of these are potentially involved in KSHV 

pathogenesis.

75



1.2.9.1 Viral Bcl-2 (vBcl-2) and viral inhibitor of apop to sis  (vlAP)

Viral Bcl-2 shares around 60% homology with human Bcl-2 family members such as 

Bcl-2 and myeloid cell leukaemia-1 (Mcl-l) (Sarid et al, 1997). Transfected vBcl-2 

inhibits Bax-mediated (Sarid et al, 1997) and virally induced (Cheng et al, 1997, 

Friborg et al, 1998) apoptosis. The protein does not heterodimerise with Bcl-2- 

associated X protein (Bax) or Bcl-2-antagonist/killer (Bak) (Cheng et al, 1997) and is 

not cleavable by caspases (Bellows et al, 2000). vBcl-2 interacts with, and inhibits the 

proapototic functions of the Bcl-2 family member Diva (Inohara et al, 1998). 

Interestingly, unlike most Bcl-2 family members, both Diva and vBcl-2 contain poorly 

conserved BH3 domains.

The protein encoded by the K7 ORF, vIAP, contains a BIR (baculovirus lAP repeat) and 

is most closely related to a splice variant of the human protein survivin (Wang et al,

2002). Both survivin and vIAP also share some homology with Bcl-2 family members in 

a putative BH2 domain. vIAP is able to bind to Bcl-2 through this BH2 domain and to 

caspase 3 through its BIR domain. As with vBcl-2, K7 can protect cells from Bax- 

induced apoptosis, as well as that induced by TNF-a, anti-Fas antibody. Thus, vIAP and 

vBcl-2 may act during lytic replication to inhibit host responses against viral DNA 

replication to ensure the cell survives long enough for the virus to assemble progeny.

1.2.9.2 Viral interferon regulatory factors (vIRFs)

Interferons (IFN) are named due to their ability to interfere with virus infection (Isaacs 

and Lindenmann, 1957). Type I IFNs (IFN-a and IFN-P) are induced directly by virus 

infection while type II IFN (IFN-y) is synthesised in response to the recognition of 

infected cells by T lymphocytes and NK cells. Interferons stimulate an antiviral state in 

target cells by inducing the transcription of genes containing an IFN-stimulated response 

element (ISRE) or IFN-y activation site (GAS) in their promoter. These sites are bound 

by interferon regulatory factors (IRFs), which regulate the expression of both IFN and 

downstream genes. It is not surprising that many viruses target the production or actions 

of interferons (reviewed in Goodboum et al, 2000).

Type I interferon has an inhibitory effect on the induction of KSHV lytic replication in 

PEL cell lines (Monini et al, 1999a, Zoeteweij et al, 1999, Chang et al, 2000), possibly
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explaining the beneficial effect of administration of this drug to KS patients (reviewed in 

Krown, 1998), Type II interferon activates lytic replication (Chang et al, 2000) 

indicating that the virus may be able to respond to host antiviral responses against latent 

proteins by killing and escaping from the infected cell.

The KSHV genome contains a number of ORFs with homology to IRFs. Of these, ORFs 

K9 and K ll.l, encoding vIRF-1 and vIRF-2 respectively, have been functionally 

annotated. vIRF-1 blocks type I and type II interferon and host IRF mediated 

transcriptional activation (Gao et al, 1997, Flowers et al, 1998, Li et al, 1998, Zimring 

et al, 1998, Burysek et al, 1999a). This inhibition of host interferon signalling has 

functional consequences. The expression of vIRF-1 blocks the induction of the cell cycle 

inhibitor p21̂ ^̂  ̂ by IFN-P (Gao et al, 1997) and IFN-a induced cell cycle arrest in the 

B-cell line Daudi (Flowers et al, 1998). vIRF-1 can also confer resistance to IRF-1 

mediated induction of apoptosis by TNF-a (Burysek et al, 1999a). Although vIRF-1 is 

able to bind IRF-1 and interferon consensus sequence binding protein (ICSBP) in vitro 

(Burysek et al, 1999a) and IRF-3 and IRF-7 in vivo (Lin et al, 2001) this does not 

appear to affect the properties of host IRFs. Rather vIRF-1 acts by competing with host 

IRFs for binding the co-activators GBP (Li et al, 2000, Seo et al, 2000, Lin et al, 2001) 

and p300 (Burysek et al, 1999a, Lin et al, 2001). Binding of vIRF-1 represses the 

histone acetylase activity of p300 and prevents binding of p300/CBP-associated factor 

(P/CAF), also a histone acetylase (Li et al, 2000). This is likely to be the same 

mechanism of action as adenovirus El A (Juang et al, 1998). vIRF-I therefore prevents 

host IRFs from acting to open up chromatin allowing the transcription of interferon 

responsive genes. Importantly, endogenous vIRF-I in a lytically infected PEL cell line 

(BCBL-1) is also associated with p300 (Li et al, 2000) and expression of antisense 

vIRF-1 in BCBL-1 cells leads to increased activity of IRF regulated promoters but 

decreased expression of KSHV lytic genes (Li et al, 1998). This shows that the action of 

vIRF-1 to control host antiviral responses is necessary for optimal lytic replication of 

KSHV.

Over-expression of vIRF-1 in NIH3T3 cells leads to transformation and tumour 

formation in nude mice (Gao et al,  1997, Li et al, 1998). Human IRF-2 also acts as an 

oncogene in this assay and also functions as a transcriptional repressor by inhibiting the 

recruitment of p300/CBP. Interferons induce growth arrest by repressing c-myc 

transcription through IRF-1. vIRF-1 is able to activate transcription of c-myc, which is
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necessary for NIH3T3 transformation. Transactivation of c-myc by vIRF-1 is enhanced 

by CBP but inhibited by p300 and P/CAF 1 (Jayachandra et al, 1999). Therefore, vIRF-

1 interaction with CBP can lead to transcriptional activation and repression. vlRF-1 also 

binds p53, blocking both phosphorylation and acétylation mediated activation and 

preventing p53-mediated apoptosis (Nakamura et al, 2001).

Like vIRF-1, vIRF-2 (encoding only a DNA binding domain) binds host IRFs (IRF-1, 

lRF-2 and ICSBP) and p300 in vitro and does not bind ISRE sequences. vIRF-2 also 

inhibits IRF-1 and IRF-3 mediated transcriptional activation of an IFN-a promoter 

(Burysek et al, 1999b). Additionally, vIRF-2 blocks IFN-a mediated inhibition of 

vesicular stomatitis virus (VSV) replication. This may be due to the binding of vIRF-2 to 

PKR and subsequent inhibition of its kinase activity (Burysek and Pitha, 2001). PKR is 

induced by interferons and activated by virally produced dsRNA and acts to limit viral 

replication by inhibiting protein synthesis, activating anti-viral signal cascades and 

triggering apoptosis (reviewed in Goodboum et al, 2000). PKR is also targeted by many 

other viruses including EBV, through EBER-1 (Sharp et al, 1993). Therefore viral IRFs 

may have additional properties to their host homologues.

1.2.9.3 K3 and K5

K3 and K5, also named modulator of immune recognition (MIR) 1 and 2, are 40% 

identical at the amino acid level and are both able to down-regulate MHC class I 

molecules in transfected cells (Coscoy and Ganem, 2000, Ishido et al, 2000b, Stevenson 

et al, 2000, Haque et al, 2001a). A number of viruses down-regulate surface MHC 

expression (reviewed in Alcami and Koszinowski, 2000) but K3 and K5 are unusual in 

that they ubiquitinate MHC class I, promoting its endocytosis (Coscoy et al, 2001, 

Hewitt et al, 2002). The murine gammaherpesvirus 68 (MHV-68) K3 orthologue 

mediates virus evasion of CD8+ T-cells in vivo (Stevenson et al, 2002). This suggests 

K3 and K5 act to minimise the number of lytic KSHV peptides displayed to CTLs. K5 

only significantly down-regulates HLA-A and -B allotypes whereas K3 is also able to 

down-regulate HLA-C and -E (Ishido et al, 2000b). The down-regulation of HLA-C and 

-E  leaves cells open to attack by natural killer (NK) cells. To avoid this, K5 is also able 

to down-regulate the NK cell ligands intracellular adhesion molecule (ICAM)-I and B7-

2 (CD86) inhibiting NK cell-mediated cytotoxicity (Ishido et al, 2000a, Coscoy and 

Ganem, 2001). Latent PEL cell lines also express reduced levels of MHC class I and
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transporter associated with antigen processing-1 (TAP-1) (Brander et al, 2000). As K3 

and K5 are not expressed during latency (Nicholas et al, 1997a, Sun et al, 1999, Zhu et 

al, 1999a, Haque et al, 2000), it is unknown which latent gene product is responsible 

for this.

1.2.9.4 Viral G-protein coupled receptor (vGPCR)

vGPCR is most closely related to the IL-8 receptors CXCRl and CXCR2 and, like these, 

binds IL-8 (Arvanitakis et al, 1997), which is produced in KS lesions (Sciacca et al, 

1994). The protein constitutively signals through PKC (Arvanitakis et al, 1997) and 

protein kinase B (PKB) (Montaner et al, 2001) and activates related adhesion focal 

tyrosine kinase (RAFTK), lyn (Munshi et al, 1999), JNK/stress-activated protein kinase 

(SAPK), p38 MARK (Bais et al, 1998) and NF-kB (Couty et al, 2001, Montaner et al, 

2001, Pati et al, 2001, Schwarz and Murphy, 2001). The activation of PKB is necessary 

for the ability of vGPCR to promote endothelial cell survival (Montaner et al, 2001). 

The activation of multiple signalling pathways may also explain how vGPCR is able to 

transform transfected NIH3T3 cells (Bais et al, 1998). Although vGPCR is 

constitutively active it can be further activated by growth related protein alpha (GROa) 

(Gershengom et al, 1998, Pati et al, 2001).

In 1992, before KSHV was discovered, it was found that cells isolated from AIDS-KS 

expressed elevated levels of VEGF (Weindel et al, 1992). AIDS-KS secreted VEGF 

functions as an autocrine growth factor (Masood et al, 1997) and is angiogenic 

(Nakamura et al, 1997), suggesting it could have a role in KS pathology. It may 

therefore be significant that vGPCR transfected cells secrete elevated amounts of VEGF 

into the medium which can induce the switch of HUVEC cells to an angiogenic 

phenotype (Bais et al, 1998). The up-regulation of VEGF is through vGPCR’s activation 

of the p38MAPK pathway (Sodhi et al, 2000). Transgenic mice expressing vGPCR 

under the control of a T and NK cell specific promoter develop VEGF expressing 

angioproliferative lesions reminiscent of KS (Yang et al, 2000). vGPCR also confers a 

spindle cell morphology on endothelial cells in culture (Pati et al). DNA array analysis 

shows that vGPCR expression in KS derived cells leads to up-regulation of VEGF, as 

well as IL-6 and GROa (Poison et al, 2002). The constitutive activity of vGPCR could 

therefore have a role in the development of early stage KS lesions.
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1.2.9.5 Viral 0X2 (vOX2)

vOX2 is the KSHV homologue of the cellular protein 0X2 (CD200) (Russo et al, 1996). 

However, unlike its cellular counter part, which delivers a restrictive signal (Hoek et al,

2000), vOX2 stimulates monocytes, macrophages and dendritic cells to produce the 

inflammatory cytokines IL-ip and TNF-a (Chung et al, 2002). Expression of this 

protein by KSHV infected endothelial cells could therefore activate the infiltrating 

myeloid-lineage cells that are characteristic of KS.

1.2.9.6 Viral m acrophage inflammatory proteins (vMiPs)

KSHV encodes three chemokines named vMIP-I (encoded by K6), vMIP-II (K4) and 

vMIP-III (K4.1). These are most closely related to the cellular chemokines thymus 

activation-regulated chemokine (TARC), macrophage-derived chemokine (MDC) and 

exodus-2 (K4 and K6) and myeloid progenitor inhibitory factor-2 (MPIF-2) (K4.1) 

(McGeoch and Davison, 1999). All three vMIPs are angiogenic in the chick 

chorioallantoic assay (Boshoff et al, 1997, Stine et al, 2000) implicating them in the 

pathogenesis of KS. vMIP-I is a specific agonist of CCR8 (Dairaghi et al, 1999, Endres 

et al, 1999) and vMIP-III of CCR4 (Stine et al, 2000). vMIP-II also acts as an agonist 

of CCR8 (Sozzani et al, 1998) and of CCR3 on eosinophils (Boshoff et al, 1997). 

However, it is generally regarded to be a broad-spectrum antagonist, blocking signalling 

through CCRl, CCR2, CCR3, CCR5, CXCR4 (Kledal et al, 1997), CX3CR1 (Chen et 

al, 1998b) and XCRl (Shan et al, 2000). The binding of CX3CR1 inhibits the 

chemotaxis of activated leukocytes, which may be advantageous to prolonging viral 

infection.

The host response to viral infection is mediated mainly by ThI cells and several viruses 

have developed strategies to limit ThI responses (reviewed in Spriggs, 1996). Th2 

cytokines down-regulate ThI responses (reviewed in Del Prete, 1998). The vMIP 

receptors CCR3, CCR4 and CCR8 are found preferentially on Th2 cells and both vMIP- 

II (Sozzani et al, 1998) and vMIP-III (Stine et al, 2000) preferentially chemoattract this 

cell type. Therefore one function of the KSHV chemokines may be to favor a Th2, rather 

than a ThI microenvironment thus protecting KSHV infected cells from ThI immunity 

(Stine et al, 2000). Alternatively, during lytic infection the KSHV chemokines may be 

potent chemoattractants for the circulating host cells of KSHV. The angiogenic
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properties of the vMIPs may be a by-product of their chemotactic effects; eotaxin 

(CCLll) attracts micro vascular endothelial cells via CCR3 and is angiogenic in vivo 

(Salcedo et al, 2001) and vMIP-I induces chemotaxis of HUVECs via CCR8 (Haque et 

a/., 2001b).

1.2.9.7 Viral interleukin-6 (vlL-6)

vIL-6 shares many of its properties with its human counterpart. It is able to prevent 

plasmacytoma cell apoptosis (Moore et al, 1996a, Nicholas et al, 1997b) and promote 

proliferation of myeloma cells (Burger et al, 1998). vlL-6 signals through the gpl30 

subunit of the lL-6 receptor without need for the lL-6 receptor alpha chain (gp80) 

(Molden et al, 1997, Mullberg et al, 2000, Chow et al, 2001) and activates the 

JAK/STAT pathway (Molden et al, 1997, Wan et al, 1999). Mice inoculated with vlL-6 

transfected N1H3T3 cells develop more highly vascularised tumours than control mice 

and the tumours also express higher levels of VEGF (Aoki et al, 1999). Interestingly, 

human lL-6 was implicated in the pathogenesis of AIDS-KS (Miles et al, 1990) and 

MCD (Ishiyama et al, 1994) before KSHV was discovered. lL-6 is also an autocrine 

growth factor for PEL (Asou et al, 1998). All these properties are highly advantageous 

for KSHV infection thus providing a clear rationale for KSHV to have pirated the host 

lL-6 gene.

1.2.9.8 K1

K1 is the most leftward ORF in the KSHV genome, in a position equivalent to LMP-1 in 

EBV and saimiri transforming protein (STP) in HVS. Like these two proteins, K1 

encodes a transmembrane protein. Expression of K1 in rodent fibroblasts leads to 

transformation and K1 can substitute for STP in HVS to immortalise marmoset T 

lymphocytes and induce lymphoma in common marmosets (Lee et al, 1998b). Kl- 

transgenic mice also develop tumours that resemble spindle cell sarcomas and 

plasmablastic lymphoma (Prakash et al, 2002). However, unlike LMP-1 and STP, K1 is 

unlikely to be expressed during latency and so it is unclear if this property of K1 is 

relevant for KSHV induced transformation. K1 instead functions to allow optimum lytic 

reactivation (Lagunoff et al, 2001). The predicted size and structure of K1 is similar to 

those of a single-domain Ig superfamily receptor. K1 also contains a functional 

immunoreceptor tyrosine-based activation motif (ITAM) (Lee et al, 1998a) through
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which it is able to constitutively activate B-cell signalling pathways through syk 

phosphorylation leading to nuclear factor of activated T cells (NFAT) (Lagunoff et al,

1999) and NF-KB dependant transcription (Samaniego et al, 2001, Prakash et al, 2002). 

Like vGPCR and vIL-6, K1 expression also stimulates cytokine secretion (Samaniego et 

a/., 2001).

Like IgX and Ig K  light chains, which form part of the BCR, K1 interacts with BCR heavy 

( p )  chains in the ER (Lee et al, 2000a). But unlike IgÀ and Ig K , which direct BCR 

complexes to the cell surface, K1 interacts with p chains to retain BCR complexes in the 

ER. The down-regulation of BCR by K1 along with the co-stimulatory molecule B7-2 by 

K5 may inhibit T-cell activation by KSHV lytic antigens displayed on MHC class I I .
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1.3 DNA arrays

1.3.1 Introduction to genom ics

As more and more genomes give up their coding content to modem automated high- 

throughput sequencing methods so increases the sheer scale of the challenges facing 

biology. No longer restricted to dissecting biological mechanisms or pathways one step 

at a time we are now theoretically able to address the cell or organism as a whole. This 

change in biological methodology is supremely relevant to virus research. Virology has 

been post-genomic since the first sequencing of a complete genome, that of the phi XI74 

bacteriophage, by Sanger and colleagues in 1977 (Sanger et al, 1977a). The publication 

of the first draft of the human genome sequence, predicting 30,000-40,000 genes, 

similarly heralded the beginning of the human genomic era (International Human 

Genome Sequencing Consortium, 2001, Venter et al, 2001).

Although providing us with clues, nucleotide sequence alone does not tell us what the 

genes do or where and when they do it. Answering these questions has dictated novel 

experimental approaches and technologies, collectively termed functional genomics. 

Gene function can be investigated in parallel by molecular genetics. Gene expression can 

be prevented using RNA interference (RNAi) (Fire et al, 1998) or by random insertion 

of transposable elements (Smith et al, 1995), or expressed exogenously, using MaRX 

for example (Hannon et al, 1999). Protein-protein interactions can be identified on a 

genomic scale using the yeast two-hybrid system (Ito et al, 2000, Uetz et al, 2000), The 

questions of where and when a gene is expressed can also provide clues to its function. 

This may lead to the identification of that gene as a potential diagnostic marker or drug 

target. Furthermore, gene promoters act to constantly tune genomic activity to the 

changing inputs of information about the identity, internal state and surrounding 

environment of the cell. Therefore the complement of genes that are expressed 

(transcriptome) dictates cellular phenotype and function. This provides fingerprints or 

expression signatures that identify a cellular process or response, a cell type or a disease 

state.

The measurement of the total protein complement of the cell (proteome) is possible on a 

genomic scale using 2-dimensional gels (O'Farrell, 1975) or, more recently, protein 

arrays (Lueking et al, 1999, Haab et al, 2001). Similarly, a number of methods have
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been developed to measure mRNA levels on a genomic scale. These include differential 

display (Liang and Pardee, 1992), subtractive hybridisation (Bonaldo et al, 1996), serial 

analysis of gene expression (SAGE) (Velculescu et al, 1995) and highly parallel 

northern blotting (Brown et al, 2001). However, the method that has gained the widest 

acceptance is DNA arrays.

1.3.2 A description of DNA arrays

The history of the DNA array can be traced back to work in the 1970s. In 1975, Ed 

Southern lent his name to the technique of detecting specific DNA fragments in a 

mixture separated by gel electrophoresis (Southern, 1975). This method exploits the fact 

that DNA is exquisitely specific for its complementary sequence even when present in a 

complex mixture. As the use of molecular biology proliferated in laboratories, 

researchers began using Southern blotting to interrogate the sequence of DNA carried by 

clones in libraries and from this it was only a small step to the use of gridded libraries in 

which each clone could be uniquely identified by its position in a microtitre plate and 

corresponding position on a filter (Lennon and Lehrach, 1991). Two main innovations 

led to the development of DNA arrays. The first is robotics, giving the ability to 

automate array construction with reproducibility and accuracy at a microscopic scale. 

The second is the vast amounts of data that can be stored on today's relatively 

inexpensive personal computers.

DNA arrays take a number of different forms but all have a number of things in 

common. All consist of an ordered array of DNA probes of known sequence, identified 

by their location on a solid-phase support. Each probe or set of probes is complementary 

to a specific gene or expressed sequence tag (EST). A solution containing thousands of 

labelled nucleic acid targets is incubated with the array. Each probe specifically 

hybridises to complementary sequences present in the nucleic acid mix thus separating 

the labelled targets according to sequence. The intensity of the label at each probe 

location gives a measure of the concentration of that sequence in the starting target 

mixture. Therefore, DNA arrays can be used to measure the relative concentration of 

specific mRNA species in total cellular mRNA, and thus the activity of the 

corresponding genes.
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There are 4 main types of array: membrane (or filter) arrays, microarrays, Affymetrix 

GeneChips and Agilent/Rosetta arrays. The features of each of these array types are 

listed in Table 1.8. Membrane arrays and microarrays are produced by spotting gene- 

specific PCR-amplified or oligonucleotide DNA onto nylon membrane or glass slide 

respectively using robotic deposition. Glass offers a number of advantages over nylon 

membrane. It is impermeable and smooth, allowing rapid diffusion during hybridisation 

and washing (Southern et al, 1999). Its flatness, rigidity and transparency also improve 

image acquisition and analysis. The number of different spots, and therefore genes, on 

microarrays varies but the maximum achieved with current robotic technology is around

39.000 (Cuadras et al, 2002).

The Affymetrix and Agilent systems synthesise oligonucleotides on glass supports in situ 

using photolithography (Fodor et al, 1991, Fodor et al, 1993) or ink-jet technology 

(Okamoto et al, 2000) respectively. Affymetrix arrays generally have 16-20 different 

25-mer oligonucleotides complementary for different parts of each gene. In turn, each of 

these probes has a corresponding mismatch control (with one mismatch relative to the 

gene sequence) that is used for background subtraction (Lockhart et al, 1996). Current 

human Affymetrix arrays each contain oligonucleotide probes constituting around

17.000 genes (www.affymetrix.com).

In order to measure gene expression, the RNA (total RNA or messenger RNA (mRNA)) 

needs to be labelled. This is usually achieved by incorporating labelled nucleotides into 

cDNA reverse-transcribed from the RNA. The primers used for this are either poly(dT), 

which primes from the poly(A)-tail of mature mRNA, random primers, or a pool of 

sequence specific primers. The labels used to detect bound target nucleic acid differ 

between the array types. Use of membrane arrays is coupled with use of radiolabels. 

is preferred to more energetic emitters whose strong signals are not compatible with the 

high resolution required. The signals are quantified using phosphor screen and phosphor 

imager technology. Other arrays methods use fluorescent labels, detected with either a 

charge coupled device (CCD) camera or photomultiplier tube (PMT) scanner. Only one 

sample can be analysed at a time using membrane or Affymetrix arrays. Two samples, 

each labelled with a different fluorophore, are hybridised to each microarray or 

Rosetta/Agilent arrays. The fluorophores generally used are Cy3 and Cy5. Nucleic acid 

from the two samples competitively hybridises to the complementary probes on the 

array. Therefore the output of such analyses, a ratio between the Cy3 and Cy5 signal, is a
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measure of the relative amounts of each sequence between the two samples. This 

provides an internal control thus avoiding the complications of hybridisation kinetics. 

From here on in I shall refer to microarrays and Rosetta/Agilent arrays as simply 

microarrays.

cDNA can also be labelled after synthesis. can be added to the ends of the cDNA 

molecules using T4 polynucleotide kinase. For microarrays, Cy3 and Cy5 moieties can 

be coupled to the cDNA through amino-allyl-modified nucleotides. Affymetrix arrays 

allow for direct labelling of the RNA using a psoralen-biotin derivative or by ligation to 

an RNA molecule carrying biotin (Wodicka et al, 1997). The biotinylated RNA is 

subsequently labelled by staining with a fluorescent streptavidin construct. When RNA is 

limiting an alternative approach is to amplify the RNA using in vitro transcription to 

create labelled cRNA (Van Gelder et al, 1990, Wang et al, 2000, Baugh et al, 2001). 

The methodology of DNA array experiments is shown in Figure 1.8.

Filter Array Microarray Affymetrix Rosetta/Agilent
Solid Support Nylon membrane Glass slide Glass Glass
Probe PCR product or PGR product or Oligonucleotide Oligonucleotide

oligonucleotide oligonucleotide
Synthesis Robotic Robotic deposition In situ by In situ by ink jet

deposition photolithography nucleotide
deposition

Label 3 3 p Cy3 and Cy5 Fluorescein Cy3 and Cy5
Labelling Reverse Reverse Reverse Reverse
method transcription or transcription or transcription or transcription or

end-labelling amino-allyl ligation biotinylation amino-allyl ligation
Scanning Phosphor imager Fluorescent Affymetrix Fluorescent

scanner scanner scanner

Table 1.8. Different array types and their respective probing methods.
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Figure 1.8. Array methodology.
Diagramatic representation of RNA labelling, hybridisation and data produced for membrane 
arrays (A), Affymetrix GeneChips (B) and microarrays or Rosetta/Agilent arrays (C).
A RNA is labelled with (asterisks) and hybridised to an array of PCR-products or 
oligonucleotides printed on nylon membrane. The hybridised array is scanned using a phosphor 
imager. The strength of the signal of each array elements is proportional to the amount of that 
sequence in the RNA preparation.
B. RNA is labelled with fluorescein (shown in blue) and hybridised to an array of oligonucleotides 
synthesised in situ. The hybridised array is scanned using an Affymetrix fluorescent scanner. The 
amount of each sequence present is calculated from the combined signals of the perfect match 
(PM) probes subtracted for the mismatch (MM) probes.
0. One RNA sample is labelled with Cy3 (green) and the other with Cy5 (red). These are mixed 
and hybridised to an array of PCR products or oligonucleotides printed (or synthesised in situ) 
on a glass slide. The hybridised array is scanned with a fluorescent scanner at two wavelengths 
and a composite image generated. The colour of each array element corresponds to the ratio of 
that sequence between the two samples.
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1.3.3 Using DNA arrays to study gene expression

As arrays measure the amount of a given sequence in a complex mixture they can be 

used to measure the level at which a gene is expressed (number of RNA molecules) or 

the number of copies in the genome (number of DNA molecules). Affymetrix arrays can 

be used to detect variations in sequence as they contain probes able to detect single-base 

mismatches (Pease et al, 1994). Microarrays have also been used to identify genes with 

secreted or membrane-associated products (Diehn et al, 2000), mRNA species in the 

process of translation (Johannes et al, 1999, Zong et al, 1999b) and promoter elements 

that bind a specific protein (Ren et al, 2000, Iyer et al, 2001). However, arrays have the 

greatest utility for the measurement of mRNA abundance.

The first microarray contained just 48 probes for the model plant Ambidopsis (Schena et 

al, 1995). Analysis of differential expression between root and leaves acted as proof of 

principle that arrays could be used to compare the genes expressed between two samples. 

The first genome-scale array based expression analyses were of the yeast Saccharomyces 

cerevisiae whose entire transcriptome has been measured under various experimental 

conditions and in a whole series of mutants (DeRisi et al, 1997, Cho et al, 1998, Chu et 

al, 1998, Spellman et al, 1998, Gasch et al, 2000, Hughes et al, 2000). This work has 

helped assign function to many of the three-quarters of yeast ORFs that had no known 

function and piece together molecular pathways within these cells. These studies 

demonstrated three important features of microarray expression analyses; firstly that the 

expression pattern of a gene or EST associates it with a particular function or cellular 

response, so called “guilt by association” (Chu et al, 1998), secondly that groups of 

genes which act in a common process are co-regulated, and thirdly that the genes 

expressed in a cell provide information about its state.

The power of microarray analysis was soon turned towards the analysis of human disease 

with the identification of inflammatory disease-related genes (Heller et al, 1997) and 

those expressed in cancer (DeRisi et al, 1996, Pérou et al, 1999). Microarrays have now 

become a major tool for the analysis of human diseases, particular cancer. Before I 

discuss the application of microarrays to the analysis of cancer and viral infection I shall 

first introduce some of the tools necessary for the analysis of such large amounts of data.
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1.3.4 Microarray data analysis

A number of different methods have been used to extract biological information from the 

results of microarray experiments. These methods are depicted in Figure 1.9.

1.3.4.1 Direct analysis of differential expression

The simplest type of microarray experiment is a binary system, that is comparing two 

samples. This could be uninfected and virus-infected cells or cells with and without drug. 

The two samples are labelled with different fluorophores and hybridised on the same 

microarray or on two arrays when using Affymetrix GeneChips or nylon membrane. 

This generates expression ratios for each gene, normally converted to log base 2 (log(2)) 

so that up- and down-regulation are of the same magnitude. The analysis of the results 

generated from such systems is relatively straightforward, differentially expressed genes 

can be identified as outliers on a scatterplot (Figure 1.9A) or M-A plot (log(2) (x/y) 

against log(2)V(x.y) i.e. log(2) ratio against log(2) overall intensity) (Dudoit et al, 2001) 

(Figure 1.9B). A number of controls should be performed on such data, such as 

experimental replicates to confirm the results, and, if using glass microarrays, dye-swap 

experiments to control for possible differential incorporation of the two dyes (Jin et al, 

2001, Tseng et al, 2001). Performing experimental replicates reduces the variance in the 

data (Yang and Speed, 2002) (Figure 1.9B) and allows the statistical significance of 

expression ratios to be estimated. This can be done in a number of different ways, such 

as t-Tests (Dudoit et al, 2001, Wolfmger et al, 2001) Z-scores (Thomas et al, 2001), 

analysis of variance (Kerr et al, 2000) and Wilcoxon rank sum (Mann-Whitney U) 

statistics (Chambers et al, 1999). It has been suggested that three replicates are sufficient 

for statistical analysis (Lee et al, 2000b).
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Figure 1.9. Array analysis methods (opposite).
A. Scatter plots comparing signals for oligonucleotide probes on Affymetrix arrays between 
HCMV infected and uninfected ceils at three timepoints. Differential expression is measured by 
distance from the line x=y. Figure taken from Zhu et a i, (1998).
B. M-A plots for comparing two samples using one microarray (n=1) or 8 microarrays (n=8). This 
shows that experimental replication increases the significance of differentially expressed genes 
(green spots). Figure taken from Callow et a i, (2000).
C. Average-linkage hierarchical clustering of 128 B-cell lymphoma samples (arrays) and 4026 
array elements. Each column represents one array and each row one array element. Relative 
gene expression level is represented as a pseudo-colored representation of log(2) expression 
ratio with red being above and green below the row/column median level of expression as shown 
by the scale below. Groups of genes with related functions cluster together (identified by 
coloured bars on the right). Figure taken from Alizadeh et a i, (2000).
D. Self-organising map (SOM) of yeast expression data. The map consists of 24 nodes in which 
the genes share a similar expression pattern (mean expression shown by black line, limits by red 
lines). The nodes are arranged in a 4x6 matrix and related clusters are placed in adjacent 
positions in the grid. Figure taken from Young, (2000).
E. Principle component analysis (PGA) of an artificial data set. PGA is able to separate the 9 
distinct expression patterns contained within the data in 2-dimensional space. Figure taken from 
Quackenbush, (2001).
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1.3.4.2 Analysis of multiple samples

More commonly, more than two samples are analysed in array experiments. This can be 

in the form of a timecourse, looking at how the expression pattern of a cell population 

changes over time in response to a specific stimulus, or multiple independent samples, 

such as comparing different tissues in a single mouse or the same tissue between mice. 

When analysing more than two samples with microarrays the question of what to 

compare the data to arises. In timecourse experiments the samples are normally 

hybridised against RNA from the zero time point, creating expression measurements 

relative to untreated cells (Iyer et al, 1999). When analysing a number of independent 

samples a common reference RNA is used (Pérou et al, 1999). The purpose of this 

reference is to bind to as many of the array elements as possible so providing expression 

ratios for all the genes expressed in the samples of interest. The reference RNA is 

normally a pool of RNA from the samples to be analysed or from related samples in 

plentiful supply, such as cell lines. Theoretically, a common reference could also be 

made from the array probes by in vitro transcription. The common reference RNA is 

generally labelled with Cy3 and experimental sample RNA with Cy5. The expression 

ratios generated for each gene (Cy5/Cy3) is therefore a measurement of gene expression 

level in the sample relative to the reference. The reference RNA is a common 

denominator for all samples and can be removed by transforming the data so that the 

median expression ratio for each gene across all samples equals 0 (median centring). 

This replaces Cy3 as the denominator with the median Cy5 signal so that the expression 

of each gene in each sample is now relative to its median expression level in all samples.

Before array data can be analysed in this way the results from the different arrays need to 

be normalised. This adjusts for differences in the labelling and detection efficiencies for 

the labels and for possible differences in the quantity of RNA. Affymetrix and membrane 

array experiments have the additional variable of hybridisation efficiency that is not 

controlled for as it is in microarray experiments. For microarrays, the most common 

method for normalising the data is to apply a scaling factor that sets the average or 

median expression ratio to 1. This assumes that the number of genes up-regulated 

balances the genes down-regulated so, on average, there is no change in expression. It 

also assumes that the expression ratio is independent of signal intensity. For some 

microarray experiments this is not the case and other methods, such as LOWESS (locally
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weighted scatterplot smoothing), which calculates lines of best-fit by local linear 

regression, may be more appropriate (Yang et al, 2002). Membrane array and 

Affymetrix array data also need to be normalised before analysis. Membrane arrays can 

be normalised by equalising array-wide mean expression or by using housekeeping genes 

(DeRisi et al, 1996, Heller et al, 1997, Chambers et al, 1999). The housekeeping gene 

method assumes that the expression of human genes with basic cellular functions 

remains constant over different experimental conditions.

1.3.4.3 C luster analysis

The large amount of data generated by array experiments of this kind has dictated the 

application of complex mathematical techniques for its analysis. These methods, 

collectively termed cluster analysis, act to reduce the dimensionality of the data by 

identifying common patterns.

Hierarchical clustering

The first method to be used, and now the most common, is average-linkage hierarchical 

clustering (Hartigan, 1975, Eisen et al, 1998). This groups genes by their expression 

pattern across the samples (gene vector), and samples by the expression pattern of the 

genes (sample vector). Data are assembled into a matrix of log(2) expression ratios, with 

each row representing a single array element (gene) and each column the results from 

one array (sample). Gene and sample expression vectors are compared in pair-wise 

fashion by their Pearson correlation coefficient. The two most common vectors are 

joined by a node and the average vector calculated. This average vector replaces the two 

joined vectors and the process is repeated. This agglomeratively builds up a dendrogram 

relating all the genes or samples by their expression pattern (Figure 1.9C). The shorter 

the branch connecting two genes or samples, the more similar the expression patterns. 

The tree structures force the reordering of the genes and samples in the expression matrix 

so that genes or samples with similar expression patterns become grouped together. 

Expression levels are depicted as a colour scale with green representing negative and red 

positive log(2) expression values. This provides a simple pictorial means for identifying 

groups of co-expressed genes.
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Grouping of the data in this manner reveals a number of important features of microarray 

data. Genes with similar function tend to be co-expressed and so cluster together (Eisen 

et al, 1998). This property suggests functions for novel or poorly characterised genes 

based on the known functions of the genes with which they cluster. It also shows that 

samples from similar sources cluster together because they express similar sets of genes 

(Pérou et al, 1999). This allows cancer classification (Alizadeh et al, 2000) and sample 

identification by expression pattern (Ross et al, 2000).

K-m eans clustering, self-organising m aps and principle com ponent 

analysis

The agglomerative nature of hierarchical clustering has several limitations. As the 

clusters grow in size, the average vector may no longer represent any of the genes within 

that cluster (Quackenbush, 2001). For any given dendrogram of n elements there are 2"'̂  

ordering of the data (any node can be rotated 180° without changing the branch length) 

and there is no means within the clustering algorithm to determine the ordering that 

maximises the similarity between adjacent vectors (Eisen et al, 1998). Also, the 

clustering of genes is based on local decisions without considering the structure of the 

entire dataset (Tamayo et al, 1999). Due to these limitations the use of divisive 

clustering techniques, such as k-means clustering (Tavazoie et al, 1999) and self- 

organising maps (SOM) (Kohonen, 1991, Tamayo et al, 1999), have been proposed. 

These differ from hierarchical clustering in that instead of building up clusters from 

single genes, they iteratively partition the data into a set number of clusters. K-means 

clustering partitions the data into k clusters in which the data is more related than 

between clusters. This is achieved by minimising the sum of squares between the vectors 

within each cluster. Self-organising maps is a neural network-based algorithm that 

reduces the dimensionality of the data by assigning genes to a set number of nodes 

(clusters) arranged in 2-dimensional space. The nodes represent the most prominent 

patterns in the data and similar patterns occur as neighbouring nodes (Figure 1.9D). The 

topology and number of nodes must be defined by the user. Another form of SOMs is the 

1-dimensional SOM, which orders nodes along an axis according to their similarity. This 

has uses in ordering the clusters produced by hierarchical clustering (Chu et al, 1998, 

Eisen et al, 1998).
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A disadvantage of both k-means clustering and SOMs is that the user needs to decide on 

the number of partitions in the data. One way to identify how many groups are truly 

present in the data is principle component analysis (PCA or multi-dimensional scaling). 

PCA finds r new variables (components) that best explain the variation in the data 

consisting of n original variables, where r is less than n (Raychaudhuri et al, 2000). Each 

of these new variables is a linear combination of the original variables. For example, use 

of PCA revealed that just two variables (r=2) accounted for over 90% of the variance in 

yeast cell cycle data consisting of 7 time points (n=7). Plotting these two principle 

components against each other showed how the 7-dimensional data clusters in 2- 

dimensional space. Therefore this can be used to find how many clusters there are in the 

data (Figure 1.9E).

Supervised clustering

All of these above methods are unsupervised, that is one does not place any constraints 

on the data with regards to which genes should be clustered together. Supervised 

methods, such as support vector machine (SVM), find the variables that are most 

correlated with a division that can then be used to classify a training set of data into 

known classes (Golub et al, 1999, Brown et al, 2000, Furey et al, 2000). The accuracy 

of the algorithm is then gauged by asking it to predict the class of an independent test 

data set or, if that is not possible, the original data set by leave-one-out cross-validation. 

Supervised techniques can be useful to differentiate samples based on variables that may 

only be related to a small number of genes, such as clinical outcome. They can also be 

useful to find patterns of gene expression in biological samples containing extraneous 

material, such as the inclusion of other tissue types in cancer biopsies.

1.3.5 Application of arrays to  oncology

The field that has perhaps witnessed the greatest benefits from the use of arrays is 

oncology. Array analysis of gene expression has proven to be a particularly powerful 

means for understanding B-cell tumours. Historically, much of cancer research has been 

focused on the analysis of genes that are expressed differentially in cancer cells 

compared with their normal counterparts. The first study to investigate this 

systematically used SAGE (Zhang et al, 1997). Arrays have since become the
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technology of choice for expression profiling of tumours. Array studies of cancer can be 

divided into four main types:

1. Cancer classification

2. Prediction of outcome

3. Mechanisms of oncogenesis

4. Identification of therapeutic targets

I shall discuss how arrays have led to advances in each of these areas in turn, with 

particular reference to the study of B-cell neoplasia. However, these subjects are all 

inter-linked as cancers with separate classifications are likely to have different 

mechanisms of transformation, and therefore different markers for prognosis and targets 

for therapy.

1.3.5.1 Cancer classification

Different classes of cancer have different clinical courses and responses to treatment and 

can thus be considered distinct disease entities. Therefore, assigning a tumour to a known 

class (class prediction) is critical for its management and therapy. Historically, cancers 

are classified by their morphology but this can be limited, and in some cases, incorrect. 

Also, for many tumours, no single test, including cytogenetic analysis and 

immunophenotyping, is sufficient to establish a diagnosis. Additionally, the diversity in 

clinical course within some diagnostic categories suggests the presence of unrecognised 

cancer sub-types requiring tailored therapy. However, prior to arrays there was no 

general approach for identifying new cancer classes (class discovery).

The first study to use arrays to address these issues was that of Golub et al, (1999), 

who chose acute leukaemia as a test case. The authors used SOMs to find differences in 

gene expression between ALL and AML and employed a supervised learning algorithm 

to find the 50 genes that were most able to predict between the two cancer classes. The 

classification between one of these two types is critical, as the two cancers have different 

responses to chemotherapy. This demonstrated that cancer could be classified according 

to gene expression profile. The study also showed that by measuring the expression of 

thousands of genes one can find relatively small groups that are predictive and for which 

the measurement of expression is readily transferable to a clinical assay. A number of
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other studies have extended this work on acute leukaemia. ALL associated with 

chromosomal translocation involving the MLL has an expression profile distinct from 

ALL and AML, consistent with transformation of an early haematopoietic progenitor 

expressing select multi-lineage markers (Armstrong et al, 2002). In addition, T-ALL 

can be split into three types indicative of leukaemic arrest at three specific stages of 

normal T-cell development -  pro-T, early cortical thymocyte and late cortical thymocyte 

(Ferrando et al, 2002). Another study using a larger number of samples and supervised 

techniques was able to find a group of genes whose expression predicts between T-ALL, 

E2A-PBX1, bcr-ABL, TEL-AMLl, MLL and hyperploid >50 sub-types of ALL with a 

diagnostic accuracy of 96% (Yeoh et al, 2002).

Ultimately, if arrays are to be used for cancer diagnosis in clinical practice they should 

be standardised and able to classify multiple cancer types. This would also generate a 

large and ever-expanding dataset that would hone the ability of a supervised learning 

algorithm to differentiate between classes. Classification between multiple cancer classes 

has been achieved by a number of groups (Khan et al, 2001, Ramaswamy et al, 2001, 

Su et al, 2001, Pomeroy et al, 2002). PCA combined with supervised learning is able to 

differentiate tumour classes within morphologically similar groups; small round blue-cell 

tumours (SRBCTs) of childhood (Khan et al, 2001) and embryonal tumours of the 

central nervous system (CNS) (Pomeroy et al, 2002). Ramas wamy et al, (2001) 

analysed 218 samples comprising 14 different tumour types. They found that hierarchical 

clustering is unable to separate many of the epithelium-derived tumours but that SVMs 

can correctly classify 78% of tumours. Similarly, Su et al, (2001) used SVMs to predict 

the tissue of origin of 175 carcinomas of 11 classes after hierarchical clustering failed to 

separate them.

As described briefly in section 1.1.3, array analysis has revealed novel class divisions in 

B-cell tumour types previously thought homogenous. Alizadeh et al, (2000) compared 

the gene expression of DLBCL, FL and CLL with normal B-cells from different stages 

of development. Unexpectedly, hierarchical clustering identified two distinct sub-types 

of DLBCL, GC B-like and activated B-like, which can be differentiated by the 

expression of different sets of genes. As their names suggest, the two sub-types differ 

with respect to clusters of genes expressed in normal B-cell types; GC B-like DLBCL 

over-expresses genes characteristic of GC B-cells, such as BCL-6 and A-myb, whereas 

activated B-like DLBCL expresses genes induced by in vitro activation of peripheral

97



blood B-cells such as FLIP and IRF4. This finding suggests that the two sub-types of 

DLBCL are derived from different stages of B-cell development. This was confirmed by 

a later study that showed the presence of ongoing Ig somatic mutation in GC B-like but 

not activated B-like DLBCL (Lossos et al, 2000). Importantly, an independent study, 

using Affymetrix arrays as opposed to microarrays, confirmed the two types of DLBCL 

(Shipp et al, 2002). Similarly, hierarchical clustering of multiple myeloma shows that 

patient samples fall into 4 categories, MMl to MM4, with MMl being the most similar 

to normal plasma cells and MM4 more closely resembling multiple myeloma cell lines 

(Zhan et al, 2002). MM4 cases are also associated with clinical parameters linked with 

poor prognosis such as high serum P2-microglobulin levels. Interestingly, MM3 and 

MM4 are associated with high expression of interferon-inducible genes suggestive of 

virus infection.

Another aim of array studies of tumour classification is the identification of tumour- 

specific markers that could be used as a simple clinical assay. Membrane array analysis 

of 31 haematopoietic cell lines showed that clusterin was expressed in all ALCL cell 

lines but not in any other tumour types (Wellmann et al, 2000). This was then confirmed 

by immunohistochemistry on paraffin sections.

1.3.5.2 Prediction of outcom e

As discussed in the previous section, cancer classification is important for selection of 

the optimum therapy. Arrays have also been used to find gene expression patterns that 

are able to predict the clinical course of a patient’s disease and offer a prognosis. Most of 

these studies use supervised learning to find genes correlated with cured versus fatal or 

refractory. Although this has proved successful, the analysis method in not ideal as it 

does not offer a continuous measure of correlation between gene expression and clinical 

outcome.

The first study to find clinical correlates of gene expression was that of Alizadeh et al, 

(2000), who noted that activated B-like DLBCL was associated with significantly lower 

survival time than GC B-like DLBCL. They also showed that this prognostic indicator is 

independent of the currently accepted International Prognostic Indicator (IPI) therefore 

providing an additional and complementary measure. A later study, using supervised 

techniques, failed to find associations between DLBCL sub-type and outcome but did
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find an alternative gene set predictive of outcome, with genes involved in BCR 

signalling being associated with poor prognosis (Shipp et al, 2002). Interestingly, 

comparison of CLL gene expression and clinical outcome also identified activation of 

BCR signalling pathways as being predictive of poor prognosis (Rosenwald et al, 2001). 

These pathways may provide survival signals as described in section 1.1.1.1.

Supervised learning has also been used to find genes able to predict clinical outcome for 

a number of other cancer types, including embryonal tumours of the CNS (Pomeroy et 

al, 2002), ALL (Yeoh et al, 2002), prostate cancer (Singh et al, 2002) and breast 

cancer (van 't Veer et al, 2002). Yeoh et al were unable to find a single predictor that 

functioned for all sub-types of ALL but their within-type predictors for T-ALL and 

hyperploid >50 subtypes were 97% and 100% accurate respectively. Interestingly, they 

were also able to predict the subsequent appearance of secondary AML after therapy 

failure in the T-ALL sub-type even though this originates from a separate stem cell 

population. In breast cancer, chemo- or hormonal therapy reduces the risk of metastasis 

by one third but it is estimated that it is only necessary for 20-30% of patients (Early 

Breast Cancer Trialists' Collaborative Group, 1998a, Early Breast Cancer Trialists' 

Collaborative Group, 1998b). Similarly, it is important to identify those 30% of patients 

at risk of reoccurrence of prostate cancer after surgery so as to avoid treating the cured 

majority (Roberts et al, 2001a, Roberts et al, 2001b). The studies of Singh et al and 

Van’t Veer et al, (2002) found gene expression patterns that identified these two 

respective groups of at-risk patients. Van’t Veer et al, (2002) identified a 70-gene set 

that is predictive of the interval to breast cancer metastasis and outperforms current 

clinical predictors. Patients with the poor prognosis signature have a 15-fold odds ratio 

for a short interval to metastasis. Therefore, a metastasis gene expression signature is 

present in the primary tumour before any métastasés actually develop. The genes 

associated with poor prognosis include those involved in the cell cycle, invasion, 

metastasis and angiogenesis, providing a theoretical framework for how métastasés 

develop.

1.3.5.3 M echanism s of oncogenesis

An approach for using arrays to investigate mechanisms of transformation is to compare 

cancer cells to their equivalent normal counterparts and looking for differences in gene 

expression that may explain the malignant phenotype.
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B-cell tumours retain many of the characteristics of the cell type from which they arise 

suggesting that the malignant cells are frozen at discrete developmental stages (section 

1.1.3). Arrays have shown that this is also the case for gene expression patterns. These 

data confirm that different tumours are caused by the inappropriate activation of normal 

developmental-stage specific pathways. For example, the two distinct types of DLBCL 

found by Alizadeh et al., (2000) are defined by their relationship to different stages of B- 

cell development (GC and activated B-cells). FL, derived from GC B-cells, over

expresses Pax5 and Id-2 (Husson et al, 2002), whose protein products are implicated in 

the inhibition of plasma cell development in the GC (Sun et al, 1991, Usui et al, 1997, 

Morrow et al, 1999). Similarly, array analysis shows that BCL-6 inhibits plasma cell 

differentiation by blocking transcription of the plasma cell transcription factor Blimp-1 

(Shaffer et al, 2000). BCL-6 also acts to keep cells in cycle by maintaining c-myc 

expression, which is inhibited by Blimp-1 (Lin et al, 1997b). These properties of BCL-6 

explain why its constitutive activation by chromosomal translocation is associated with 

DLBCL (section 1.1.3.3). Microarray analysis of CLL has also linked its development to 

normal B-cell biology. As described in section 1.1.3.4, CLL exhibits evidence of somatic 

hypermutation in around 50% of patients. This suggests that the disease could in fact 

comprise two distinct diseases, derived from different stages of B-cell development. 

However, microarray analysis demonstrated that, in all cases, CLL gene expression 

resembles that of memory B-cells. Therefore, unmutated CLL may be derived from GC- 

independent memory B-cells. Gene expression profiling also revealed that although 

resembling memory B-cells, CLL over-expresses genes belonging to the Raf/ERK 

pathway and certain cytokine receptors (Klein et al, 2001). This suggests a common 

mechanism of transformation for CLL regardless of whether the cells have passed 

through the GC. The occurrence of a common transforming event in memory B-cells, 

which are genetically stable, rather than the GC, is consistent with the lack of 

chromosomal translocations in this tumour type. Similarly, results from arrays 

comparing multiple myeloma to normal plasma cells are consistent with tumourigenesis 

being linked to the dysregulation of normal plasma cell function. Multiple myeloma cells 

over-express heparin binding epidermal growth factor-like growth factor (HB-EGF), 

CCRl, CCR2 and CXCR4 (De Vos et al, 2001). CCRl, CCR2 and CXCR4 are 

receptors for M IP-la, MCP-2 and SDF-1 respectively, involved in the migration of cells 

to the bone marrow. This is therefore consistent with the concept that multiple myeloma 

cells rely on normal plasma cell biology for their growth and viability (section 1.1.3.5).
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Furthermore, HB-EGF is an essential autocrine growth factor for multiple myeloma cells 

(De Vos et al, 2001).

It is unclear how cancers progress from being a locally growing tumour to a fatal 

metastasis. Array analysis of metastatic cells selected by serial propagation of cell lines 

in vivo shows that highly metastatic cells over-express fibronectin, rhoC and thymosin 

P4, all previously linked with métastasés (Clark et al, 2000). Additionally, it was 

demonstrated that rhoC is necessary and sufficient to confer metastatic potential in vitro. 

A number of other studies have suggested molecular bases of transformation, such as 

activation of the sonic hedgehog pathway in sporadic desmoplastic medulloblastomas 

(Pomeroy et al, 2002), or metalloproteinases in colon adenocarcinoma (Notterman et al, 

2001), but these results have not been confirmed experimentally.

1.3.5.4 Identification of therapeutic targets

One of the reasons for identifying expression patterns associated with different cancer 

classes or poor prognosis is the discovery of possible therapeutic targets (Golub et al, 

1999). These could be previously known drug targets for other diseases or completely 

novel targets requiring a specific drug development program. An example of the first 

possibility is the identification of PKC-P as a possible target for treatment of DLBCL 

cases with a poor prognosis expression signature (Shipp et al, 2002). An example of the 

second is the identification of the tyrosine kinase C-MER as a possible target for ALL 

associated with the E2A-PBX1 fusion gene (Yeoh et al, 2002).

Arrays can also be used to probe the mechanism of action of drugs and to find drug side 

effects (Marton et al, 1998). Analysis of gene expression changes after treatment of 

acute promyelocytic leukaemia (APL) cells with all-trans-retinoic acid (RA) revealed 

that it is the up-regulation of ubiquitin-activating enzyme El-like (UBEIL) that mediates 

the pro-apoptotic effects of the drug (Kitareewan et al, 2002).

Another approach is to correlate gene expression to the sensitivity of tumour cell lines to 

anti-cancer agents in an attempt to find the targets. The NCl-60 is a group of 60 cell lines 

maintained at the United States National Cancer Institute (NCI) that have been 

characterised pharmacologically by their response to treatment with over 70,000 

therapeutic agents (Grever et al, 1992). The expression pattern of these cell lines has
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since been analysed with cDNA microarrays (Scherf et ai, 2000) and Affymetrix 

GeneChips (Staunton et ai, 2001) in an attempt to correlate gene expression pattern to 

drug sensitivity. These large datasets therefore allow one to compare the gene expression 

of a clinical sample to those of the 60 cell lines in order to predict to which agents it may 

be sensitive. Staunton et al, (2001) used supervised learning techniques to find gene 

expression-based classifiers of drug sensitivity or resistance for 88 compounds. As each 

gene expression predictor contained between 5 and 200 genes these data do not reveal 

the actual targets of the drugs but do suggest mechanisms of action. As these gene 

expression predictors were designed to be independent of tumour tissue of origin, the 

authors suggest that differences seen may be genetic allowing a future use in 

personalised medicine.

1.3.6 Array analysis of virus gene expression

Similar to S. cerevisaie (section 1.3.3), human pathogens are ideally suited to DNA array 

analysis as probes for every gene can be printed on single array. Therefore, the complete 

gene expression profile of an entire genome can be elucidated from the results of a single 

experiment. Arrays for pathogens such as Mycobacterium tuberculosis (Wilson et al,

1999), Plasmodium falciparum (Hayward et al, 2000, Rathod et al, 2002), 

Streptococcus pneumoniae (de Saizieu et al, 2000), Salmonella typhimurium (Eckmann 

et a l , 2000, Rosenberger et a l , 2000) and Listeria monocytogenes (Cohen et a l , 2000) 

have been synthesised and used to monitor the expression of the pathogens' genes during 

growth ex vivo, infection of human cells and treatment with drugs used in the clinic 

(reviewed in Cummings and Reiman, 2000, Kellam, 2000). In addition to the 

measurement of gene expression, arrays can also be used to compare genomes, for 

example to find regions of the genome deleted in different bacterial strains (Dorrell et 

al, 2001).

Arrays are also proving to be ideally suited to the simultaneous measurements of gene 

expression for large DNA viruses, having been used to follow the life cycle of human 

cytomegalovirus (HCMV) (Chambers et al, 1999), herpes simplex virus-1 (HSV-1) 

(Stingley et al, 2000), KSHV (Jenner et al, 2001, see Chapters 3 and 4) (Paulose- 

Murphy et al, 2001) and MHV-68 (Ahn et al, 2002). DNA arrays were also
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instrumental in the discovery that HCMV packages viral RNAs into its capsid 

(Bresnahan and Shenk, 2000).

Herpesvirus genes are divided into the kinetic classes, immediate-early, early and late 

based on their response to chemical inhibitors of protein synthesis and viral DNA 

replication (see section 1.2.4.3). The kinetic class relates to stage of the virus life cycle 

and so provides information on both the function of virus genes and the mechanisms of 

virus replication. The array studies of Chambers et al, (1999), Stingley et al, (2000), 

and Ahn et al, (2002) used DNA arrays to categorise the genes of HCMV, HSV-1 and 

MHV-68 respectively into these kinetic classes. This method is more efficient than those 

used previously such as northern blotting or RNase protection. In addition to confirming 

the majority of existing data, these analyses have also discovered the kinetic class of 

many genes. For example, before the study of Chambers et al, (1999) only 30% of the 

HCMV genome had been characterised by expression. This therefore provides a means 

of assigning function to poorly annotated genes. Classification of every virus gene in 

this way also allows further analyses, such as the search for common promoter elements 

that may be responsible for the timing of expression (Chambers et al, 1999). The 

combination of DNA arrays and cloned herpesvirus genomes allows each gene to be 

deleted systematically and the effects on virus gene expression monitored. An 

experiment of this type revealed that the immediate-early HSV-1 gene ICP27 is 

necessary for the expression of a sub-set of early and late genes (Stingley et al, 2000). 

Arrays also reveal the effects that other agents, such as novel anti-viral drugs, have on 

virus gene expression (Zhu et al, 2002b). The identification of cell-type specific patterns 

of gene expression can also be investigated with DNA arrays (Stingley et al, 2000). One 

limitation of arrays acknowledged by all these studies is the difficulty in differentiating 

between overlapping transcripts. However, the creation of tiling arrays (Shoemaker et 

al, 2001) should allow all viral transcripts to be mapped. I shall discuss the results of 

array analysis of KSHV gene expression in Chapter 4.

1.3.7 Array analysis of host gene expression  during virus infection

During infection, the host and virus genome compete to control the cell. As described for 

EBV in section 1.1.2, virus control of the host cell can be a critical aspect of viral 

persistence and replication. DNA arrays allow the visualisation of virus-host interactions
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by their effects on host gene expression. Arrays have been used to monitor host gene 

expression upon infection by viruses representing all orders except for the ssDNA 

viruses (Table 1.9). The majority of these studies followed virus-induced changes in 

gene expression after in vitro infection either at a selected time point or as a timecourse. 

Three studies have followed gene expression after infection in vivo (Taylor et al, 2000, 

Bigger et al, 2001, Domachowske et al., 2002) and three studies have followed 

herpesvirus reactivation from latency in vitro (Poole et at., 2002) and ex vivo (Hill et al, 

2001, Tsavachidou et al, 2001). Gene expression in latently infected cells has also been 

examined in vitro (Chang and Laimins, 2000, de La Fuente et al, 2000, Vertegaal et al, 

2000, Mikovits et al, 2001, Carter et al, 2002, Moses et al, 2002, Poole et al, 2002). 

Array analyses of virally transformed cells in vitro or virus-associated cancers in vivo 

reveal virus-associated gene expression that may be responsible for oncogenesis (Honda 

et al, 2001, Okabe et al, 2001, Wu et al, 2001a, Xu et al, 2001, lizuka et al, 2002, Li 

et al, 2002).

The use of microarrays to compare the effects of inactivated viruses with their active 

counterparts helps distinguish responses dependent on virus gene expression (Browne et 

al, 2001, Geiss et al, 2001, Mossman et al, 2001). In addition, the effects of individual 

virus genes on host gene expression can be measured by either knocking genes out 

(Hobbs and DeLuca, 1999, Stingley et al, 2000) or by expressing them in isolation. 

Virus proteins that have had their effects on host gene expression analysed in this way 

include Tat (De La Fuente et al, 2002) and Nef (Simmons et al, 2001, Shaheduzzaman 

et al, 2002) of HIV-1, LNA-1 (Renne et al, 2001) and vGPCR (Poison et al, 2002) of 

KSHV, LMP-1 (Kleines et al, 2000) and EBNA-2 (Spender et al, 2002) of EBV, IE86 

of human cytomegalovirus (HCMV) (Song and Stinski, 2002), hepatitis B virus (HBV) 

protein x (HBx) (Han et al, 2000, Wu et al, 2001a) and E6 and E7 of HPV-16 (Nees et 

al, 2000). Studies of this type will help to deconstruct the expression patterns of 

infection at a mechanistic level.
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Order Family Species Array type 
(penes)

Reference(s)

dsDNA virus Adenovirus 

Herpesvirus

Adenovirus types 5
and 12
HSV-1

Human
cytomegalovirus
(H CM V)
H HV-6
EBV
KSHV

M arek’s disease virus 
(M DV)

Mem brane (18376) (Vertegaal e t  a l . ,  2000)

Membrane (588) 
Microarray (57) 
Mem brane (588) 
Microarray (19000) 
Mem brane (149) 
Mem brane (18378) 
Affymetrix (4x1650) 
Affymetrix (12626) 
Microarray* (8942) 
Membrane (1152) 
Membrane (4146) 
Membrane (10000) 
Microarray* (4165) 
Mem brane (2350) 
Microarray (9180) 
Membrane (1126)

(Khodarev e t a ! . ,  1999) 
(Stingley e t a ! . ,  2000) 
(Hobbs and DeLuca, 1999) 
(Mossman e t a ! . ,  2001)
(Hill e fa /., 2001) 
(Tsavachidou e t a ! . ,  2001) 
(Zhu e t a ! . ,  1998)
(Browne e t  a!. , 2001) 
(Simmen e t a ! . ,  2001) 
(Mayne e t  a!. ,  2001)
(Carter e t a ! . ,  2002) 
(Mikovits e t a ! . ,  2001) 
(Moses e t  a!. , 2002)
(Poole e t a ! . ,  2002)

(Morgan e t a ! . ,  2001)

Papillomavirus HPV-31 Microarray (7075) (Chang and Laimins, 2000)

dsRNA virus Reovirus Reovirus serotypes 1 
and 3
Rhesus rotavirus

Affymetrix (12626) 

Microarray (38432)

(Poggioli e t a ! . ,  2002) 

(Cuadras e t a ! . ,  2002)

ssRNA- virus Paramyoxvirus

Orthomyoxovirus

Measles virus 
Respiratory syncytial 
virus (RSV) 
Pneumonia virus of 
mice (PVM ) 
Influenza virus

Mem brane (3x1176) 
Mem brane (268) 
Affymetrix (12626) 
Affymetrix (12000)

Microarray (4608)

(Bolt e fa /., 2002)
(Zhang e t a ! . ,  2001b)
(Tian e t  a !. ,  2002) 
(Domachowske e t a ! . ,  2002)

(Geiss e t a ! . ,  2001)

SSRNA+ virus Picornavirus

Flavivirus

Poliovirus 
Echovirus 1 
Coxsackievirus B3 
Hepatitis C virus 
(HCV)

Microarray (10000) 
Mem brane (588) 
Microarray (7000) 
Affymetrix (7000) 
Microarray (1080) 
Microarray (23040) 
Affymetrix (6000)

(Johannes e t a ! . ,  1999) 
(Pietiainen e t a ! . ,  2000) 
(Taylor e t  a!. ,  2000) 
(Bigger e t a l . ,  2001) 
(Honda e t a l . ,  2001) 
(Okabe e t a l . ,  2001) 
(lizuka e t  a l . ,  2002)

dsDNA -RT
virus

Hepadnavirus Hepatitis B virus 
(HBV)

Microarray (1080) 
Microarray (23040) 
Microarray (2208) 
Membrane (12393) 
Affymetrix (6000)

(Honda e t  a l . ,  2001) 
(Okabe e t a l . ,  2001) 
(Wu e t a l . ,  2001a) 
(Xu e t a l . ,  2001) 
(lizuka e t  a l . ,  2002)

ssRN A-RT
virus

Retrovirus HIV-1

Human T-cell 
leukaemia virus-1 
(HTLV-1)
Human foamy virus 
(H FV or SFVcpz(hu))

Microarray (1506) 
Affymetrix (6800) 
Membrane (10000) 
Membrane (588)

Membrane (588)

(Geiss e t  a l . ,  2000) 
(Corbeil e t a l . ,  2001) 
(Mikovits e t a l . ,  2001)
(de La Fuente e t a l . ,  2000)

(W agner e t a l . ,  2000)

Table 1.9. Viruses whose effects on host gene expression have been measured using DNA 
arrays.
The array type used and approximate number of genes analysed is indicated (in brackets).
* denotes the use of a microarray with only one fluorophore.

For all studies in which cellular RNA was analysed at time points after infection, the 

number of differentially regulated transcripts increases with time. This is likely to reflect 

the expression of increasing numbers of virus genes and completion of more stages of 

the virus life cycle. Some viruses, such as HCMV (Zhu et ai, 1998, Browne et al., 

2001), HSV-1 (Khodarev et al, 1999), KSHV (Moses et al, 2002, Poole et al, 2002),
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HPV-31 (Chang and Laimins, 2000), rhesus rotavirus (Cuadras et al, 2002), respiratory 

syncytial virus (RSV) (Zhang et al, 2001b) and influenza virus (Geiss et al, 2001), have 

pleiotropic effects on host gene expression, modulating the transcription of many genes 

across numerous functional groups. This may also be the case for many other viruses but 

the authors of these studies did not present these data. Some of the differences between 

expression patterns generated by different viruses could be due to cell-type specific 

expression patterns or differences in the array methodologies used. This problem is 

highlighted when comparing the studies on KSHV-induced changes in DMVEC gene 

expression (Moses et al, 2002, Poole et al, 2002). 96 differentially expressed genes 

found by Poole et al, (2002) were also represented on the array used by Moses et al, 

(2002), Of these, only 19 were also found to change by Moses et al, (2002). Even with 

these limitations, comparisons can be made between array results from infection by 

different viruses. Common expression changes can be found in host genes of certain 

functional groups including:

1. Interferon response

2. Cytokines

3. Stress responses

4. Protein synthesis

5. Cell cycle

1.3.7.1 Interferon response

Infection by HCMV, EBV (type III latency), KSHV, Marek’s disease virus (MDV), 

rhesus rotavirus, measles virus, RSV, pneumonia virus of mice (PVM), hepatitis C virus 

(HCV) and HIV-1 all lead to an increase in the expression of interferon-stimulated genes 

(Zhu et al, 1998, Bigger et al, 2001, Browne et al, 2001, Corbeil et al, 2001, Morgan 

et al, 2001, Bolt et al, 2002, Carter et al, 2002, Cuadras et al, 2002, Domachowske et 

al, 2002, Poole et al, 2002, Tian et al, 2002). Induction of these genes is indicative of 

the activation of the cellular anti-viral response (reviewed in Goodboum et al, 2000). A 

function for interferon responsive genes in the anti-viral response is supported by array 

analysis showing that the induction of interferon-responsive genes in the liver of a 

chimpanzee during infection with HCV correlates with the clearance of viraemia (Bigger 

et al, 2001).
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Some viruses are able to suppress the transcriptional induction of host anti-viral genes. 

Although UV-inactivated HSV-1 leads to up-regulation of interferon-stimulated genes, 

transcriptionally active HSV-1 is able to counteract this and keep the level of these genes 

constant (Mossman et al, 2001). The use of mutant HSV-1 demonstrated that the 

immediate-early transcription factor VP 16 is necessary to counter the anti-viral 

transcriptional response. This study also showed that, because of this, VP16 is 

dispensable for the infection of cells that do not generate an anti-viral response. The 

number of interferon-response genes up-regulated by UV-inactivated HCMV is also 

greater than for transcriptionally active virus (Browne et al, 2001). Treatment of cells 

with HCMV gB alone recapitulates the host interferon-response gene transcription 

pattern suggesting that gB binding is responsible for this up-regulation (Simmen et al, 

2001). There is no change in the expression of interferon responsive genes upon 

influenza virus infection (Geiss et al, 2001) and expression is reduced upon HPV-31 

infection (Chang and Laimins, 2000). HPV-16 oncoproteins E6 and/or E7 alone also 

repress the host anti-viral response (Nees et al, 2000), suggesting these proteins are 

responsible for this effect in HPV-31. Array data therefore shows that HSV-1, HCMV, 

influenza virus and HPV-31 all express genes that act to inhibit the host anti-viral 

response at the transcriptional level.

Contrary to their counterparts in HPV-16, E6 and E7 from benign HPV-6b have no effect 

on host gene expression (Nees et al, 2000). Also, in vivo infection by the pathogenic 

J3666 strain of PVM induces expression of interferon response genes, whereas the non- 

pathogenic strain 15 does not (Domachowske et al, 2002). Therefore, the host response 

against viral infection varies according to pathogenicity. The active repression of the 

interferon response by some viruses and not others may reflect differences in the 

replication strategy (acute versus chronic infection). The change in KSHV replication 

strategy that accompanies the induction of KSHV lytic replication increases the host 

anti-viral response against the virus in DMVECs (Poole et al, 2002). Differences in host 

gene expression may also reflect the mechanism by which the virus counters the anti

viral response. For example, viruses can inhibit the function of interferon-response genes 

at the post-transcriptional level (reviewed in Goodboum et al, 2000).
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1.3.7.2 Cytokines

Similar to their effects on interferon-responsive genes, HCMV, HHV-6, rhesus rotavirus, 

RSV and PVM all lead to increased expression of various cytokine genes (Zhu et al, 

1998, Browne et al, 2001, Mayne et al, 2001, Zhang et al, 2001b, Cuadras et al, 2002, 

Domachowske et al, 2002). HHV-6 infection of T-cells leads to the up-regulation of 

pro-inflammatory cytokines but down-regulation of anti-inflanunatory cytokines (Mayne 

et al, 2001). This is characteristic of a ThI response, which may favour HHV-6 

persistence. HCMV infection leads to the up-regulation of genes involved in the 

synthesis of prostaglandin E2, such as cyclooxygenase-2 (COX-2) (Zhu et al, 1998, 

Browne et al, 2001), which may act to trigger an immune response against the virus. 

COX-2 is also induced following heat-shock reactivation of HSV-1 (Hill et al, 2001), 

suggesting this may be a common feature of herpesvirus lytic replication. The induction 

of cytokine genes by RSV, PVM, coxsackievirus B3 and HHV-6 may be responsible for 

the inflanunatory cell infiltrate observed during virus infection in vivo.

Compared to infection by the pathogenic J3666 strain of PVM, the non-pathogenic strain 

15 leads to a much-reduced expression of chemokine genes (Domachowske et al, 2002). 

Similar to its effect on the interferon response, influenza virus also inhibits the 

expression of many cytokine genes (Geiss et al, 2001). Also, although HCMV and RSV 

infection lead to increased expression of some cytokine genes, this is greatly increased if 

the viruses are first inactivated, thus suggesting virus gene products act to inhibit this 

response (Browne et al, 2001, Zhang et al, 2001b). Therefore, as with interferon- 

responsive genes, cytokine expression varies according to virus type, the genes expressed 

and pathogenicity. However, analysis of many array studies demonstrates that expression 

of some cytokines may be a common feature of infection by all viruses. IL-6 is up- 

regulated upon infection by HSV-1, HCMV, HHV-6, HPV, influenza and coxsackievirus 

B3 and expression of RANTES is induced by HCMV, rhesus rotavirus, HPV-16 E6 and 

E7, RSV, PVM and HTLV-1.

1.3.7.3 S tre ss  resp o n ses

The induction of stress-response genes is common to infection by many viruses (HSV-1, 

HCMV, rhesus rotavirus, measles virus, PVM, influenza virus, echovirus 1, 

coxsackievirus B3 and HIV-1 (Zhu et al, 1998, Khodarev et al, 1999, Pietiainen et al.
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2000, Taylor et al, 2000, Corbeil et al, 2001, Geiss et al, 2001, Hill et al, 2001, Boit et 

al, 2002, Cuadras et al, 2002, Domachowske et al, 2002). Activating transcription 

factor (ATF) 4, implicated in the ER stress response (Fawcett et al, 1999), is up- 

regulated by HSV-1, measles virus, echovirus 1 and coxsackievirus B3 (Khodarev et al, 

1999, Pietiainen et al, 2000, Taylor et al, 2000, Bolt et al, 2002). Infection by influenza 

virus causes up-regulation of metallothionein genes, independent of virus replication 

(Geiss et al, 2001). Induction of metallothionein gene expression is also observed upon 

KSHV reactivation (Poole et al, 2002), infection by coxsackievirus B3 (Taylor et al,

2000) and the pathogenic J3666 strain of PVM (Domachowske et al, 2002). This up- 

regulation may be due to oxidative stress (Palmiter, 1998). The elevated expression of 

superoxide dismutase 2 (S0D2) after HSV-1 infection (Mossman et al, 2001) and 

reactivation (Hill et al, 2001), and hypoxia-inducible factor-1 alpha (HIF-la) after 

KSHV reactivation (Poole et al, 2002) may also be to counter oxidative stress. 

Replication of HIV-1 in T-cells leads to the decrease in expression of mitochondrial 

genes and DNA repair genes, suggesting a role in HIV-associated cytotoxicity (Corbeil 

et al, 2001).

1.3.7.4 Protein syn thesis

Array analysis demonstrates that many host genes are down-regulated upon HSV-1, 

HCMV, rhesus rotavirus, influenza virus and HIV-1 infection (Khodarev et al, 1999, 

Browne et al, 2001, Corbeil et al, 2001, Geiss et al, 2001, Cuadras et al, 2002). It is 

known that HSV-1, rotaviruses, influenza virus, picomaviruses and HIV-1 act to inhibit 

host cell protein synthesis whilst maintaining the production of virus proteins. Therefore, 

the increase in expression of genes involved in protein synthesis that occurs during 

HCMV, rhesus rotavirus, influenza virus and coxsackievirus B3 infection (Zhu et al, 

1998, Taylor et al, 2000, Geiss et al, 2001, Cuadras et al, 2002) may be related to this 

mechanism. The inhibition of protein synthesis may be controlled by proteins encoded 

by the virus. HSV-1 down-regulates protein synthesis by blocking the maturation of 

cellular RNA (Hardy and Sandri-Goldin, 1994). Microarray analysis of ICP27 mutant 

virus confirms that this gene is necessary for this effect (Stingley et al, 2000). The 

specific up-regulation of host genes required for HIV-1 replication may be controlled by 

Nef (Simmons et al, 2001).
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The host cell also acts to inhibit protein synthesis as part of the anti-viral response 

initiated by PKR (Meurs et al, 1992). Induction of select protein synthesis genes may 

allow the virus to overcome this block. Picornavirus infection leads to the shutdown of 

host translation by activating proteolysis of translation initiation factors (Gradi et al, 

1998). Microarrays have been used to find which host genes are still translated during 

this virus induced host shut-off (Johannes et al, 1999). As these genes are protected 

from viral repression they may have important anti-viral functions.

1.3.7.5 Cell cycle

Different viruses also have different effects on the cell cycle. Array analyses have shown 

that this may be due to differential effects on host gene expression. Infection by HSV-1, 

reovirus serotype 3, echovirus 1 and HlV-1 lead to cell cycle arrest at the 02 to M 

transition. All of these viruses up-regulate GADD45 (Hobbs and DeLuca, 1999, 

Khodarev et al, 1999, Pietiainen et al, 2000, Corbeil et al, 2001, Poggioli et al, 2002), 

a cdc2 kinase inhibitor (Wang et al, 1999), suggesting this may be a common 

mechanism for virus induction of cell cycle arrest. HSV-1 also up-regulates two other 

genes associated with p53-induced cell cycle arrest, p21 and mouse double minute 2 

(MDM2). Their induction by HSV-1 is independent of p53 and instead due to the 

immediate-early HSV-1 gene ICPO (Hobbs and DeLuca, 1999). In addition to the up- 

regulation of GADD45, reovirus serotype 3 up-regulates chkl and weel, inhibitors of 

cdc2 kinase activity in M-phase, and a number of mitotic spindle checkpoint genes. 

Furthermore, reovirus serotype 1, which does not cause cell cycle arrest, has no effect on 

the expression of these genes (Poggioli et al, 2002).

Contrary to these viruses, HPV-31 infection stimulates entry into the cell cycle through 

E7 (Dyson et al, 1989, Munger et al, 1989) and p21 is down-regulated accordingly 

(Chang and Laimins, 2000). Expression of E6 and E7 alone also leads to down- 

regulation of cell cycle arrest and differentiation genes, including p21, and up-regulation 

of genes involved in cell cycle progression (Nees et al, 2000). DMVECs latently 

infected with KSHV under-express GADD45 and p57-KlP2, involved in cell cycle arrest 

in Gi, and over-express cell cycle progression genes (Moses et al, 2002). HTLV-1 

infection also activates the expression of cell cycle progression genes (de La Fuente et 

al, 2000).
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The alternative effects of different viruses on cell cycle gene expression is likely to 

reflect to the different replication strategies of these viruses; acute lytic replication by 

HSV-1, HIV-1 and reovirus, versus chronic infection by HTLV-1, KSHV (latency) and 

HPV. The up-regulation of proliferation-associated genes by HTLV-1, KSHV and HPV 

may also explain their oncogenic potential. Indeed, kératinocytes immortalised by HPV- 

16 E6 and E7 also show this pattern, with the additional up-regulation of a number of 

genes involved in metastasis (Nees et al, 2000). Furthermore, HBx increases the 

expression of genes involved in cell cycle progression while inhibiting those involved in 

cell cycle arrest, including p21, a pattern that is conserved in hepatocellular carcinoma 

(HCC) (Wu et al, 2001a, Xu et al, 2001).

1.3.7.6 Summary; parallels with array analyses of cancer

Array studies of cancer and virus infection meet in the analysis of virus-driven 

tumourigenesis. A number of studies have investigated differential gene expression 

between HBV and HCV-associated HCC (Honda et al, 2001, Okabe et al, 2001, lizuka 

et al, 2002). Gene expression patterns able to differentiate between HBV and HCV- 

associated tumours, found using supervised techniques, include the increased expression 

of liver detoxification enzymes (Okabe et al, 2001, lizuka et al, 2002) and decreased 

expression of interferon response genes (lizuka et al, 2002) in HBV cancers. However, 

the contribution of the viruses to the gene expression patterns of the cancers is not clear 

from these studies.

A number of other parallels can be drawn between array studies of virus infection and 

those of cancer discussed earlier (section 1.3.5). Similar to the classification of cancer, 

the differences between the transcriptional changes associated with different viruses 

suggest that it may be possible to generate expression profiles that could be used to 

classify viruses and diagnose virus infection. A precedent for this is the specific 

responses generated in immune-system cells exposed to different bacteria (Boldrick et 

al, 2002, Nau et al, 2002) and the distinction between E.coli, C. albicans and influenza 

virus by dendritic cells (Huang et al, 2001b). Also, it may be possible to define an 

infecting virus as pathogenic or non-pathogenic due to the differences between the 

resulting expression patterns. This is akin to finding groups of genes able to predict 

outcome in array studies of cancer (section 1.3.5.2). Data gathered thus far suggest that 

gene expression changes in response to host infection may reveal how some viruses enter
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a chronic latency period and others replicate acutely, and how this may be related to 

oncogenic potential. Similar patterns of expression induced by members of different 

virus families may point to examples of convergent evolution. Common differentially 

expressed genes may represent specific cellular weaknesses or key anti-viral responses 

and are therefore those on which the most attention should be focused.

The identification of differentially expressed genes may suggest targets for therapeutic 

intervention. HCMV replication relies on the up-regulation of prostaglandin E2 

expression (Nokta et al, 1996, Speir et al, 1998, Zhu et al, 1998) and can be blocked 

with COX-2 inhibitors (Zhu et al, 2002b). Also, microarray analysis of KSHV infected 

DMVECs, a model for KS (Moses et al, 1999, Ciufo et al, 2001), revealed over

expression of the proto-oncogene c-kit, the receptor for SCF (Moses et al, 2002). This 

up-regulation is essential for KSHV-mediated transformation and the c-kit inhibitor STI 

571 (Gleevec) inhibits SCF-dependent proliferation of KSHV-infected cells. These 

results suggest that arrays will aid in the achievement of the ultimate goal of virus 

research, the cure or prevention of disease.
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7.4 Scope of this thesis

Discovering the stage of development from which a B-cell tumour is derived is 

fundamental for understanding the transformation process, site of presentation and 

tumour pathology. It may also provide information critical for successful treatment. For 

virally driven tumours, it is also important to know which viral genes are expressed, how 

they act within the host cell, and how this relates to pathogenesis

The aim of this thesis is to exploit the power of DNA arrays to understand how the 

interaction between KSHV and its B-cell host relates to PEL pathogenesis. This takes the 

form of a number of specific questions:

1. Can DNA arrays give sensitive yet specific measurements of KSHV gene 

expression that are reproducible upon experimental replication?

2. When during the virus life cycle is each KSHV gene expressed?

3. Can DNA arrays be used to discover novel genes?

4. How does the host cell react to KSHV infection?

5. From which stage of B-cell development does PEL derive?

6. Can PEL gene expression explain the unusual tumour phenotype?

The results of attempts to answer these questions, together with their interpretation, are 

the subjects of Chapters 3 to 5. Chapter 3 deals with the construction and testing of two 

DNA arrays; the KSHV array, containing probes for all KSHV genes, and the KSHV- 

human microarray, which unites these with 5428 probes for human genes. Chapter 4 

contains the results of applying these arrays to the analysis of KSHV gene expression 

during latency and after the induction of lytic replication in PEL. Chapter 5 compares the 

expression of human genes in PEL to other B-cell tumours in order to explain its unique 

properties. Finally, in Chapter 6, the results of these analyses are brought together to 

suggest a model for KSHV control of B-cell development.
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Chapter 2 

Materials and Methods

2.1 Buffers and solutions

Deoxynucleotide 
triphosphate mix (dNTPs)

100 mM of deoxyadenosine triphosphate (dATP), deoxythymidine 
triphosphate (dTTP), deoxyguanosine triphosphate (dGTP), 
deoxycytidine triphosphate (dGTP)

Luria-Bertani (LB) agar 1% (w/v) bacto typtone, 0.5% (w/v) bacto yeast, 0.5% (w/v) 
sodium chloride, pH 7.0 with 15 g/l bacto-agar

Luria-Bertani (LB) broth 1% (w/v) bacto typtone, 0.5% (w/v) bacto yeast, 0.5% (w/v) 
sodium chloride, pH 7.0

lOx PGR buffer (20 mM 
magnesium chloride)

100 mM Tris, pH 8.3, 500 mM potassium chloride, 20 mM 
magnesium chloride

lOx PGR buffer (10 mM 
magnesium chloride)

100 mM Tris, pH 8.3, 500 mM potassium chloride, 10 mM 
magnesium chloride

Phosphate-buffered saline 
(PBS)

137 mM sodium chloride, 2 mM potassium chloride, 10 mM 
sodium hydrogen phosphate (dibasic), 2 mM potassium hydrogen 
phosphate (dibasic), pH 7.4

Polyacrylamide running gel 10% acrylamide, 400 mM Tris, pH 8.8, 0.1% SDS. Polymerised 
with 0.05% (w/v) ammonium persulphate (APS) and 0.1% (v/v) 
tetramethylethylenediamine (TEMED)

Polyacrylamide stacking gel 3% acrylamide, 100 mM Tris, pH 6.8, 0.1% SDS. Polymerised 
with 0.2% (w/v) ammonium persulphate (APS) and 0.2% (v/v) 
tetramethylethylenediamine (TEMED)

5x Protein loading buffer 250 nM Tris hydrogen phosphate, pH 6.8, 5% (w/v) sodium 
dodecyl sulphate (SDS), 30% (v/v) glycerol, 5% (v/v) p- 
mercaptoethanol with bromophenol blue.

Radioimmunoprecipitation 
(RIPA) buffer

150 mM sodium chloride, 50 mM Tris pH 8.0, 1% (v/v) Nonidet P- 
40, 0.5% (v/v) sodium deoxycolate, 0.1% (w/v) SDS

SDS-polyacrylamide gel 
electrophoresis (PAGE) 
running buffer

25 mM Tris, 200 mM glycine, 0.1% (w/v) SDS

20x Saline sodium citrate 
(SSG)

3 M sodium chloride, 0.3 M sodium citrate, pH 7.0

Tris-acetate-EDTA (TAE) 40 mM Tris pH 7.8, 20 mM sodium acetate, 1 mM 
ethylenediaminetetraacetic acid (EDTA)

Tris-EDTA (TE) 10 mM Tris pH 7.4, 1 mM EDTA
Tris-magnesium (TM) 100 mM Tris, pH 8.3, 20 mM magnesium chloride

Table 2.1. Constituents of buffers and solutions.
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2.2 Cell culture

Cell line B-cell tum our Viruses Reference

BC-3 Primary effusion 
lymphoma

KSHV (Arvanitakis etal., 
1996)

BCBL-1 Primary effusion 
lymphoma

KSHV (Renne etal., 1996b)

BCP-1 Primary effusion 
lymphoma

KSHV (Boshoff etal., 1998)

BONNA-12 Hairy cell leukaemia EBV (Kluin-Nelemans et al., 
1992)

DG-75 Burkitt’s lymphoma EBV (Ben-Bassat etal., 
1977)

DEL Anaplastic-DLBCL (Barbey etal., 1990)
DoHH-2 Follicular lymphoma (Kluin-Nelemans et al., 

1991)
DS-1 Immunoblastic lymphoma (Bock etal., 1993)
EHEB Chronic B-cell lymphoma EBV (Saltman etal., 1990)
HBL-6 Primary effusion 

lymphoma
KSHV and 
EBV

(Gaidano etal., 1996)

JSC-1 Primary effusion 
lymphoma

KSHV and 
EBV

(Cannon etal., 2000)

Karpas-422 Diffuse large B-cell 
lymphoma

EBV (Dyer etal., 1990)

L-363 Plasma cell leukaemia (Diehl etal., 1978)
L-428 Classical Hodgkin’s 

lymphoma
(Schaadt etal., 1979)

Nalm-6 Pre-B (acute) 
lymphoblastic leukaemia

(Hurwitz etal., 1979)

Namalwa Burkitt’s lymphoma EBV (Drexler, 2001)*
NCI-H929 Multiple myeloma (Gazdar etal., 1986)
Raji Burkitt’s lymphoma EBV (Pulvertaft, 1964)
Ramos Burkitt’s lymphoma (Klein etal., 1975)
Reh Pre-B (acute) 

lymphoblastic leukaemia
(Rosenfeld etal., 1977)

RPMI-8226 Multiple myeloma (Matsuoka etal., 1967)
SK-MM-2 Plasma cell leukaemia (Eton etal., 1989)
SU-DHL-5 Diffuse large B-cell 

lymphoma
(Epstein etal., 1978)

TOM-1 Pre-B (acute) 
lymphoblastic leukaemia

(Okabe etal., 1987)

Table 2.2. Cell lines used In this study.
All cell lines are derived from B-cell tumours. Some contain the herpesviruses KSHV and/or EBV. 
Ail cell lines were grown in RPMI-1640 medium (Invitrogen, UK) with 10% foetal calf serum 
(PCS) (Helena Biosciences, UK), 100 units/ml penicillin and 100 p.g/ml streptomycin (Invitrogen, 
UK) in 5% CO2 at 37°C. DS-1 cultures were supplemented with 10 units/ml IL-6 (Sigma, UK).
* Derivation of ceil line not published, date given as 1967 by (Drexler, 2001).

2.2.1 Thawing cells

Cells were taken from liquid nitrogen and thawed rapidly at 37°C. Cells were added to 

20 ml of Roswell Park Memorial Institute (RPMI)-1640 medium (Invitrogen, UK) with 

10% foetal calf serum (PCS, Helena Biosciences, UK), 100 units (U)/ml penicillin and 

100 pg/ml streptomycin (P/S, Invitrogen, UK). The cells were then pelleted at 325g for 5
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minutes, resuspended in 10 ml media and counted with a haemocytometer. The cells 

were centrifuged for a further 5 minutes and resuspended at 5x10^ cells/ml or at the 

density recommended by the Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ).

2.2.2 Passag ing  cells

Cells were cultured in RPMI-1640 with 20% PCS and P/S in 5% CO2 at 37°C for the 

initial 1-2 weeks after thawing. The cell line NC1-H929 was initially supplemented with 

2 mM L-glutamine, 1 mM sodium pyruvate and 50 |liM P-mercaptoethanol (Invitrogen, 

UK) in accordance with DSMZ guidelines. DS-1 was supplemented with 10 U/ml IL-6 

(Sigma, UK). Cells were transferred to medium containing 10% PCS for continued 

culture. Cells were split 1:2 to 1:7, depending on cell density and rate of growth, 

approximately twice a week.

2.2.3 Freezing cells

Cells were centrifuged at 325g for 5 minutes and resuspended at 5x10^ cells/ml in cold 

RPMI-1640 with 20% PCS and P/S. An equal volume of media containing 20% PCS, 

P/S and 20% dimethyl sulphoxide (DMSO, Sigma, UK) was added drop-wise. Cells 

were aliquoted into cryovials (Nunc, USA) and gradually cooled to -80°C in an 

isopropanol-containing cryo-container (Nalgene, USA) before being transferred to liquid 

nitrogen.

2.2.4 Culture of clinical sam ples

Two frozen samples taken from lymphomatous effusions presented in the pleural cavities 

of two AIDS patients (PEL-SY and BEL) were obtained from Ursula Ayliffe 

(Department of Virology, University College London). These were thawed as before and 

cells layered on Lymphoprep (Nycomed, Norway) and centrifuged for 30 minutes at 

700g. Viable cells were taken from the interface, washed and resuspended in RPMI-1640 

with 20% PCS and P/S. PEL-SY was cultured in RPMI-1640, 10% PCS and P/S. BEL 

was cultured in RPMI-1640 with GlutaMAX I (Invitrogen, UK), 20% PCS and P/S 

supplemented with Ix non-essential amino acids, 1 mM sodium pyruvate and 50 pM (3- 

mercaptoethanol (Invitrogen, UK).
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2.2.5 Harvesting cells for analysis

2.2.5.1 KSHV array

BC-3 cells were split 1:2 in fresh medium and the following day centrifuged through 

Lymphoprep and resuspended at 5x10^ cells/ml in fresh medium. The cells were split 

into two flasks and TPA added to one at 20 ng/ml (Sigma, UK, dissolved in DMSO at

0.2 mg/ml). 2x10^ cells were removed from both flasks after 0, 2, 4, 10, 24, 34, 48 and 

72 hours, centrifuged at 325g for 5 minutes and washed with 1 ml phosphate buffered 

saline (PBS, 4°C). The number of cells taken was increased to 1x10  ̂ at 72 hours to 

compensate for the decrease in viability. Cells were lysed with 350 pi RLT lysis buffer 

(Qiagen, UK) and processed immediately (section 2.5.3) or frozen at -80°C.

2.2.5.2 KSHV-human microarray

All cell lines were split 1:4 in their respective media, grown to around 1x10  ̂cells/ml and 

split 1:4 again. Cells were then harvested at IxlOf cells/ml, except for when this was not 

possible (Table 5.1). Cells were centrifuged at 325g for 5 minutes, lysed in TRIzol 

(Invitrogen, UK) at 1 ml per 10̂  cells and frozen in liquid nitrogen. DS-1 was also grown 

in the absence of IL-6 for 18 days before harvesting. For the induction of virus lytic 

replication, BC-3, HBL-6, JSC-1 and Raji cells were grown up to 1x10  ̂ cells/ml as 

before, split 1:2 and TPA added at 20 ng/ml. Cell viability was assessed by adding an 

equal volume of 0.4% trypan blue (Invitrogen, UK), incubating at 37°C for 30 minutes 

and calculating the proportion of blue (dead) cells with a haemocytometer.

2.2.5.3 Northern blotting

BC-3 cells were grown up to 1.5x10^ per ml, centrifuged through lymphoprep and the 

viable cells at the interface recovered. These were washed in 20 ml medium and 

resuspended at 5x10^ cells/ml. TPA was added at 20 ng/ml. The culture was split into 7 

equal aliquots. Cyclohexamide (CHX) was added at 33 pg/ml. Phosphonoacetic acid 

(PAA) was added at 0.5 mM. Cells were pelleted by centrifugation at 350g for 5 

minutes, washed in I ml PBS and frozen in ethanol/dry ice. Cells were stored at -80°C.
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2.3 DNA primers

Array 
clone ID ORF/Gene 5 ’ primer (a) 3 ’ primer (b)

KSHV array primers
1 K1 A TG TTG TC TG C A G TC TG G C TG TTTG ATG G CTG TG G AG A G
2 0 R F 4 ATGG CC TTTTTA A G AC AA AC GTGGAGGATGAAATATAAGGTTTGG
3 0 R F 6 ATG G CG CTA AAG G G A CCAC GAAAGAGGATGG GGTGG
4 0 R F 7 A TG G CA AA G G AA CTG G CG G C CGAAATGGAGGAGG GAA
5 0 R F 8 A TG A C TCC C A G G TC TA G A TT CAGAGTGTGAAGTGGTAA
6 0 R F 9 TA TC G A CC C A A C TC G C G G G G TG TGGAGG ATGTGG TATA
7 O R F 10 A TG C A G AC AG A G G C AA CG TT AATTGTTTATGAGGG GAGGG
8 O RF 11 ATG G CG CA G G AG TC A G A G C A A A A G TTG G G G TA G G G TG TG T
9 O R F 2 ATG G A TC C TA C A C TTTA C T GATGGAGGGAAGTGGGGAAA
10 K3 ATG G AA G A TG A G G A TG TTC C T GGGGCGG AATGTGATAAT
11 O R F 70 A TG TTC C G TTG TA C C G G TTTG TG G TTA G TA A G G G A
12 K4 A TG G AC A C C A A G G G C A TC C T TG AG G G AG G AG TG AG TG G TAA
13 K4.1 A TG TG G A G C A TG TG C TG G G TG CTAGGG G G A TAA CG G TTTA G C
14 K4.2 A 1G A C O TT I 1 GAG rCAC C  1 AGGGTGAGTAGAGATTGAGG
15 Probe B ATG AG G G G G AAG CATATC TTATTTGAAGAGGGTATG
16 K5 ATG G GGTGTAAG GAGGTAG CGAGGAGAGAGATGAGGAGA
17 K6 A TG G G G G G G G 1C C A G G 1 1 1 1' C TAAGGTATGGGAGGG AG G
18 Probe 0 TTTG TG G C TTG A G TTC TG G TTG CTC AC A AC G G TG G CA A
19 K7 ATGG GAAG AG TGGAGATAAA TTG G G G A AA TG G G AG G TTT
20 O R F 16 ATGG AG G AG G A G G TTTTG G G G A TAAGTTCTGGGGGAGA
21 O R F 17 ATGAGCGTGGTAAGGGGG C G G TGGAGAAAATAGGGTGG
22 O RF 18 ATG C TGGGAAAATAGGTGTG CAGGAGGATGTGAGTTGAGA
23 K8 exoni ATGCGG AG AATGAAGGAGAT TG TG G A A TTTA G TTTG TG G A
24 K8 exon3 ATGG G G G G AG G TTG G TG TG TTT A GTG ATGGTTATTAATCGGA
25 O R F 52 AAGGAGGTTAGGATGG AAGA AGATGG AG AG GTGGATTGTA
26 O R F 53 ATGAGAGG GTGGAGGG TGG AATGTGGGGAGGAGGAGTAG
27 O R F 54 ATGAAGAAGGGGGGAGGGTCGAA GGGGGGTGTGGGAAAATAGA
28 O R F 55 A TG TGGTG TGGATGGTAGACC 1G G G  I I I !  G A C G G IG 1GGTG
29 O R F 56 ATGGAGAGGAGATAGGGGGG TG TG G TG G G TG AG G AG G ATA
30 O R F 57 ATG ATAATTG AG G G TG AG AG A AAGGGGGAAGGGTTTGGAG
31 K9 ATGGAGGGAGGGGAAAGAGG CAG TG G G AG C G G TA G ATA TT
32 K10 A TG G G G TGGTGTGG GAGGGGAGAA GATGTGGGGATGGAAAAGAG
33 K10.1 A TG C G TAAAG GGGGTG GGTG C AA ATG TG TCG G TG TA G G G T
34 Probe D GGGCGATGAAAG AAGG GTGG A G ATTGTGGG GGTCGAGTGG
35 Probe E TTGCGTGTAGGAGGTGGTAG G G TTA G G TG G A TTTC TG A G T
36 K11 TG AAGAGG GAGAAG GGTGGG TG TG ATG G ACC ATG G G TA G G
37 K11.1 ATGCGTGGGTAG AG GGAGTG ATAG ATG G TAAAG G G G G TG T
38 T0 .7  RNA TTTGAAGATGTGGGAGAGG C AGGAGGGGAGGATTGGTCTG
39 K12 ATG G ATAG AG G G TTAAG G G T TG AG TGGGGG GGGGTTGGAA
40 Probe H AG TCAGGTGGGGTAGGATTA TG GGGG A TTAG G A AATTG A A
41 Probe 1 GTAG GATTTGGTG GAGGGGG C TG G TG G A A G G G G G CA G TA T
42 O R F 71 ATGG CG AG TTAG G AG G TTG T A C G TG G AG AAC AG TG A G G TG
43 O R F 72 ATGG GAAGTGCGAATAAGG TTAGTGGG GAGTAAGAGGG
44 O R F 73 G TGAGGTTGGGGATGAGG TA CAGG AG A TG G AG AATG A G TA
45 K14 TG AA G G TA G TTTC TG ATTG G C TAAGTATGTG AG GAGGGG
46 O R F 74 A TG G G GGGGGAGGATTTG GTAA GAGATATGGTAAGAGAGAGGG
47 O RF 75 A TGG GGTAGGACGTGAGTGG TAGG GAAAGGATAGAAGAGG
48 K14.1 ATGCGTAGAGGGTG GGGGGGG G AG AG A G I I IT T G A G A IG G A T
49 O R F 19 ATGGTGAGATGAGAAAGGTGG AG AG G ATG TCATG TTG G G TA
50 O R F 20 G G G ATGTATG GGGGTTTGTA A TATG A G G A G G G G G G TG AT
51 O R F 21 A TG G G AG A AG G G G TTTTG A A G G G TG G G G TATG A G AG G T
52 O R F 22 A TG CA G G G TG TAG G G TTG TT GATG AC AA G TG TG TTG TTG G
53 O R F 23 GTGTAATGGTGAAGTGGGG G A G GGGATGGGGCTGGGAG
54 O R F 24 TG G AG AGGGATACGGAGAGT ACTG CAG G TAG CTG G AG AG T
55 O R F 25 ATGG AG G G G AG CTTG G AG G AA A TG TA TGATTGTG GGGAGGT
56 O R F 26 ATGG ATCGGTGTGAGAAGGT G AGGATATGTGCGG GGGATAA
57 O R F 27 A TG G G G TG ATG TG A TATT AGGAAGTAAGGATTAAGGG
58 O R F 28 ATGAGGATGAGTTGGGGGTG CATG TA TA TTG TA G G G TA G G
59 O R F 29b ATGCTTGAGAAAGAGGGGAA C G ATTA G TTG G G TG TG G AA T
60 O R F 30 ATG G G TG A G G G AG TG G ATG CT AGAGAGTG AG GGAGAGGGA
61 O R F 31 ATGTGACAAAACAGAAAGAGT A TG C A G TTA C C G G TTA G TTC
62 O R F 32 ATGG ATGGGGATGGTATGAA GAAAG TTG G CATG G TG G G AA
63 O R F 33 A TG G G TAGGGGG AG GGGGAAAGTT TGTGGAAAGTAGATGAGGGGGA
64 O R F 29a A TGCTGGTGAGG CG TGAGA G TATG TTG ATA G G G A G TC G A
65 O R F 34 ATG TTTG G TTTG A G G TG G G T G AGGTTGTGGAGTGTAGGGA
66 O R F 35 TA TTAA G TG G G G TG TG G A TA G G G G G AG G G G G AG C TCTTG TT
67 O R F 36 ATG C G G TG G AA G A G AA TG G A G AG G C G A TTATGGGAAAGGGGCGA
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68 O R F 37 AG A CTA TC TG G TTG A C A CC C GGTGGAGGAAAAAG TTAGAG
69 O R F 39 A TG C G C G CTTCA AA G A G CG A G G AG G ATG TG TG G TTTG TG T
70 O R F 40 ATGGCAACGAGGGAAGAAAC G A TG G TG TG A TTG TG G AG TG
71 O R F 41 ATG G CC G G G TTTA C TC TG A A GTTGGTGTATG AG GTGGAGG
72 O R F 42 G C TCG A G A AC TG TCG AG A CA GATTGTGTGGAGTAGAGTGG
73 O R F 43 CA TACG AG TCCTCAG CAAAA G A G TATG G G G G G TA TG G TTT
74 O R F 44 TCA G TAG A TCA G AG TAG TC AAGATGAGAGAGAGGG TGGA
75 O R F 45 A TG G C G A TG TTTG TG A G G A C C G TGTTG G TG G TG AAG ATG G T
76 O R F 46 A TG G ACG C ATG G TTG C AAC GAGTAAAGGGGAGGGGAGTA
77 O R F 47 A TG G G G A TC TTTG C G C TA TT A A G G 1G A G G T T T IG G  I'GGGA
78 O R F 49 A TG AC ATC G A G A A G G C C C C TT GGTTATG TTG TG G TTG G G A A
79 O R F 50 A TC C C AA G G CA TTATTCG G A A ATGGTGGGAAGGTAG AG GG
80 Ubiquitin ATG C AG A TCTTC G TG AA G A C A G G TTG TG G ATTG TG TG AG T
81 Tyrosine 3- 

monooxygenase 
activation protein

A TG G ATAAAAATG AG CTG G T G AG A GTAG ATGATTGGAGAT

82 Pyrophosptiate
phosphoribosyltransfera
se

A TG G CG AC C C G C A G G C C T AG TG TGATAAAATGTAGAGT

83 Glyceraldehyde 3-
phosphate
dehydrogenase

A TG G G G AA G G TG A AG G TG G G TG G TG A AG A G G G G A G TG G AG

84 Alpha-tubulin ATGGGTGAGTGGATGTGGA G G G A TA G TTA TTG G G AG G A
85 MHO class 1 HLA-B AGTGGATGAGGTATTTGGAG G TG G TG G G TG TG G TTG TA G T
86 Beta-actin Restriction fragment (387-723 in 

X00351)
G GGAG G AG G TG G A AG G A G G G G

87 Highly basic protein GTTGATG G TG G AG G G G ATG T ATGG GGTGAAAGAGGTTGAG
88 Ribosomal protein S9 GTGGGAAAAGTTATGTGAGG G TG TG G AG G G G TG TG TG TA A
89 Luciferase ATGG ATGGGGGG GGATGTAG GGAAGAGGGGGATAAAGAATTG
90 Tobacco mosaic virus 

(TM V) 180kD protein
ATGGGATAGAGAGAGAGAGG GATAAGTGAATGATG GGTAG

91 O R F 58 A TG TGGGGGG TGGAGAGTGA AGGGGAGAGGAGAAAATG TA
92 O R F 59 ATGG G TG TG G ATTTTG AG T GGTTTG GATAAAAGGGTATGGG
93 O R F 60 ATGG ATTG AG TTG ATG G A G TTG G G G TG G A G TG TTG T
94 O R F 61 A TG TG TG TG G G G A G A ITTTG G ATATGTTGGAAGGGATGA
95 O R F 62 ATGAAGGTGGAGGGTGAAA AGGATATGGATAGAGGAGGG
96 O R F 63 ATGG AG GGGAGAGAGGGTGTTG A G G ATG G TA G AA G G G G G TTG TAA
97 O R F 64 ATGG GAGGGGAGGGTGTGTA AAG TG TG G AG AG TG G AAG AT
98 O R F 65 ATGTGGAAGTTTAAGGTG AA G G GAGGGTGAAGGTG
99 O R F 66 A G ATTTGTGGGGGGGAGG A G TTAG G G TG TTG G G TG G G A G
100 O R F 67 A TG AG TG TG G TTG G TA AG G G GTGGGGAGAGAAAGGAGTTG
101 O R F 68 ATGTGAGGAGGGAGAAGGTG G TG AG G G G TAA TTG TAG G G A
102 O R F 69 ATGGAGAGGGGGATATGGA AAGGAGATGGATGGAGTGAG
103 K2 ATG TG G TG G TTG A AG TTG TG G TTGAAAAAAGGG ATGGGGGAGG
104 Probe F AGGAAGGGGTGGTGAGGTG ATGGAGGGAAAGGAGGTAGT
105 Probe A AGGATGATGAGAAGGAGAGG GGTGAAAGGTGGGGGAAATGG
106 T1.1 RNA GAGGTGTAGGGAGG TTAAATTGTG TA G G G G AG A A AG TG A G G TG G G
107 O R F 48 ATGG AG G TG TG TA TG G G AA TT G A TTTGGTGTG GGAGATATT
108 K14.1 ATGGGTAGAGGGTGGGGGGG G CACAGAC'I 1 1 1 IG A G A IG G A I
109 K15exon 8 AGTAGG TTAGAAGGAGTGGTG G TG G TG A TTG G TG TG G G TG TG G
110 K15exons 4-6 GGG TTG G TG ATG G G TTA G G G TG A G AGGGGTTGTTAAAAGTTTGGG
111 K15exons 2-3 G GTTGGATTGTGGTTAAAGTTTG TG AG AG TAATTTAATATTGGG
112 K8.1 exon 1 ATGAGTTGGAGAGAGATTGGG GAGGGGG TG TAG G G G G G TG
113 K8/K8.1 exon GATG ATATTGATGTG GGGAAGG G TGAAG AATAAAGAGG TTTA
114 O R F 38 ATG G GATTTGTGG TATGTATGTG G TTTG G TTAA TAAA TTG G TTG

Extra probes for the KSHV-human microarray
115 K15 (M) exon8 TG ATGGAGGGAGGATATGTG A G A G TTGATGTGGAGGGTGA
116 K15 (M) exon4-6 ATAGTGAAGGGAAGAGGGGG AAGAGGAAGGGAGGAGAGAG
117 K15 (M) exon2-3 A TG TA TTG G G TTTG G G A G TT AGGAGATATTGGAAAGAGAG
118 Plant pollen coat protein AGTTGGTTTGAAAGGTTGGG GTATG G G G G TTTG A G G TG TT
119 O R F 33 (2) G TTTGTGGAGGAAGGATGGG GGAGTGGGGAGAAGAGTAGG
120 O R F 50 (2) AGGGGTTGTGGTGAGAAAGG AGAGGGTGTGTGAAGTAGGG
121 O R F 60 (2) AGGATATGGTGGGAAGATGA GGTGGATAAAGGGAATGTGA
122 O R F 67.5 GGAGTAGGGGTG TGAGGAGG GGGGG GGGTGG GAGAATAGG
123 O R F 68 AGTGGGAGGGTGGGTGGTGG G G G G G G G G TG G TG TTA AA G G
124 K10.5 A G GTGGGAGAGGAGATGG AG G TG G TG TG TG G G TG G G G G AT
125 K 1 0 (2 ) G AAATGGAGATTTTGAAGGGAGT TGAATGTAGAGTATGGGAAATGG
126 K10.1 intron GTGGAAAAAGAAGGTTGTTG GTGA G TAG G TG G TG AA ATTT
127 HIV-1 env G G G GG AG AATGATAATGG AG A G TTG A G TTG A TAG TAG TG G G
128 H IV-2 env A AGAGATGAGGAGGATTAGG GGTGTAGTGGGATTAAAGG G
129 HIV-1 gag GATAAGAGAAGGAGGAAAGG TTGAGGGAAAAGTGTTGGG T
130 EBV EBER1 AGGAGGTAGGGTGGGGTAGA AAAAGATGGGGAGGAGGAGG
131 EBV vlL-10 A TG G AG G G A AG G TTAG TG G T G AG G G G TAG G G TG TTTAG AT
132 EBV EBNA2 A TGG GTAGATTGTATGTTGG TATG A AG A G G TG A TG G G TG T
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133 EBV vBcl-2 TG G C CTATTCAA CA AG G G AG A A TG TC C TG C A G G C A TG C A T
134 EBV BFRF1 A G AG G C TC C TAG AC G A G C TC G G C C C A G C A TA A TG A TG G A G T
135 EBV gp350 TG TC AG TAC A CC ATC CA G AG G AC ATC TA C A G A TTC C A G G C
136 EBV Rta A TG TA G G A CC CAA AC TCG A C A TTG TC TC C A G G TTG A G G TG
137 EBV EBNA1 A TG TC TG A C G A G G G G C C A G G TG TTC C A C C TG T G G TC C C TT T
138 EBV gH G G A TG C A G TTG C TC TG TG TT G G AA TTC A G G C C G C TA A TG A
139 EBV LMP1 TTA TTG G A G A TG C TC TG G C G A G G TG C G C C TA G G TTTTG A G
140 EBV EBNA1 CAAC CTA AG G CG A G G AA C TG C TC A C C C TC A TC TC C A TC AC

Primer ID Name Sequence
Common primers for array PGR
141 pBLUE 5 ’ A G G TCG AC G G TA TC G A TAA G C T
142 pBLUE 3' TC C C C C G G G C TG C A G G A A TT
143 pG EM  5’ G C A TG G CG G C CG C G G G A A TT
144 pG EM  3 ’ G G C G G C C G C G A A TTC A CTA G

Viral IRF primers
145 K9 3' TTA TTG C ATG G G ATC C CA TAA CG
146 K10.5 /10 .7  5 ’ A TG G CG G G A C G C A G G C TTA C
147 K10.5 /10 .7  3 ’ TTAG TCA TCA CA TG TAA CTG AA CG
148 K11/K11.1 3 ’ TTA G TC TC TG TC G TA A A A TG G C
149 K10.1 splice 5 ’ G G AC ATTTG TCAA AG G AG C TA C

Sequenc ng primers
150 Sp6 ATTTAG G TG A CAC TATA G
151 T3 GCGCGAAATTAA CC C TCA CTA AA G
152 T7 TAATAC G AC TC AC TA TA G G G
153 K10/10.1 E G C A G C G A TTTA TTC A G TG TC TG
154 K10/10.1 F CGC CA ACA TTG TA ATAG C G G
155 K10/10.1 1 TCC TAG CA G C C A G C TG A A TC
156 K10/10.1 J A TG A TG G TTTC G C A TA C C C G
157 K10/10.1 K TTG G A TTC C G TG G TC TA G TG
158 K10/10.1 L G AATCCCCATG TAG G TC/kAT
159 K10/10.1 M TC G C A TTTA C C G A C A G A G C T
160 K10/10.1 N A AGAC ACC CG C TG ACTATCA
161 K10/10.1 P T G G A T T A C C /W \C C A C C A G C
162 K10.5 /10 .7  C TAG A CG C TTG C C A G G TG AA G A
163 K10.5 /10 .7  F G G TC ATC TTCA A C G TTG TCTG T
164 K10.5/10.71 GATAAGTGACG/VAGAAGTCGATG
165 K10.5 /10.7 K TTG C ATTG C CG CA AA G G G TTA A
166 K10.5 /10.7 L T C C TG G C C C TG TG TTA TTG TC
167 K11/11.1 C A TG TG A A G G A TG TC TTG TG TA
168 K11/11.1 D T G C C TG TC A C TC G A TTC C G T
169 K 11/11.1 G A C C TG G G TG A A C TTC TG TG T
170 K 11/11.1 H A G TA C TG A G A C A C TC TC C G T
171 K 11/11.1 1 C A TC TTTC C A A G C TTC C G A C
172 K11/11.1 J A TA CA CTTC CA CC A CTA G G G
173 K11/11.1 K A TG C TTAC TTCCCA G AA CG G

Biimp-1 primers
174 Blimp-1 5’ G GAC TTTG CA G /kA AG G C TTC
175 Blimp-1 3 ’ C G TTC AAG TAA G C G TAG G A G

Table 2.3. DNA primers.
Primers used to construct the KSHV array and KSHV-human microarray are listed according to 
the array probe clone (from Tables 3.1 and 3.2). The ID of these primers is clonelD a (for 5’) or 
clonelD b (for 3’). 5’ to 3’ is relative to each ORF except for the probes to presumed non-coding 
intergenic regions (named probe x), which are relative to the KSHV genome. Other primers are 
also given a unique ID. The probe for p-actin was taken from an existing clone, in this case the 
primers was only used for cDNA labelling.
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2.4 Creation of array probes

2.4.1 DNA purification

DNA was purified from BC-3 and HBL- 6  cells using a Qiagen QIAamp DNA mini kit 

(Qiagen, UK). 2x10^ BC-3 or HBL- 6  cells were resuspended in 200 pi PBS with 20 pi 

proteinase K (Qiagen, UK). 200 pi of buffer AL was added, the solution vortexed, and 

incubated at 56°C for 10 minutes. This was then applied to a QIAamp spin column and 

centrifuged at 14,000g for 1 minute. The column was washed once with 500 pi buffer 

AWl, then with 500 pi buffer AW2, and DNA eluted with 100 pi of buffer AE. The 

concentration of the purified DNA was calculated from the UV absorbance at 260 nm 

using a UV spectrophotometer (Camlab, UK). An absorbance of 1 cm'  ̂ was taken to be 

equivalent to 50 pg/ml DNA.

2.4.2 Polym erase chain reaction (PGR) amplification

A PCR was performed for each pair of array primers (Table 2.3) from BC-3 DNA

(except for the M-form of K15 where HBL- 6  DNA was used) using a Peltier thermal

cycler (MJ research, USA). The constituents of each reaction were:

DNA (approx. 25 ng/pl) 2 pi
Primers (approx. 100 pM) 2 pi each
PCR buffer (20 mM MgCU) 5 pi
dNTPs (10 mM) 1 pi
Taq DNA polymerase (5 U/pl) 0.25 pi
Distilled water 37.75 pi

The reaction conditions were:

1. 94°C 2 minutes
2. 94°C 30 seconds
3. 55°C 30 seconds
4. 72°C 30 seconds
5. Steps 2-4 an additional 24 times

2.4.3 PCR purification

1 volume of the PCR reaction was mixed with l/5‘̂  volume 40% glycerol and separated 

on a 1% w/v agarose gel in Ix Tris-acetate-ethylenediaminetetraacetic acid (EDTA) 

(TAE) containing 0.2 pg/ml ethidium bromide (Sigma, UK) at lOOV. The band of the

121



correct size was excised from the gel and DNA purified with the QIAquick gel extraction 

protocol (Qiagen, UK). 3 volumes of buffer QG (v/w) were added to the gel slice and 

incubated at 50°C for 10 minutes. 1 volume of isopropanol was added, the solution 

vortexed and then applied to a QIAquick column. The solution was passed through the 

column by centrifugation (14,000g, 1 minute) or a vacuum, washed with 500 pi buffer 

QG and then with 750 pi buffer PE. DNA was eluted in 30 pi of buffer EB.

2.4.4 Preparation of com petent bacteria

XL-1 Blue Escherichia coli (Stratagene, UK) were streaked out onto Luria-Bertani (LB)- 

agar plates containing tetracyclin (10 pg/ml) and incubated at 37°C for 16 hours. A 

colony was picked and used to inoculate 5 ml LB-broth (with tetracyclin) and shaken at 

37°C for 16 hours. This was added to 500 ml LB-broth and shaken at 37°C until the 

absorbance at 600 nm was 0.6 (around 3 hours). The culture was then put on ice to cool 

for 10 minutes. The bacteria were pelleted at 3000g for 10 minutes at 4°C and 

resuspended in 15 ml of 100 mM calcium chloride (4°C). After incubation on ice for 30 

minutes, the bacteria were centrifuged again and then resuspended in 2.5 ml of 100 mM 

calcium chloride containing 15% glycerol by volume (4°C). The bacterial suspension 

was frozen with liquid nitrogen in 200 pi aliquots. The transformation efficiency of the 

competent bacteria was calculated as the number of colonies per mg pBluescript II KS 

DNA per ml bacteria and accepted if this value was above 10̂ .

2.4.5 Cloning

PCR products were cloned into either pGEM-T Easy (Promega, UK) or pBluescript II 

KS (Stratagene, UK) (see sections 3.2.1.1 and 3.2.2.1). Before cloning, the terminal 

phosphates were removed from linear pBluescript II KS by incubating with 1 unit of calf 

intestinal phosphatase (Promega, UK) at 37°C for 30 minutes and then 50°C for one 

hour. Dephosphorylated vector was purified by gel extraction (section 2.4.3). Before 

PCR products were ligated into pBluescript II KS they were blunt-ended. 2 pi 

(approximately 400 ng) of DNA was first phosphorylated by incubation with 1 unit of T4 

polynucleotide kinase (Promega, UK), 1 pi dATP (100 pM) and 1 pi T4 polynucleotide 

kinase buffer in 10 pi final volume at 37°C for 30 minutes. Nucleotides were then 

incorporated by the addition of 0.5 pi Klenow DNA polymerase (2 U/pl) (Roche, UK),
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0.5.|Lil dNTPs (2 mM) and 1.5 |Lil Tris-magnesium (TM) buffer at 37°C for 20 minutes. 

The reaction was inactivated at 70°C for 30 minutes. 3 p.1 of blunt-end DNA was ligated 

into 100 ng pBluescript II KS using 3 units of T4 DNA ligase (Promega, UK), 1 pi ligase 

buffer in 10 pi final volume supplemented with 1 mM ATP at 16°C for 16 hours. PCR 

products were ligated directly into 50 ng of pGEM-T Easy under the same conditions 

except for the absence of the additional ATP. The ligation reaction was cooled to 4°C 

and added to 90 pi of competent XL-1 Blue E.coli (section 2.4.4). After incubation at 

4°C for 30 minutes, the bacteria were subjected to heat-shock at 42°C for 45 seconds and 

then placed immediately on ice. 400 pi LB-broth was added and the bacteria incubated at 

37°C for 1 hour. Subsequently, 4 pi isopropylthio-p-D-galactoside (IPTG) (200 mg/ml. 

Sigma, UK) and 20 pi 5-bromo-4-chloro-3-indolyl-p-D-galactoside (X-Gal) (50 mg/ml, 

Promega, UK) were added and 200 pi of bacterial suspension was plated onto LB-agar 

containing ampicillin at 20 pg/ml. The plates were incubated at 37°C for 16 hours.

2.4.6 Screening for positive colonies

Bacterial colonies containing the PCR product were identified by their white colour due 

to disruption of the LacZ ORF. Colonies were screened by PCR for the presence of 

plasmid inserts of the correct size. The ingredients of the PCR were as in section 2.4.1 

except in half-volumes. The primers used were T7 and T3 for pBluescript II KS clones 

and T7 and Sp6  for pGEM-T Easy clones (Table 2.3). The conditions used were:

1. 94°C 5 minutes
2. 94°C 30 seconds
3. 50°C 30 seconds
4. 72°C 30 seconds
5. Steps 2-4 an additional 29 times
6 . 72°C 10 minutes

Positive colonies were added to 3 ml LB-broth and grown at 37°C for 16 hours.

2.4.7 Purifying plasm id DNA

500 pi of bacterial suspension was frozen at -80°C in sterile 20% glycerol by volume. 

Plasmid DNA was purified from the remaining bacteria using QIAprep miniprep 

protocol (Qiagen, UK), a modified alkaline lysis method (Bimboim and Doly, 1979). 1.5 

ml of culture was pelleted at 14,000g for 10 minutes and the bacteria resuspended in 250
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|Lil buffer PL Bacteria were lysed with the addition of 250 \x\ buffer P2 and the solution 

neutralised with 350 \i\ buffer N3. Genomic DNA was pelleted by centrifugation at 

14,000g for 10 minutes and the supernatant applied to a QIAprep column. The solution 

was passed through the column by centrifugation (14,000g, 1 minute) or with a vacuum. 

The column was washed once with 500 pi buffer PB, twice with 750 pi buffer PE, and 

plasmid DNA eluted with 50 pi distilled water (around 200 ng/pl).

2.4.8 Verifying cione identity

The identities of the clones were verified by PCR with the primers originally used to 

amplify the insert. 2 pi (around 400 ng) of purified plasmid DNA was used under the 

PCR conditions described previously (section 2.4.2).

2.4.9 DNA sequencing

The identity of the clones were also verified by DNA sequencing using an automated 

application of the chain-termination method (Sanger et al., 1977b). 1 pi of plasmid DNA 

was added to 4 pi of Beckman QuickStart mix (containing dATP, dCTP, dTTP, dITP, 

ddUTP, ddOTP, ddCTP, ddATP and thermosequenase DNA polymerase in Tris buffer, 

pH 8.9) and 5 pmoles of T7 or Sp6  primer. The solution was placed in a thermal cycler 

and subjected to the following conditions:

1. 94°C 3 minutes
2. 96°C 20 seconds
3. 50°C 20 seconds
4. 60°C 4 minutes
5. Steps 1-3 an additional 29 times

This incorporates fluorescent di-deoxynucleotides into daughter DNA strands. DNA was 

precipitated from the sequencing reaction by adding 2 pi sodium acetate (1.5 M), 2 pi 

EDTA (50 mM, Sigma, UK) and 1 pi glycogen (20 mg/ml, Beckman Coulter, UK) in a 

final volume of 20 pi, vortexing, and then adding 60 pi 95% (v/v) ethanol/water (-20°C) 

and leaving on ice for 10 minutes. DNA was pelleted by centrifugation at 14,000g for 15 

minutes at 4°C. The supernatant was removed, the pellet washed with 200 pi 70% 

ethanol/water (-20°C), and the tube left open at room temperature until dry. DNA was 

resuspended in 40 pi de-ionised formamide (JT Baker, USA) for 15 minutes and
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transferred to a 96-well plate. The sequences were determined using an automated 

capillary DNA sequencer (Beckman Coulter, UK) as per the manufacturer’s instructions.

2.4.10 Array PCR

The array PCR was designed to amplify large quantities of DNA probe in a specific

manner. The PCR employs two primers specific for the vector sequences that abut the

inserted DNA. The primers used depend on the vector; pBlue 5’ and 3’ for pBluescript II

KS and pGEM 5’ and 4’ for pGEM-T Easy. The sequences are listed in Table 2.3

(primers 141-144). A PCR buffer containing 1 mM rather than 2 mM magnesium was

found to give cleaner products from pBluescript II KS clones (Table 2.1). Probes were

amplified from a 1:40 dilution of purified plasmid DNA (section 2.4.7) in distilled water

by PCR in 96-well plates. The constituents of each individual PCR reaction were:

DNA (approx. 5 ng/pl) 4 pi
Primers (approx. 100 pM) 4 pi each
PCR buffer (10 or 20 mM MgCU) 10 pi
dNTPs (10 mM) 2 pi
Taq DNA polymerase (5 U/pl) 0.5 pi
Distilled water 77.5 pi

The reaction conditions were:

1. 94°C 2 minutes
2. 94°C 30 seconds
3. 55°C 30 seconds
4. 12°C 30 seconds
5. Steps 2-4 an additional 39 times
6 . 72°C 7 minutes

2.4.11 Array PCR purification and precipitation

Array PCRs were purified using the QIAquick 96 PCR purification kit (Qiagen, UK). A 

96-well PCR purification block was mounted on a vacuum manifold and 1 ml buffer PB 

added to each of the wells. 200 pi of PCR product (for pGEM-T Easy clones this 

constitutes 10 pg DNA) were added to each well (one well per clone) and mixed. The 

solution was pulled through the block by applying a vacuum. This process was repeated 

for pBluescript II KS clones as these PCRs only produce around 2.5 pg DNA. The plates 

were then washed twice with 900 pi buffer PE and vacuum-dried for 10 minutes. Excess 

wash buffer was removed by blotting the plate on paper towel and the DNA
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subsequently eluted with 100 |il buffer EB. Purified DNA was precipitated in 100 p,l 

batches with 30 |xl ammonium acetate (8  M) and 125 pi isopropanol (-20°C). This was 

left on ice for 2 hours before the DNA was pelleted by centrifugation at 2300g for 1 hour 

at 4°C. The plates were inverted to remove supernatant and the DNA pellets washed with 

100 pi 80% (v/v) ethanol (-20°C) and spun again at 2300 g for 30 minutes at 4°C. The 

plates were inverted once more and all supernatant removed by spinning the plates 

upside down at 20g for 1 minute. Each purified PCR product was resuspended in 25 pi 

of distilled water (400 ng/pl) for printing on nylon membrane to create the KSHV array 

or in 5 pi of distilled water (2 pg/pl) for printing on glass to create the KSHV-human 

microarray.

2.4.12 Printing the DNA arrays

Around 90 nl (36 ng) of purified DNA for each KSHV probe was spotted onto Hybond-P 

nylon membrane (Amersham Pharmacia Biotech, UK) in duplicate by Driss Talibi at 

Eurogentec (Liege, Belgium) to create the 288-element KSHV array (section 3.2.1). The 

arrays were denatured in 0.5 M sodium hydroxide, 0.66 M sodium chloride for 10 

minutes, soaked in distilled water for 10 minutes and then neutralised in 40 mM 

phosphate buffer (pH 7.3) for 10 minutes. After drying the DNA was UV cross-linked to 

the membrane (Stratagene, UK).

Together with 5428 probes for human genes (Clark et a l, 2002), KSHV probe DNA was 

spotted onto glass slides (Nunc, USA) to create the 5808-element KSHV-human 

microarray. This was performed by Karine Maillard and Nicola Cattini at the Institute of 

Cancer Research (Sutton, UK) using a Flexis gridder (Genomic Solutions, UK).

2.5 KSHV array

2.5.1 Oligonucleotide iabeiiing

The quality of array element spotting was determined by the hybridisation of ̂ ^P-labelled 

oligonucleotides probes specific for common primer sequence present at the ends of the 

PCR products. The oligonucleotides (pGEM 5’ and pBlue 5’) were labelled with
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[y_33p]_ATP (ICN, UK) using T4 polynucleotide kinase (Promega, UK) in the following 

reaction:

Kinase buffer 2 |il
[y-^^P]-ATP 5 1̂
pGEM 5’ 100 pmoles
pBlue 5’ 200 pmoles
T4 polynucleotide kinase 1 pi 
Distilled water up to 20 pi

37°C, 45 minutes.

This was precipitated for 16 hours at -20°C with 2 pi lithium chloride (4 M) and 60 pi 

95% ethanol. DNA was pelleted by centrifugation at 14,000g for 30 minutes at 4°C, 

washed with 250 pi of 70% ethanol (-20°C) and spun at 14,000g for 10 minutes at 4°C. 

The supernatant was then removed, the pellet dried at room temperature (around 30 

minutes) and resuspended in 1 0 0  pi distilled water.

2.5.2 Hybridisation of iabelied oiigonucleotides to  the  KSHV array

The arrays were incubated with 10 ml ExpressHyb (Clontech, UK) containing 0.1 mg/ml 

denatured (95°C for 5 minutes) salmon sperm DNA (Roche, UK) in a hybridisation 

bottle (Hybaid, UK) at 42°C for 30 minutes. The oligonucleotide probe was added to 5 

ml ExpressHyb containing 0.1 mg/ml salmon sperm DNA and incubated with the KSHV 

array at 42°C in a rotating hybridisation oven (Hybaid, UK) for 18 hours.

The hybridisation solution was decanted from the bottle and replaced with 2x sodium 

chloride sodium citrate (SSC), 0.1% sodium dodecyl sulphate (SDS) and incubated at 

50°C for 30 minutes. The arrays were then transferred to a box and shaken in 2x SSC, 

0.1% SDS at 50°C for 30 minutes. This was then repeated with O.lx SSC, 0.1% SDS. 

The arrays were wrapped in Saran wrap (Dow, USA) and exposed to a phosphor screen 

(Amersham Pharmacia Biotech, UK) for 24 hours.

After the screen was scanned with a phosphor imager (Storm 860, Amersham Pharmacia 

Biotech, UK, section 2.5.7), the arrays were stripped of bound labelled cDNA to allow 

them to be re-used. Arrays were heated to 95°C in 0.5% SDS and allowed to cool to 

room temperature. The success of the procedure was monitored by re-exposing the array
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to a phosphor screen. 99% of all bound oligonucleotides were found to be removed. The 

arrays were wrapped in Saran wrap and stored at 4°C.

2.5.3 Total RNA purification

Total RNA was purified from cells lysed in RLT lysis buffer (section 2.2.5.1) using the 

RNeasy Mini protocol (Qiagen, UK). If frozen, the lysate was thawed on ice and then all 

samples were homogenised by centrifugation through a QIAshredder column (14,000 g, 

2 minutes). 1 volume (700 p.1) of 70% ethanol was added, the solution mixed, applied to 

an RNeasy mini spin column and centrifuged at 14,000g for 15 seconds. The column was 

washed once with 700 p.1 buffer RWl, twice with 700 pi buffer RPE and total RNA 

eluted by applying 50 pi of diethylene pyrocarbonate (DEPC)-treated distilled water (add 

0.1% DEPC (v/v), shake, incubate at 37°C for 16 hours then autoclave) and centrifuging 

at 14,000g for 1 minute. The concentration of the purified RNA was calculated from the 

UV absorbance at 260 nm using a UV spectrophotometer (Camlab, UK). An absorbance 

of 1 cm'  ̂was taken to be equivalent to 40 pg/ml RNA. The purity of RNA was measured 

by the ratio of the absorbencies at 260 nm and 280 nm.

2.5.4 DNase treatm ent of RNA

Contaminating DNA was removed from RNA by treatment with DNase 1 (Promega, UK)

according to the following protocol:

RNA (1 pg/pl) 100 pi
DNase buffer 20 pi
DNase 1(1 U/pl), 10 pi
Distilled water 70 pi

This was incubated at 37°C for 1 hour. Volumes were adjusted for differing amounts of 

RNA. The reaction was stopped by adding 1/10^ volume of terminator mix (O.IM EDTA 

pH 8.0, 1 mg/ml glycogen). The DNase enzyme was removed by adding an equal 

volume of phenol:chloroform:isoamylalcohol (25:24:1, Sigma, UK). The mixture was 

vortexed for 15 seconds, centrifuged at 14,000g for 10 minutes and the top aqueous layer 

transferred to a fresh tube. This was then repeated once with 

phenol : chloroform: isoamylalcohol and once with chloroform (Sigma, UK) to remove 

any remaining phenol. RNA was precipitated at -20°C for 1 hour with 1/5̂ *’ volume
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ammonium acetate (8 M) and 3 volumes of 95% ethanol (-20°C). RNA was pelleted by 

centrifugation at 14,000g for 30 minutes at 4°C, washed with 200 pi 70% ethanol (-20°C) 

and dried on the bench at room temperature (about 10 minutes). RNA was resuspended 

at 5 pg/pl and, if not used immediately, stored at -80°C.

2.5.5 Total RNA labelling

Between 4 and 24 pg of total RNA were labelled with using a modified version of 

the Strip-EZ RT protocol (Ambion, USA). Varying amounts of total RNA were used 

because KSHV lytic replication reduces the levels of cellular mRNA. A pool of 123 

different primers was used in the labelling reaction. 0.6 nmoles of all 3’ PCR primers of 

each probe on the array (relative to the ORE) and the 5’ primers for probes of presumed 

non-coding intergenic regions (Table 2.3) were pooled together. This combined primer 

set had a volume of 4.5 ml containing each primer at 0.13 pM. 3 pi of this primer mix 

was annealed to 2 pi RNA at 70°C for 10 minutes and then placed on ice for 2 minutes. 1 

pi of luciferase RNA at varying concentrations (1 pg/pl to 10 ng/pl, see section 3.2.1.2) 

were spiked into the reaction during this stage. cDNA was synthesised from the annealed 

primers using Moloney murine leukaemia virus (MMLV) reverse transcriptase (RT) 

(Ambion, USA) in the following reaction:

RNA and primers 6  pi
Strip-EZ buffer 2 pi
Strip-EZ dNTPs 2 pi
[a-” P]dATP (ICN, UK) 4
MMLV RT (200 U/nl) 1 (il
DEPC-treated water 5 pi

This was incubated at 42°C for 90 minutes. The labelled cDNA was separated from 

unincorporated nucleotides using a Microspin S-400 column (Amersham Pharmacia 

Biotech, UK). The column was first prepared by centrifugation at 800g for 1 minute. The 

cDNA was then made up to 100 pi with DEPC-treated water and applied to the column. 

The column was centrifuged at 800g for 2 minutes and the cDNA recovered in the flow 

through. The incorporation of ^̂ P was measured by pipetting 1 pi of a 1:10 dilution onto 

a MicroBeta filtermat (Wallac, Finland), melting MeltiLex A solid scintillant on top of it 

and measuring the light emitted with a 1450 MicroBeta scintillation counter (Wallac, 

Finland).
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2.5.6 Hybridisation

The KSHV arrays were washed in O.lx saline sodium citrate (SSC) solution with 0.1% 

(w/v) SDS at 64°C for 5 minutes. The arrays were then transferred to a hybridisation 

bottle (Hybaid, UK) and incubated with 10 ml ExpressHyb (Clontech, UK) containing

0.1 mg/ml denatured (95°C for 5 minutes) salmon sperm DNA (Invitrogen, UK) at 64°C 

for 30 minutes. The labelled cDNA was made up to 200 p.1 with distilled water and 

denatured with 22 p,l 1 M sodium hydroxide, 10 mM EDTA at 64°C for 20 minutes. 222 

p.1 of sodium hydrogen phosphate (1 M) was added to neutralise the alkali. Repetitive 

DNA sequences were hybridised to 5 pg of Cot-1 DNA (Invitrogen, UK) by incubation 

at 64°C for a further 10 minutes. Finally, the denatured cDNA was added to 5 ml 

ExpressHyb containing 0.1 mg/ml salmon sperm DNA and incubated with the KSHV 

array at 64°C in a rotating hybridisation oven (Hybaid, UK) for 18 hours.

The hybridisation solution was decanted from the bottle and the arrays washed with 2x 

SSC, 0.1% SDS at 65°C for 30 minutes. The arrays were then transferred to a box and 

shaken in 2x SSC, 0.1% SDS at 65°C for 30 minutes. This was then repeated with O.lx 

SSC, 0.1% SDS. The arrays were then wrapped in Saran wrap (Dow, USA) and exposed 

to a phosphor screen (Amersham Pharmacia Biotech, UK) for 48 hours.

After the screen was scanned with a phosphor imager (Storm 860, Amersham Pharmacia 

Biotech, UK, section 2.5.7), the arrays were stripped of bound labelled cDNA to allow 

them to be re-used. The Strip-EZ system incorporates a modified nucleotide into the 

cDNA that can be cleaved, fragmenting the DNA and allowing it to be taken back into 

solution. The cDNA was first degraded by incubation of the arrays with 10 ml distilled 

water containing 100 pi probe degradation dilution buffer (Ambion, USA) and 50 pi 

DNA probe degradation buffer (Ambion, USA) for 5 minutes at room temperature. The 

arrays were then washed in 10 ml of 2% SDS containing 100 pi blot reconstitution buffer 

(Ambion, USA) at 6 8 °C for 20 minutes. The success of the procedure was monitored by 

re-exposing the array to a phosphor screen. 99% of the bound cDNA was found to be 

removed by this method. The arrays were wrapped in Saran wrap and stored at 4°C.
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2.5.7 Scanning and data extraction

The phosphor screens were scanned at 635 nm with 50 pm resolution using a Storm 860 

phosphor imager (Amersham Pharmacia Biotech, UK). The PMT voltage (sensitivity) 

was set to lOOOV. The signals from the array probes were quantified using Array Vision 

software (Imaging Research, Canada). A template was created to fit over the KSHV 

array image, which was used by the software to identify the spots. The software then 

calculated the average intensity of all pixels within each array element (signal density) 

and subtracted the local background to derive the background subtracted signal density 

(sDENS, measured in Molecular Dynamics counts (MDc) per mm^) for each array 

element. The background was defined as the area of equal size immediately below the 

array element. The data were exported to Excel (Microsoft, UK).

2.5.8 Data processing

The average percentage difference (x) between the amounts of oligonucleotide probe 

hybridised to duplicate spots (Si and 8 2 ) was calculated in Excel by:

X =

|200(S,-S,)| \  

S ,+S , f

The average percentage difference (y) in the amount of DNA per spot pair between 

arrays was calculated using the equation:

/ ' ^  / " V  I200((a/a)-(b/b))|\  , \
(a/a)-(b/b) J 'J hy =

Where:

a = the i‘̂  spot pair on array a 

b = the î*’ spot pair on array b 

â  = mean of all spots on array a 

b = mean of all spots on array b

j = number of unique, non-self pair-wise comparisons (n = i x j)
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For expression analyses, the signals from the two duplicate spots were averaged, creating 

144 measurements for each array. These data were used to find the Pearson correlation 

coefficient between arrays. For cluster analysis, the average sDENS for all KSHV probes 

across all uninduced samples were calculated and from this a median value was 

generated. This was doubled and used as the denominator to calculate expression ratios 

for all genes on the array. The data were then converted to log base 2 to equalise the 

magnitude of over- and under-expression relative to the denominator. Therefore, a 

positive expression ratio means that the expression of that gene at that particular 

timepoint is over twice that of uninduced cells and vice versa for a negative ratio. To 

control for differences in the amounts of RNA and the age of isotope in each experiment, 

the array data were transformed such that the average expression of three human genes 

(glyceraldehyde 3-phosphate dehydrogenase (GAPDH)), a-tubulin and ribosomal 

protein S9) remained constant across the dataset (mean centring, section 3.2.1.4).

2.5.9 C luster analysis

The centred log(2) expression ratios from all samples (Figure 4.2) were imported into 

Cluster software (Eisen et al, 1998). The genes were first ordered with a 1-dimensional 

self-organising map algorithm. The number of nodes was set to the square root of the 

number of array elements to 1 significant figure (V88=9.38=9). This ordering was used to 

control the orientation of nodes generated by hierarchical clustering. Genes were 

clustered by average-linkage hierarchical clustering using the uncentred Pearson 

correlation as the similarity metric (the algorithm by which the similarity of the 

expression patterns are judged). Gene expression data from timepoints after the induction 

of lytic replication (Figure 4.3) were normalised before being centred (the sum of the 

expression ratios for each gene was set to 1). This removes any differences in absolute 

expression levels so that cluster analysis only groups genes based on the expression 

pattern rather than expression level. The data were again imported into Cluster and the 

genes ordered using a self-organising map with 9 nodes. Both the genes and the arrays 

were grouped by average-linkage hierarchical clustering using the uncentred Pearson 

correlation as the similarity metric. The results of both analyses were visualised with the 

software Treeview (Eisen et al, 1998).

Data from the TPA induction timecourse were also imported into the software 

GeneCluster (Tamayo et a l, 1999) and clustered using a self-organising map algorithm.
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The number of nodes was set to three, arranged in a 3x1 matrix. The clustered data were 

exported to Excel for analysis.

2.6 KSHV-human microarray

2.6.1 Total RNA purification

Frozen TRIzol lysates (section 2.2.5.2) were thawed at 37°C and centrifuged at 12,000g 

for 10 minutes at 4°C to remove insoluble material. The supernatant was transferred to a 

new tube and left at room temperature for 5 minutes. 0.2 ml of chloroform was then 

added per ml of TRIzol and the solution shaken by hand for 15 seconds. After incubation 

at room temperature for 2-3 minutes, the aqueous layer was separated from the organic 

layer by centrifuging at 12,000g for 15 minutes at 4°C. The top aqueous layer was 

transferred to a new tube and 0.5 ml (per ml TRIzol) isopropanol was added to 

precipitate RNA. The solution was vortexed and incubated at room temperature for 10 

minutes before the RNA was pelleted by centrifugation at 12,000g for 15 minutes at 4°C. 

The supernatant was discarded and the pellet washed with 1 ml 75% ethanol and 

centrifuged at 7500g for 5 minutes at 4°C. The supernatant was removed once more and 

the pellet dried at room temperature (around 5 minutes). The RNA was then resuspended 

in 100 |Lil DEPC-treated distilled water. RNA was quantified by UV-spectrophotometry 

as before (section 2.5.3) and then DNase treated (section 2.5.4). After re-purification the 

RNA was resuspended in 100 pi DEPC-treated distilled water and re-quantified. 1 pg 

was resolved by agarose gel electrophoresis to verify degradation of the RNA had not 

taken place. If the RNA was not used immediately it was stored at -80°C.

2.6.2 mRNA purification

mRNA was purified from total RNA using Oligotex (Qiagen, UK), which separates 

nucleic acids containing poly-dA sequences through hybridisation to oligo-dT bound- 

microscopic polystyrene-latex particles. Before purification, the Oligotex suspension was 

warmed to 37°C, vortexed and then returned to room temperature and buffer GEE heated 

to 70°C. Total RNA was made up to 250 pi and mixed with 250 pi buffer QBE and 15 pi 

Oligotex suspension. This was incubated at 70°C for 3 minutes to denature the RNA and 

then annealed at room temperature for 20 minutes. Subsequently, the Oligotex was 

pelleted by centrifugation at 14,000g for 2 minutes and the supernatant discarded. The
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pellet was resuspended in 400 pi buffer 0W2, mixed and applied to a Qiagen spin 

column. This was centrifuged at 14,000g for 1 minute, the Oligotex resuspended in an 

additional 400 pi buffer 0W2 and centrifuged again. The bound mRNA was eluted by 

resuspending the Oligotex in 200 pi of buffer OEB (70°C) and centrifuging through the 

column at 14,000g for 1 minute. This was repeated to give a final volume of 400 pi. The 

mRNA was quantified by UV spectrophotometry in a disposable plastic cuvette (UVette, 

Eppendorf, UK). Purified mRNA was stored at -80°C.

2.6.3 mRNA labelling

mRNA was concentrated to approximately 100 ng/pl by centrifugation through a 

Microcon YM-30 column (Millipore, UK) at 14,000g for 8 minutes. The mRNA was 

recovered by inverting the column and centrifuging at lOOOg for 3 minutes. Reference 

RNA was made by mixing dilute mRNA in the proportions shown in section 3.2.2.3 and 

then concentrating this mixture. Luciferase and TMV RNA were spiked into 1 pg of 

cellular mRNA and random nonomer primers (MWG Biotech, Germany) annealed in the 

following reaction: 

mRNA (1 pg)
Random nonomer (0.2 pM) 1 pi
Luciferase RNA (1 ng/pl) 1 pi
TMV RNA (0.1 ng/pl) 1 pi
DEPC-treated water up to 16 pi

This was mixed and heated at 65°C for 5 minutes and then incubated at room 

temperature for a further 5 minutes. The RNA was then added to the labelling reaction 

that uses Superscript II RT (Invitrogen, UK) to synthesise fluorescently labelled cDNA. 

Cy5 was used for individual samples, Cy3 for the reference RNA mixture.,

strand buffer 8 pi
DTT (0.1 M) 4 pi
Low-dC dNTPs (5 mM except dCTP 2 mM) 4 pi 
Cy3 or Cy5 dCTP (1 mM) 4 pi
Superscript II (200 U/pl) 4 pi

This was left at room temperature for 10 minutes and then incubated at 42°C for 16 

hours. Subsequently, the DNA was denatured with 20 pi of sodium hydroxide (O.IM), 5 

pi EDTA (0.5 M, pH 8.0) at 70°C for 10 minutes and then neutralised with 20 pi
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hydrochloric acid (0.1 M). 3 |xg of Cot-1 DNA (Invitrogen, UK) was added to suppress 

hybridisation of repetitive DNA and the volume made up to 500 pi with Tris-EDTA (TE, 

pH 8.0). Unincorporated nucleotides were gradually removed and the mRNA 

concentrated by centrifugation through a Microcon YM-30 column. 20 pi (1/25̂ *’ by 

volume) was saved to run on an agarose gel and the remainder was centrifuged at 

14,000g for 6 minutes. 20 pi of the filtrate was saved for the gel. The Microcon column 

was placed in a new tube and filled with 300 pi of TE and centrifuged for a further 8 

minutes. This was repeated one further time and then the concentrated labelled cDNA 

recovered by inverting the Microcon column and centrifuging at lOOOg for 3 minutes. 

The desired volume was 13 pi or below. One 25̂*̂  of this was run on a 1% agarose gel 

(no ethidium bromide) with the previously saved samples. The Cy5 incorporation and 

removal of unincorporated Cy5-dCTP was verified by scanning the gel with a 

fluorimeter at 635 nm (Storm 860, Amersham Pharmacia Biotech, UK). If not used 

immediately, the labelled cDNA was stored at -20°C.

2.6.4 Hybridisation

The hybridisation mix was made as follows:

20x saline sodium phosphate EDTA (SSPE, Sigma, UK) 1 pi
poly-dA (8 pg/pl, Amersham Pharmacia Biotech, UK) 2 pi
Yeast tRNA (4 pg/pl, Sigma, UK) 2 pi
Cy5-labelled cDNA 
Cy 3-labelled reference cDNA
TE (pH 8.0) up to 45 pi
10% SDS (added last) 1 pi

The cDNA was denatured at 98°C for 2 minutes and then incubated at 37°C for 20 

minutes. Meanwhile the microarray hybridisation chamber (custom made at the Institute 

of Cancer Research) was warmed to 65°C. The microarrays were denatured in distilled 

water at 95°C for 2 minutes and then washed in 95% ethanol for 2 minutes. The arrays 

were immediately dried by centrifugation at 200 g for 2 minutes and then warmed at 

65°C for around 15 minutes in the hybridisation chamber. 1 pi of lOOx Denhardt’s 

solution (Sigma, UK) was added to the hybridisation mix and any insoluble material 

removed by centrifugation at 14,000g for 15 minutes. The supernatant was then pipetted 

onto the centre of the microarray and an ethanol-washed glass coverslip (22x64 mm. No. 

0 thickness, Chance-Propper, UK) dropped on top from a pair of forceps. 150 pi of 4x
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SSPE (65°C) was added to the side of the microarray to maintain the humidity and the 

chamber closed by means of screws. The chamber was then inunersed in a 65°C water 

bath for 16 hours.

The microarray was transferred from the water bath to 2x SSPE at 50°C until the 

coverslip became detached and then washed in 2x SSPE at room temperature for 2 

minutes, Ix SSPE for 2 minutes and O.lx SSPE for 3 minutes. The microarray was 

rapidly dried by centrifugation at 200 g for 2 minutes and then scanned with a GenePix 

4000 microarray scanner (Axon Instruments, USA).

2.6.5 Scanning and data extraction

The microarrays were scanned with a GenePix 4000 microarray scanner, controlled by 

GenePix Pro 3.0 software (Axon Instruments, USA), at 10 p.m resolution. Cy3 and Cy5 

were simultaneously excited at 532 nm and 635 nm respectively and the resultant light 

detected with two PMTs. The voltages across the PMTs were adjusted so that the signals 

from the array elements were balanced. The PMTs were generally set around 900V to 

maximise the signal to background ratio (section 3.2.2.2). The GenePix software 

combines the data from the two channels to create a single composite image. Arrays 

found to have hybridised unevenly or with high background were repeated. A template, 

created at the Institute of Cancer Research, was fitted over the array image using a spot- 

finding software algorithm. Array elements from which no signal could be detected were 

flagged as not found by the GenePix software. All 5808 elements on each array were 

checked by eye and the template altered if necessary. Array elements spoiled by debris, 

scratches or with a high local background were flagged as bad. Data were extracted from 

the image by the software using the adjusted template. Signal intensity is measured as the 

average number of bits, from 0 to 65535, for spot pixels in the image file. The GenePix 

software-derived normalisation factor (average ratio between signals in the Cy3 and Cy5 

channels) was verified to be 1±0.3. If outside of this range, the PMT voltages were 

adjusted and the microarray rescanned. Expression ratios were calculated as the median 

of the ratios between the local background-subtracted Cy3 and Cy5 signals on a pixel- 

by-pixel basis by the software. The data were exported to Array Analyser, a spreadsheet 

created in Excel, and the median of ratios filtered using Boolean operators to remove 

flagged array elements and elements for which the signal to background ratio was below

1.5 in the Cy3 channel or 2 in the Cy5 channel (section 3.2.2.4). An exception is the
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KSHV genes in Figure 4.12 for which the data were only filtered for flagged array 

elements.

2.6.6 C luster analysis

The filtered median of ratios for the samples to be analysed were assembled and 

imported into Cluster software (Eisen et a l, 1998). Array elements for which expression 

measurements had been filtered from 20% or more of the arrays were removed and the 

data converted to log base 2. The arrays were then median centred (the median 

expression ratio within each array was set to 0) and the genes median centred (the 

median expression ratio of each array element across all arrays was set to 0). The genes 

and arrays were ordered with a 1-dimensional self-organising map algorithm. The 

number of gene nodes was set to the square root of the number of array elements to 1 

significant figure and the number of array nodes to the square root of the number of 

arrays to 1 significant figure. This ordering was used to control the orientation of nodes 

generated by hierarchical clustering. Genes and arrays were clustered by average-linkage 

hierarchical clustering using the uncentred Pearson correlation as the similarity metric. 

The results were visualised with the software Treeview (Eisen et a l, 1998).

2.6.7 Mann-Whltney U (Wilcoxon-rank) te s t

The filtered data for 38 arrays were assembled and filtered for genes present in 80% of 

the arrays and then median centred for both genes and arrays in Cluster as before (section

2.6.6). The data were then exported to Excel and the expression ratio for each array 

element converted into ranks relative to that array element across all arrays. A U-value 

for each array element was calculated by:

U i  =  H i ,1 H i ,2  +  ( ( n i , i ( r i i , i + 1 ) ) / 2 )  -  R i

Where:

rij,i = the number of non-filtered expression ratios for the i* array element in the PEL 

samples.

Dj,2 = the number of non-filtered expression ratios for the i‘̂  array element in the non- 

PEL samples.

Ri = sum of ranks for the i^ array element in the PEL samples.
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The U values were converted to the standard normal variable for the array element (Zi) 

with the equation:

-  ((rijini2)/2)
Zi =

The probability associated with each Z-value was calculated in Excel 

(NORMSDIST(Zi))

2.7 Non-array com puter analyses

Open reading frames (ORFs) were identified using ORFinder 

(www.ncbi.nlm.nih.gov/gorf). Homology was initially assessed with Basic Local 

Alignment Search Tool (BLAST)p (www.ncbi.nlm.nih.gov/blast) (Altschul et al, 1990). 

Alignments were performed with ClustalW (Thompson et a l, 1994) and visualised with 

Boxshade (bioweb.pasteur.fr/seqanal/interfaces/boxshade-simple.html). Phylogenetic 

trees were constructed by the neighbour-joining method using the program NEIGHBOR 

of the PHYLIP package (Felsenstein, 1993) with the help of M. Mar Alba. The tree was 

visualised with TREEVIEW (Page, 1996). Branches generated with a bootstrap value of 

below 90% were collapsed. Splice sites were predicted and verified by software at the 

Berkeley Drosophila Genome Project (www.fruitfiy.org/seq_tools/splice.html).

2.8 Non-array PCR

2.8.1 PCR for KSHV and EBV

The presence of KSHV and EBV in cell lines were determined by PCR from 100 ng of 

DNA with primers for ORE 33 (primers 63 a and b) and BFRFl (primers 134 a and b) 

respectively (Table 2.3). PCR conditions were as described in section 2.4.2.

2.8.2 Real-time PCR

Cells were taken from the PEL cell line BC-3 at various timepoints after the induction of 

lytic replication in parallel with the samples for the KSHV array (section 2.2.5.1). DNA 

was purified as in section 2.4.1. The real-time PCR was performed by Dimitra
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Bourmpoulia. DNA was amplified by PCR performed using a real-time PCR TaqMan 

assay (7700 Sequence Detector, Perkin-Elmer Biosystems, UK) as described previously 

(Lallemand et a l, 2000). The number of KSHV genomes per cell was calculated by 

multiplying the signal for KSHV DNA by 2 (to normalise for the diploid human 

genome) and dividing by the signal for human DNA.

2.8.3 RT-PCR

Total RNA was purified by the methods detailed in sections 2.5.3 and 2.6.1 and 

contaminating DNA removed by treatment with DNase I (section 2.5.4). 1 p,l of oligo-dT 

primers (500 p,g/ml) were annealed to 5 pg of total RNA in 12 pi final volume by 

heating at 70°C for 10 minutes and then chilling on ice. cDNA was synthesised using 

Superscript II RT (Invitrogen, UK) in the following reaction:

RNA and primers 12 pi
First strand buffer (Invitrogen, UK) 4 pi 
Dithiothreitol (DTT, 0.1 M) 2 pi
dNTPs (10 mM) 1 pi

This was incubated at 42°C for 2 minutes, I pi of Superscript II (200 U/pl) added, and 

then incubated for a further 48 minutes. The reaction was terminated by heating to 70°C 

for 15 minutes.

cDNA was amplified, together with DNA controls, using the Expand Long Template 

System (Roche, UK) except for KlO.l splice (Figure 4.I0A) and Blimp-1 (Figure 5.10), 

where the PCR conditions of section 2.4.2 were used. For the Expand system, the 

following constituents were mixed in thin-walled tubes:

cDNA or DNA 2 pi
Primers 1+1 pi
Expand buffer 3 2.5 pi
Expand polymerase 0.25 pi
dNTPs (10 mM) 1.25 pi
Distilled water 17 pi
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The PCR conditions used were:
1.95°C 30 seconds
2. 58°C 20 seconds
3. 68°C 3 minutes
4. Repeat steps 1-3 an additional 9 times
5. 95°C 30 seconds
6. 58°C 20 seconds
7. 68°C 4 minutes
8. Repeat steps 5-7 an additional 24 times

Bands were resolved on a 0.8% agarose gel containing 0.2 |Lig/ml ethidium bromide. The 

bands of the expected sizes were purified from the gel (section 2.4.3) and ligated into 

pGEM-T Easy (section 2.4.5). The ligation reaction was used to transform XL-1 Blue 

E.coli and the resultant colonies were cultured on LB-agar with ampicillin selection. 

Plasmid DNA was purified from bacteria using QIAprep Mini kit (section 2.4.7). Full- 

length vIRF clones were identified by restriction mapping; KlO/10.1 clones were 

digested with Eco RI, Sma I and Pst I, KlO.5/10.7 with Eco RI and Xho I and K11/vIRF- 

2 with Eco RI, Nde I and Pvu II (Promega, UK). All digests were performed with 1 pi 

DNA, ipl of the recommended buffer (Promega, UK), 1 pg bovine serum albumin 

(BSA) and 1 pi of enzyme in a total volume of 10 pi for 1 hour at 37°C except for Sma I 

digests, which were performed at 25°C. The products were resolved by agarose gel 

electrophoresis. vIRF clones were sequenced following the methodology of section 2.4.9 

using T7 and Sp6 primers, their respective array primers and those additionally listed in 

Table 2.3. Probe H clones were sequenced with T7, Sp6 and primers 40a and 41b. 

Contigs were assembled with Sequencher software (Gene Codes, USA).

2.9 Northern blotting

2.9.1 mRNA purification

mRNA was purified with the QuickPrep Micro mRNA purification kit (Amersham 

Pharmacia Biotech, UK). This functions by the same principle as the Qiagen Oligotex kit 

(section 2.6.2). The cell pellet generated in section 2.2.5.3 was thawed and lysed with 

400 pi Extraction Buffer. 800 pi Elution Buffer was then added and the cell extract was 

centrifuged at 14,000g for 1 minute. 1 ml of supernatant was mixed with 1ml oligo-dT 

cellulose (65°C) for 3 minutes at room temperature and the cellulose pelleted at 14,000g 

for 10 seconds. The supernatant was discarded and the pellet wash 4 times with 1 ml
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High Salt Buffer and twice with 1 ml Low Salt Buffer. The oligo-dT cellulose was then 

resuspended in 0.3 ml Low Salt Buffer, applied to a Microspin column and centrifuged at 

14,000g for 5 seconds. The filtrate was discarded and the column washed three times 

with 0.5 ml of Low Salt Buffer. mRNA was eluted with two volumes of 200 pi Elution 

Buffer (65°C) and quantified by UV spectrophotometry (section 2.5.3). The RNA was 

precipitated with IMÔ*’ volume glycogen (10 mg/ml), 1/10‘*’ volume potassium acetate 

(2.5 M, pH 5) and 2.5 volumes of 95% ethanol at -20°C for 16 hours. The RNA was 

pelleted at 14,000g for 30 minutes at 4°C and then washed with 70% ethanol. After 

drying at room temperature, the pellet was resuspended at 0.5 pg/ml (KlO.l northern) or 

2 pg/ml (KIO northern).

2.9.2 Denaturing agarose  gel e lectrophoresis and blotting

1% agarose (w/v) was dissolved in 72 ml DEPC-treated distilled water. To this was 

added 18 ml formaldehyde (12.3 M) and 10 ml lOx MOPS-EDTA-sodium acetate 

(MESA) buffer (Sigma, UK) and the gel poured. The gel was run for 5 minutes at 50 V 

before loading the samples. 1 volume of RNA was mixed with 3 volumes of RNA 

loading buffer (Sigma, UK), incubated at 65°C for 10 minutes and chilled on ice. The 

samples were run with 4 pg Millenium RNA size markers (Ambion, USA) for 5 hours at 

50V. The size marker lane was cut from the gel and stained for 16 hours in sodium 

hydroxide (0.1 M) with 0.5 pg/ml ethidium bromide (Sigma, UK). The rest of the gel 

was rinsed in three changes of distilled water and inverted on top of ZetaProbe GT nylon 

membrane (BioRad, UK), itself on top of a wick of 3MM paper (Whatmann, UK) 

immersed in lOx SSPE. The gel was covered in 3MM paper and a stack of absorbent 

paper towels and compressed with weights to allow the RNA to transfer to the membrane 

by capillary action. After 16 hours the membrane was washed in 2x SSPE and baked at 

80°C for 2 hours.

2.9.3 Radiolabelled probe syn thesis and hybridisation

Clones of KlO.l (array probe clone 33, Table 3.1), the entire KIO (amplified from BC-3 

DNA with primers 32a and 125b (Table 2.3) and cloned into pGEM-T Easy) and 

GAPDH (array probe clone 83, Table 3.1) were linearised by digestion with Pst I, Sac II 

and Not I respectively, which cut the respective vectors at the 5’ end of the insert 

(relative to the start codon). The digests were resolved by agarose gel electrophoresis and
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the linear DNA excised and purified. Radioactive probes were synthesised from the

linearised DNA by the incorporation of [a-^^P]dATP (ICN, UK) with the Strip EZ PCR

protocol (Ambion, USA) in the following reaction:

DNA around 50 ng
Strip-EZ buffer 2 p.1
Strip-EZ dNTPs 2 pi
Antisense primer (10 pM) 2 pi
Taq (5U/pl) 0.2 pi
[a-’¥]dATP 2 Hi
Distilled water up to 20 pi

The conditions used were:

1. 95°C 30 seconds
2. 55°C 20 seconds
3. 72°C 2 minutes
4. Repeat steps 1-3 an additional 34 times.

The radiolabelled probe was purified from unincorporated nucleotides with a Microspin 

column and the activity of the probe measured (see section 2.5.5). The blot was rinsed 

with 2x SSPE and then incubated in 15 ml of ExpressHyb (Clontech, UK) containing 0.1 

mg/ml denatured salmon sperm DNA (Roche, UK) at 55°C for 30 minutes. The probe 

was added to 45 ml of ExpressHyb with 0.1 mg/ml denatured salmon sperm DNA and 

hybridised to the blot at 55‘̂ C for 16 hours. After this, the blot was washed with 2x SSPE 

at 55°C for 30 minutes and then repeated on a shaker at room temperature. The blot was 

finally washed in two changes of 2x SSPE / 0.1% (w/v) SDS for 30 minutes each at 

65°C. The blot was then wrapped up in Saran wrap (Dow, USA) and presented to a 

phosphor screen (Amersham Pharmacia Biotech, UK) or BioMax film (Kodak, UK). 

Film was developed in a Compact X4 film processor (X-ograph, UK).

Blots were stripped of hybridised probe as in section 2.5.6 but at 68°C. Blots were then 

re-probed for GAPDH.

2.10 W estern blotting

9x10^ cells were pelleted at 350g for 5 minutes at 4°C and washed in PBS (4°C). All 

supernatant was removed and cells lysed in 1 ml radioimmunoprecipitation (RIPA) 

buffer (4°C) containing “Complete” protease inhibitor cocktail (1 tablet per 2 ml RIPA 

buffer, Roche, UK) and benzonase (Merck, UK) at 0.06 U/ml. Cell lysates were stored at
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-80°C before use. 12 )l i 1 of cell lysate was mixed with 3 )l i 1 loading buffer and the 

constituent proteins separated on a 10% acrylamide gel by SDS-polyacrylamide gel 

electrophoresis (PAGE). Proteins were transferred to Hybond-P polyvinylidene fluoride 

(PVDF) membrane in protein electrophoresis buffer with 10% ethanol by the application 

of 100 mA for 16 hours at 4°C. Protein transfer was verified by staining with ponceau S 

(0.25%) and the blot blocked in PBS containing 0.1% Tween-20 (Polyoxyethylene 

sorbitan monolaureate; Sigma, UK) and 2% powdered milk (w/v, Tesco, UK). The blot 

was then incubated with mouse anti-ATF6 antibody (Imgenex, USA) at 1:250 (2 pg/ml) 

in PBS, 0.1% Tween-20, 2% milk. After washing 4 times with PBS, 0.1% Tween-20, the 

blot was incubated with rabbit anti-mouse conjugated with horseradish peroxidase (HRP; 

Dako, UK) at 1:2000 in PBS, 0.1% Tween-20, 2% milk. The blot was washed 4 more 

times in PBS, 0.1% Tween-20 and stained with ECL (Amersham Pharmacia Biotech, 

UK). Chemiluminescence was visualized using Hyperfilm (Amersham Pharmacia 

Biotech, UK) and a Compact X4 film processor (X-ograph, UK). The sizes of the 

resultant bands were estimated from Benchmark protein size standards (Invitogen, UK). 

Equal loading of total protein on each lane of the gel was assessed by staining a gel run 

in parallel with 0.25% Brilliant Blue R (Sigma, UK) in 45% ethanol / 10% acetic acid for 

20 minutes. Excess stain was removed by washing in 20% ethanol / 10% acetic acid for 

16 hours.

2.11 Flow cytom etry

Expression of cell surface CDS, 14, 19, 27, 29 (integrin pi), 49f (integrin a6) and 138 

were determined by flow cytometry. Cells were taken from culture and washed twice in 

PBS with 0.01% azide. Cells were then incubated with CD3-phycoerythrin (PE) (230 

pg/ml, Dako, UK), CD 14-fluorescein isothiocyanate (FITC) (200 pg/ml. Sigma, UK), 

CD19-PE (12.5 pg/ml, Beckton-Dickinson biosciences), CD27-FITC (100 pg/ml, 

Cymbus, UK), CD138-FITC (100 pg/ml, Cymbus, UK), CD49f-FITC (100 pg/ml, 

Cymbus, UK) or CD29-FITC (100 pg/ml, Cymbus, UK) at 10 pi per 10̂  cells for 1 hour 

at 4°C. Cells were also incubated with isotype controls at the same concentration: CDS 

and 19 -  anti-mouse IgGi-PE (Sigma, UK), CD 14, 27 and 49f -  anti-mouse IgG2a-FITC 

(Sigma, UK), CD29 and 138 anti-mouse IgGi-FITC (Dako, UK). Cells were washed 3 

times in PBS with 0.01% azide. Ten thousand events were collected and analysed using a
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FACScan with Cellquest software (Becton Dickinson, UK). Significance for correlation 

with array data was found using the Fisher exact test.

2.12 Im m unofluorescence a ssay  (IFA)

2x10^ cells were taken from culture and washed twice with PBS and fixed in 100 [i\ 2% 

paraformaldeyde (v/v) for 20 minutes at room temperature. Cells were then washed once 

with PBS and permeablised with 100 ml 0.2% (v/v) Triton for 15 minutes at room 

temperature. Cells were washed twice with PBS and then incubated with a 1 in 100 

dilution (15 pg/ml) of LN53 (rat IgGzc monoclonal antibody against LNA-1, (Kellam et 

al, 1999) in PBS with 2% FCS for 20 minutes at room temperature. Cells were also 

incubated with a 1 in 66 dilution (15 pg/ml) of rat anti-HIV-2 Env as an isotype control 

(gift from Elaine Thomas, Wohl Virion Centre, University College London). Cells were 

washed three times in PBS with 2% FCS and subsequently incubated with a 1 in 120 

dilution of anti-rat Ig-FTTC (Dako, UK) in PBS with 2% FCS for 20 minutes at room 

temperature. Cells were washed a final two times in PBS with 2% FCS and resuspended 

in PBS.

2.13 Cell proliferation assay

Cells were grown to approximately 1x10  ̂ cells/ml, pelleted at 350g for 5 minutes and 

seeded in 96-well plates at 1.5x10  ̂ cells/ml (3x10̂  ̂ cells/well) in their normal medium 

(see section 2.2). EB 1089 (4x10'^ M in isopropanol; Leo Pharmaceutical Products, 

Denmark) was added at half log serial dilutions between 10'  ̂ to 10'^° M in RPMI-1640 

medium with 10% FCS and P/S. Cells were incubated at 37°C in 5% CO2 for 72 hours 

before methyl-^H-thymidine (Amersham Pharmacia Biotech, UK) was added at 10 

pCi/ml and the cells incubated for an additional 5 hours. Cells were harvested (Tomtec, 

USA) onto Filtermat A filters (Wallac, Finland), washed and incorporation measured 

using MeltiLex A and a 1450 MicroBeta scintillation counter (Wallac, Finland). The 

significance of the correlation with array data was determined using Student’s t-Test.

144



Chapter 3 

Manufacture and validation of DNA arrays 

3.11ntroduction

The expression pattern of a gene relates to its function and consequently the genes 

expressed within a cell dictate its internal state and response to extracellular stimuli. This 

also applies to virus genes, which must function within the context of the host cell. DNA 

arrays allow the expression of hundreds or thousands of genes to be monitored 

simultaneously. Using this technology, it is therefore possible to relate activity of the 

genome to the phenotype of the cell. The application of DNA array technology to the 

study of virology has extended our knowledge of virus gene expression, cellular 

responses to infection and virus control of host gene expression (sections 1.3.6 and

1.3.7).

The size of herpesvirus genomes hinders the comprehensive analysis of their activity by 

traditional methods. Herpesviruses are therefore ideal candidates for DNA array 

technology because every viral gene can be printed onto a single array. This allows the 

complete gene expression profile of the genome (transcriptome) to be elucidated from 

the results of a single experiment. The first virus to have its transcriptome mapped in this 

way was human cytomegalovirus (HCMV) (Chambers et a i, 1999). This study used a 

microarray containing oligonucleotide probes for all HCMV ORFs, spotted in triplicate 

on glass slides. The array was used to examine virus gene expression in infected 

fibroblasts in the presence and absence of metabolic inhibitors to classify all virus genes 

by kinetic class (Table 1.7). Each experiment was performed in triplicate to minimise 

experimental variation and allow the significance of expression changes to be assessed

The effect virus infection has on the host cell often underlies disease. Methods that allow 

the measurement of expression for a few host genes at a time provide only a limited 

means with which to study these effects. A number of studies have shown that 

measurements of gene expression using DNA arrays can reveal changes in cellular gene 

expression that occur upon virus infection (section 1.3.7). The simultaneous analysis of 

the expression of thousands of genes at once offers a more complete picture of how 

viruses interact with the host genome. The presence of KSHV in human neoplasia
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suggests that KSHV infection can lead to cancer. Array analysis has proven to be a 

powerful tool for understanding cancer derivation, revealing potential mechanisms of 

transformation and predicting sensitivity to therapy.

Global analysis of cellular gene expression therefore promises much for the study of 

virally driven cancers. The aims of this chapter are to create and to test DNA arrays for 

the analysis of KSHV and human gene expression in B-cell lymphoma.
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3.2 Results

3.2.1 The KSHV array

3.2.1.1 Production of the KSHV array

A KSHV array was created to allow expression analysis of the entire viral genome. To 

represent fully the coding potential of the KSHV genome on the array, a set of PCR 

primers were designed to amplify around 350 bp from the 5’ end of all predicted KSHV 

ORFs (Paul Kellam and Chris Boshoff). In addition, primers were designed to gene- 

specific exons and presumed non-coding regions of the genome (section 4.2.4). Primers 

were also designed to amplify sequences from cellular “housekeeping” genes to use for 

normalisation (section 3.2.1.4). The genes chosen were ubiquitin, tyrosine 3- 

monooxygenase activation protein (TMAP), pyrophosphate phosphoribosyltransferase 

(PPRT), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a-tubulin, MHC class I 

HLA-B, (3-actin, highly basic protein and ribosomal protein S9. Primers were also made 

to amplify luciferase and tobacco mosaic virus (TMV) 180kD protein genes to act as 

positive and negative controls respectively. Each of these 114 primer pairs was used to 

amplify probe sequences from genomic DNA or cDNA. Each probe was given a code 

number, from 1 to 114, to facilitate identification. These are listed in Table 3.1 along 

with the gene name and corresponding region of the KSHV genome. The sequences of 

the primers used can be found in Table 2.3.

Each array probe was cloned into either pGEM-T Easy (probes 1-46) or pBluescript 11 

KS (probes 47-114) (section 2.4.5). The identity of each cloned array probe was 

confirmed by PCR with probe-specific primers (Figure 3.1) and DNA sequencing 

(section 2.4.9). Cloned array probes were checked for the possibility of cross

hybridisation, both against each other and against host genes, by searching GenBank 

using pairwise sequence analysis (www.ncbi.nlm.nih.gov/BLAST). No array probes 

were found to have significant homology to other sequences aside the sequence they 

represent.
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ID ORF /  gene Corresponding
sequence

ID ORF /  gene Corresponding
sequence

1 K1 1 1 5 -4 2 0 58 O R F 28 48991 - 49290
2 O R F 4 1 1 4 2 -1 4 4 8 59 O R F 2 9 B 50141 -5 0 4 1 7
3 O R F 6 3 2 1 0 -3 4 9 5 60 O R F 30 50 623  - 50760
4 O R F 7 6628 - 6930 61 O R F 31 50761 - 51010
5 O R F 8 8699  - 8900 62 O R F 32 5 1 4 0 4 -5 1 6 8 0
6 0 R F 9 1 1 3 8 3 -1 1 6 8 0 63 O R F 33 52761 - 53080
7 O R F  10 1 4 5 1 9 -1 4 8 1 0 64 O R F 29A 54371 - 54676
8 O R F 11 1 5 7 9 0 - 16002 65 O R F 34 54674  - 54920
9 O R F 2 18271 - 18553 66 O R F 35 55 668  - 55974
10 K3 1 9 3 2 8 - 19609 67 O R F 36 55 976  - 56270
11 O R F 70 20801 -2 1 1 0 4 68 O R F 37 57311 - 57540
12 K4 2 1 5 4 8 -2 1 8 3 2 69 O R F 39 59941 -6 0 1 7 5
13 K4.1 2 2 1 9 5 -2 2 5 2 9 70 O R F 40 60308  - 60580
14 K4.2 22761 - 23059 71 O R F 41 6 1 8 2 6 -6 2 1 2 0
15 Probe B 2 5 1 9 7 -2 5 3 6 3 72 O R F 42 62585  - 62880
16 K5 26201 - 26483 73 O R F 43 64411 - 64728
17 K6 2 7 1 3 7 -2 7 4 2 4 74 O R F 44 66941 - 67258
18 Probe C 27741 - 28050 75 O R F 45 68241 - 68576
19 K7 28622 - 28927 76 O R F 46 69101 -6 9 4 0 4
20 O R F 16 3 0 1 4 5 -3 0 4 5 0 77 O R F 47 69611 -6 9 9 1 5
21 O R F 17 32221 - 32482 78 O R F 49 72251 - 72538
22 O R F 18 32424 - 32720 79 O R F  50 72871 -7 3 1 8 0
23 K8 exon 1 7 4 8 5 0 -7 5 1 5 0 80 Ubiquitin 1 3 6 -4 4 0
24 K8 exon 3* 7 5 6 1 9 -7 5 9 2 0 81 TM A P 283 - 573
25 O R F 52 76891 -7 7 1 7 0 82 P P R T 86 - 390
26 O R F 53 77391 - 77635 83 G A P D H 61 - 370
27 O R F 54 77637 - 77970 84 a-tubulin 68 - 379
28 O R F 55 7 9 1 5 0 -7 9 4 4 9 85 M HC HLA-B 8 - 2 7 0
29 O R F 56 79436  - 79760 86 P-actin 387 - 747
30 O R F 57 8 2 7 1 7 -8 3 0 3 0 87 basic protein 42 - 340
31 K9 84951 - 85209 88 ribosomal 8 9 61 - 370
32 KIO 87861 -8 8 1 6 4 89 luciferase 1 3 -3 2 7
33 K10.1 88601 -8 8 9 1 0 90 TM V 1 -3 1 9
34 Probe D 90321 - 90620 91 O R F 58 95238  - 95544
35 Probe E 91091 -9 1 3 8 0 92 O R F 59 96 400  - 96739
36 K11 93061 - 93350 93 O R F  60 97441 - 97788
37 K11.1 93841 -9 4 1 2 7 94 O R F  61 99892  - 100194
38 T 0 .7  RNA 117451 - 117750 95 O R F 62 100881 -101194
39 K12 1 1 7 9 1 9 -1 1 8 1 0 1 96 O R F  63 1 0 1 2 0 8 -1 0 1 4 6 3
40 Probe H 2 3 3 1 5 -2 3 6 1 4 97 O R F  64 1 0 4 0 0 0 -1 0 4 3 1 0

119401 -  119700 98 O R F 65 1 1 2 1 3 4 -1 1 2 4 4 3
41 Probe 1 121201 - 121500 99 O R F 66 113181 -1 1 3 5 0 3
42 O R F 71 1 2 2 4 1 0 -1 2 2 7 1 1 100 O R F 67 114211 - 114508
43 O R F 72 123251 - 123567 101 O R F 68 1 1 4 7 6 8 -1 1 5 0 4 0
44 O R F 73 126901 - 127200 102 O R F 69 116669 - 116980
45 K14 127941 - 128260 103 K2 1 7 5 6 7 - 17875
46 O R F 74 129372 - 129669 104 Probe F 23731 -  23953
47 O R F 75 1 3 4 1 4 6 - 134441 1 1 8 6 5 2 - 118980
48 K14.1 1 3 4 4 0 0 -1 3 4 7 1 9 105 Probe A 25041 - 25363
49 O R F 19 34541 - 34842 106 T1.1 RNA 29341 - 29677
50 O R F 20 34955 - 35260 107 O R F 48 71121 -7 1 3 8 1
51 O R F 21 35383  - 35680 108 K14.1 (2) 1 3 4 4 4 0 -1 3 4 6 6 3
52 O R F 22 3 7 1 1 3 -3 7 4 3 0 109 K15 (P) exons 2 -3 2 1 6 -5 3 1
53 O R F  23 40081 - 40400 110 K15 (P) exons 4 -6 55 3  - 873
54 O R F 24 42271 - 42580 111 K 1 5 (P )e x o n  8 1 0 0 6 -1 3 6 9
55 O R F 25 42777  - 43040 112 K8.1 exon 1 75921 -7 6 1 1 5
56 O R F 26 4 7 1 9 0 -4 7 5 0 0 113 K8 /  K8.1 exon 7 6 4 3 3 -7 6 7 3 4 1 1 4
57 O R F 27 4 7 8 7 3 -4 8 1 8 0 114 O R F  38 58 688  - 58879

Table 3.1. KSHV array probe clones.
The region of each KSHV probe is relative to KSHV genomic sequence (U75698) except for K15 
P form, which is relative to API 56886. Probes F and H correspond to sequences in the oriLyt, of 
which there are two copies in the genome. For other genes the accession numbers are as 
follows: ubiquitin (M26880), tyrosine 3-monooxygenase activation protein (TMAP, NM_003404), 
pyrophosphate phosphoribosyltransferase (PPRT, V00530), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH, X01677), a-tubulin (K00558), MHC class I HLA-B (X75953), P-actin 
(X00351), highly basic protein (X56932), ribosomal protein S9 (U14971), luciferase (E l5166) and 
tobacco mosaic virus (TMV) 180kD protein (D78608).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

2 4  2 5  2 6  2 7  2 8  2 9  3 0  3 1  3 2  3 3  3 4  3 5 3 6  3 7  3 8  3 9  4 0  4 1  4 2  4 3  4 4  4 5  4 6I
4 7  4 8  4 9  5 0  5 1  5 2  5 3  5 4  5 5  5 6 5 7  5 8  5 9  6 0  6 1  6 2  6 3  6 4  6 5  6 6  6 7  6 8

6 9  7 0  7 1  7 2  7 3  7 4  7 5  7 6  7 7  7 8  7 9 8 0  8 1  8 2  8 3  8 4  8 5  8 6  8 7  8 8  8 9  9 0

9 1  9 2  9 3  9 4  9 5  9 6  9 7  9 8  9 9  1 0 0  1 0 1  1 0 2 1 0 3  1 0 4  1 0 5  1 0 6  1 0 7  1 0 8  1 0 9  1 1 0  1 1 1  1 1 2  1 1 3  1 1 4

Figure 3.1. PCR of KSHV array clones with insert-specific primers.
Composite agarose gels showing products from each of the 114 unique array clones after 
amplification with clone-specific primers. All clones except number 98 contain both primer 
sequences and are of the correct size (98 is missing 33bp at the 3’ end). Other empty lanes are 
water controls included when the clones were organised into rows of 12 in 96-well plates. The 
bars to the left of each panel show the position of the 500 bp and 200 bp size markers. All 
amplifications were performed using purified plasmid DNA except for 52, 60, 77, 86, 89 and 113, 
for which bacterial colonies were used. The identity of all array elements was further verified 
using DNA sequencing.
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Common vector primers were designed to amplify the cloned array probes with a 

minimum of vector sequence (pGEM 5’ and 3’ and pBlue 5’ and 3’, Table 2.3). The PGR 

conditions were optimised to produce large amounts of specific products (Array PGR; 

section 2.4.10). Quantification of multiple PGRs by UV spectrophotometry shows that 

these conditions produce an average of 4.7 pg product from pGEM-T Easy clones 

(standard deviation (SD)=1.0, n=9) and 2.6 pg (SD=0.6, n=19) from pBluescript II KS 

clones. These PGR conditions were used to produce approximately 12 pg of purified 

DNA for each of the 144 array element pairs (Figures 3.2 and 3.3).

The KSHV array consists of 288 elements printed on nylon membrane by Eurogentec 

(Belgium) (Figure 3.3). Each element is 1100 pm wide and the whole array is 29.2 cm .̂ 

The 288 elements were created by spotting 144 DNA probes in duplicate. The identity of 

each of the elements is shown in Figure 3.3. The control probes were printed twice, on 

different parts of the array, to assess the consistency of hybridisation (rows E and I). 

Each spot contains approximately 36 ng of single stranded DNA, except for row L, 

which consists of dilutions series of luciferase and TMV probe DNA from 4.5 to 72 ng.
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Figure 3.2. Purified array probe DNA.
Agarose gels showing purified PCR products for each array probe (144, including water 
controls). Each panel shows a specific row of the array, with probes arranged in column order 
from 1 to 12. In each panel the first lane after the size markers is a mass control (80 ng). The 
identity of each DNA species is shown in Figure 3.3. The bars to the left of each panel show the 
position of the 500 bp and 200 bp size markers. 90 nl (0.3%) of each DNA probe solution was 
spotted onto nylon membranes in duplicate to create the KSHV arrays.
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A
B
C
D
E
F
G
H
I
J
K
L

1 2 3 4 5 6 7 8 9 10 11 12
K1 0 R F 4  0 R F 6  0 R F 7  0 R F 8  0 R F 9  ORF10 0RF11 0 R F 2  K3 ORF70 K4

K4.1 K4.2 Probe B K5 K6 Probe C K7 0RF16 0RF17 0RF18 K8E1

K8E3 ORF52 ORF53 ORF54 ORF55 ORF56 ORF57 K9 K10 K10.1 Probe D Probe E

K11 K11.1 T0.7 K12 Probe H Probe 1 0RF71 ORF72 ORF73 K14 ORF74

Ubiquitin MonoxAc PyroPPT GAPDH a-tubulin MHC 1 fi-actin Basic Ribosomal Luciferase TMV

ORF75 K14.1(2) 0RF19 ORF20 0RF21 ORF22 ORF23 ORF24 ORF25 ORF26

ORF27 ORF28 ORF29b ORF30 0RF31 ORF32 ORF33 ORF29a ORF34 ORF35 ORF36 ORF37

ORF39 ORF40 0RF41 ORF42 ORF43 ORF44 ORF45 ORF46 ORF47 ORF49 ORF50

Ubiquitin MonoxAc PyroPPT GAPDH u-tubulin MHC 1 [i-actin Basic Ribosomal Luciferase TMV

ORF58 ORF59 ORF60 ORF61 ORF62 ORF63 ORF64 ORF65 ORF66 ORF67 ORF68 ORF69

K2 Probe a Probe A 11.1 ORF48 K14.1 K15E8 K15E4-6K15E2-3 K8.1 K8/K8.1 ORF38

4.5 9
Luciferase 
18 36 54 72 4.5 9

TMV 
18 36 54 72

Clones

1-12

13-23
24-35
36-46

47-56
57-68

69-79
80-90
47-56
91-102
103-114
55&56

1 cm

Figure 3.3. KSHV array topology.
Dye spotted in the same topology as the KSHV arrays. Each array consists of 144 array probes 
(Figure 3.2) spotted in duplicate to create 288 array elements. The probe name is shown above 
each pair of elements. Those with no names are water controls. The control probes are printed 
twice in different parts of the array to assess the consistency of hybridisation (rows E and I, 
boxed). Each spot is 1100 juim and contains approximately 36 ng of DNA except for row L, which 
consists of dilutions series of luciferase and TMV DNA from 4.5 to 72 ng. Each pair of array 
elements is defined by its location in the 12x12 grid (A1-L12). The clone ID for each pair of array 
elements is indicated on the right. The array is 29.2 cm^, the bar below indicates 1 cm.
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3.2.1.2 Characteristics of the KSHV array

The spotting of every element on each array was checked by hybridisation of ̂ ^P-labelled 

oligonucleotides complementary to the two sets of common PCR primers (Figure 3.4, 

sections 2.5.1 and 2.5.2). The arrays were scanned and the signals quantified using a 

phosphor imager (section 2.5.7). Only complete, evenly spotted arrays were used in 

subsequent experiments (arrays 1-5 and 7-11). The signal from each array element is 

calculated by the Array Vision software as the background subtracted signal density 

(sDENS), given in the units Molecular Dynamics counts (MDc)/mm^. The average 

difference between the sDENS (the amounts of oligonucleotide probe hybridised) to 

duplicate spots within each array is ±5% (n=1396) (section 2.5.8). Therefore, the amount 

of DNA deposited between duplicate array elements is reproducible. Spotting between 

arrays was also found to be consistent. Analysis of arrays 2, 3, 4, 5 and 7, all hybridised 

with the same batch of labelled oligonucleotides, reveals that the average variation in the 

amount of DNA per spot pair between arrays is ±11.8% (n=1008). The average Pearson 

correlation coefficient between the amounts of DNA spotted between these arrays is 0.97 

(n=10). This reproducibility in the amount of probe DNA deposited within and between 

arrays results in low variation between gene expression measurements (section 3.2.1.3).
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Figure 3.4. KSHV arrays hybridised with ” P-labelled oligonucleotides complementary to 
the common PCR primer tags.
A. Hybridisation of labelled oligonucleotides shows that all the arrays are complete, except for 
array 12. Consequently this array was not used in any further experiments. Array 6 was not used 
because of uneven spotting. The smudging in arrays 1 and 10 is an artefact of the Saran wrap 
used to cover the arrays and does not represent a problem with the spotting. Quantification of the 
signals for each array element shows that the spotting is consistent both within and between 
arrays.
B. Scatter plots showing the correlation between the background subtracted signal density 
(sDENS) for arrays 2, 3, 4, 5 and 7 hybridised with ^^P-labelled oligonucleotides. These arrays 
were all hybridised with the same batch of labelled oligonucleotides. The data have been logged. 
The histograms show the distribution of the sDENS for each array. The average Pearson 
correlation coefficient is 0.97.
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As Figure 3.4A shows, the amount of DNA in each spot is not constant within each 

array. Therefore the relationship between the amount of DNA spotted and hybridisation 

efficiency was determined. The PCR dilution series of luciferase and TMV probe DNA 

spans a range of 2̂  p,g. Known amounts of labelled luciferase cDNA were hybridised to 

the arrays and the signal quantified (Figure 3.5A). This shows that the hybridisation 

signal spans an average range of 2̂ '̂  MDc/mm^. Therefore the amount of DNA spotted 

only has a small effect on the signal produced.

To control for the sensitivity of the arrays, luciferase RNA was spiked into the samples 

before labelling. This showed that 10 pg luciferase RNA in 10 p,g total RNA 

(1:1,000,000 by weight) could be detected at 10-fold above background. On average, 10 

|Xg total RNA was found to be equivalent to 10̂  cells and 10 pg luciferase is 

approximately 10̂  copies. Therefore, this concentration is equivalent to approximately 10 

copies/cell. The TMV elements acted as negative controls and on average gave a signal 

only 1.3 fold above background (SD=0.3, n=90). Varying the amount of luciferase RNA 

spiked into the labelling reaction demonstrates that the relationship between RNA 

concentration and signal produced is proportional (Figure 3.5B). The arrays are thus able 

to measure relative changes in RNA abundance.

To test further the specificity of the arrays, RNA was extracted from Ramos cells, a 

KSHV-negative cell line derived from BL, and hybridised to an array. Almost all of the 

virus genes appeared negative showing that the vast majority of the probes are specific 

for KSHV RNA. However, five elements, corresponding to ORFs 35, 50, 60, 68 and K15 

exon 8 exhibited cross-hybridisation with Ramos cellular RNA (Figure 3.5C). These five 

elements were therefore not included in the expression analyses described in Chapter 4. 

The specificity of the KSHV array is also illustrated in Figures 4.2 and 4.12.
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Figure 3.5. Characteristics of the KSHV array.
A. Relationship between the amount of DNA spotted and hybridisation efficiency (mean signal 
and SD from the luciferase dilution series, n=8). The cell lysate was spiked with luciferase RNA 
at 100 copies per cell (2x10® copies) before the RNA purification step. The signals were 
standardised for each array such that the mean signal for the 36 ng spots is 100%. Although the 
amount of DNA spotted encompasses a range of 2®, the amount of labelled cDNA hybridised 
only covers an average range of 2^^ MDc/mm
B. Relationship between the concentration of RNA (as % of total RNA by weight) and the signal 
generated (mean and SD of sDENS from luciferase spots, n=4). Luciferase RNA was spiked into 
cellular RNA before the labelling reaction. The dashed line represents a linear relationship. 
Although the relationship between amount of RNA and signal is not strictly linear, it remains 
proportional over all RNA quantities tested. The lowest RNA concentration tested (0.0001% or 1 
in 1,000,000) is approximately equivalent to 10 copies per cell.
C. Mean signals (sDENS) for each array element pair after hybridisation with RNA from the 
KSHV-negative cell line Ramos. Probes for KSHV genes (grey bar), cellular genes (positive 
controls, black bar) and TMV and luciferase negative controls (white bar) are indicated. Although 
the majority of KSHV probes are specific, 5 probes cross-hybridise with cellular RNA (arrows). 
These correspond to ORFs 35, 50, 60, 68 and K15 exon 8.
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3.2.1.3 The KSHV array produces consisten t and reproducible 

m easurem ents of gene expression

The arrays were used to examine KSHV gene expression during virus latency and lytic 

replication. Total RNA was extracted from BC-3 cells at different time points (0-72 

hours) with or without the addition of TPA, which induces lytic replication. This RNA 

was then reverse transcribed in the presence of ^^P-dCTP and the resulting radiolabelled 

cDNA hybridised to the arrays.

For an array to be a useful tool for the measurement of gene expression it must be able to 

give consistent results. To test this, the signals from the duplicate spots were compared 

in two arrays representing 72 hours after the induction of lytic replication. The variation 

in the signal between duplicate spots was found to be ±3.7% (n=288). The signals 

generated by the two rows of cellular probes were also compared over 21 arrays. The 

average Pearson correlation coefficient between the signals was calculated to be 0.99. 

Therefore the expression measurements within arrays are consistent.

To assess the contribution of sources of variation in the experimentally measured 

expression patterns, duplicate experiments were performed representing 0, 24, 34, 48 and 

72 hours after induction of KSHV lytic replication (Figure 3.6). These include both 

technical replicates (same RNA sample analysed again on a different array) and 

biological replicates (cells regrown, RNA purified and analysed on a different array). 

The signals for each element pair were averaged, creating 144 measurements for each 

array. Comparing these, the average Pearson correlation coefficient between all pairs of 

duplicate experiments was found to be 0.93 (n=5). Latent cells were also taken at 8 

different timepoints from 0 to 72 hours after passage. The average Pearson correlation 

coefficient between the expression of the human genes over this period is 0.92 (n=28). 

Therefore the arrays give reproducible results.
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Figure 3.6. Correlations between duplicate experiments.
Each panel shows a scatter plot comparing the results from two arrays hybridised with labelled 
cDNAs generated from technical replicates (T (time)=0 and T=72+TPA) or biological replicates 
(T=24+TPA, T=34+TPA and T=48+TPA). Data show the mean sDENS for each pair of duplicate 
spots. The sample names and Pearson correlation coefficient are shown above each graph. The 
average correlation is 0.93.
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3.2.1.4 Data normalisation

Before it can be interpreted, data from multiple array experiments must be normalised to 

remove differences in absolute signal intensity caused by labelling and hybridisation 

efficiencies (section 1,3.4.2). The housekeeping gene method of array data normalisation 

transforms the data from each array so that the average expression of cellular genes with 

roles in fundamental cellular processes becomes constant (DeRisi et ai, 1996, Heller et 

al, 1997, Chambers et al, 1999). This assumes that the expression levels of these human 

genes remain constant over different experimental conditions. However, this assumption 

was found to be invalid for this study as the expression of some genes increases relative 

to others after TPA induction of lytic replication. In order to circumvent this problem, 

hierarchical clustering was used to compare the expression patterns of the cellular genes. 

The mRNA levels of GAPDH, a-tubulin and ribosomal protein S9 were deemed to be 

constant due to their covariance across the TPA induction dataset (Pearson correlation 

coefficients of 0.96 or above; Figure 3.7A). These genes were used to normalise the data 

for each array using the following formula:

For n arrays:

X ’a,i =  Xa.i +  (H K n  - H K a)

Where:

Xa,i = expression ratio (see section 2.5.8) for the î*’ element of array a

X ’a.i = normalised X aj

HKa = mean ratio for co-varying housekeeping genes in array a

HKn = mean HKa across all n arrays

This transforms the data such that the mean housekeeping gene expression ratio for each 

array (HKa) becomes equal to the mean across all arrays (HK„; Figure 3.7B).
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Figure 3.7. Normalising between KSHV arrays.
A. Identification of co-varying housekeeping genes by correlation analysis. The dendrogram 
relates the genes by their expression pattern across the TPA induction dataset. The genes 
whose expression patterns have the strongest correlation are named in bold. Correlation is 
shown by linkage distance (1-Pearson correlation coefficient). Data is the mean of the two rows 
of cellular genes.
B. Log(2) expression ratios of co-varying housekeeping genes across the TPA induction dataset 
before and after normalisation. The data was normalised by equalising the mean expression of 
these genes across all arrays. (♦) GAPDH, (o) a-tubulin, (x) ribosomal protein S6.

3.2.2 The KSHV-human microarray

3.2.2.1 Production of the KSHV-human microarray

A KSHV-human microarray was created to allow the analysis o f  both virus and host 

gene expression in KSHV and EBV infected B -cell lymphoma. This array combines 

probes for human and virus genes on a single glass slide. These include all previous 

KSHV array probes with the addition o f new probes for KSHV genes that were 

previously found to cross-hybridise to cellular cD N A  (section 3.2.1.2), probes for newly 

discovered KSHV genes and the M form of K15 (section 1.2.8.5). The increased probe
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set also includes latent, immediate-early, early and late EBV genes and extra negative 

controls. These new probes, numbered 115-140, are listed in Table 3.2. All new probes 

were cloned into pGEM-T Easy and sequence verified. Approximately 12 p,g of purified 

PCR-amplified DNA was produced for 159 array elements using the Array PCR (Figure 

3.8). These probes were added to the Institute of Cancer Research 5428-probe set, which 

is PCR-amplified from sequence verified human cDNA clones (Clark et al, 2002). This 

combined probe set was printed onto glass slides to create the 5808-element KSHV- 

human microarray.

Clone ID O RF/gene Corresponding
sequence

Array
Element(s)

115 K15 (M) exon 8 134701 -135032 LI
116 K15 (M) exons 4-6 135416-135937 L2
117 K15 (M) exons 2-3 136026-136455 L3
118 Pollen coat protein 253 -  607 L4-L6
119 ORF33 53081 -  53450 Ml
120 ORF50 73241 -73610 M2
121 ORF 60 97088 -  97437 M3
122 ORF 67.5 114574-11803 M4
123 ORF 68 115061 -  115408 M5
124 K10.5 90194-90534 M6
125 K10 86074 -  86433 M8
126 K10.1 intron 88799 -  89034 M9
127 HIV-1 env 6201 -  6220 M10
128 HIV-2 env 7160-7530 M il
129 HIV-1 gag 1187-1430 M12
130 EBV EBER1 6629 -  6795 Nl
131 EBV vlL-10 9675 -  9997 N2
132 EBV EBNA2 48841 -  49200 N3
133 EBV vBcl-2 54377-54719 N4
134 EBV BFRF1 58907 -  59292 N5
135 EBV gp350 91764-92132 N6
136 EBV Rta 102799 -103155 N7
137 EBV EBNA1 107950 -108216 N8
138 EBV gH 142686 -143038 N9
139 EBV LMP1 168586 -168945 N10
140 EBV EBNA1 109503 -109860 N i l

Table 3.2. Additional probes cloned for the KSHV-human microarray.
The clone identification numbers continue from the previous cloned probe set (Table 3.1). The 
K15 probes are specific for the M subtype of K15. The probes for ORFs 33, 50, 60, 68 and K10 
are complementary to different parts of the genes to those used previously. Corresponding 
sequence indicates the location of each probe sequence in relation to the following GenBank 
accession numbers: KSHV genes -  U75698, EBV genes -  V01555, HIV-1 - AF033819, HIV-2 -  
M30502, plant pollen coat protein {Brassica oleracea) -  X97054.
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Figure 3.8. Purified KSHV-human microarray probe DNA.
Agarose gels showing purified PCR products for each of the 159 array probes. Lanes B4, D6, 
E l l ,  F3, F4, H2, 111, MB and N13 are water controls. Array elements are named A1 to N12. 
Rows A-K are identical to those shown in Figures 3.2 and 3.3. Rows L-N correspond to the new 
array probes (see Table 3.2). Row L also contains 6 samples of luciferase DNA (lanes 8-13). In 
each panel the last lane is a mass control (100 ng). The bars to the left of each panel show the 
position of the 500 bp and 200 bp size markers.
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5.2.2.2 Sensitivity of the KSHV-human m icroarray

The sensitivity and specificity of the microarrays were tested by spiking known amounts 

of luciferase or TMV RNA into the labelling reaction. This showed that the relationship 

between the actual ratio of RNA in the Cy3 and Cy5-labelled samples and the expression 

ratio calculated was accurate. Spiking luciferase RNA into the Cy3 and Cy5 labelling 

reactions at a ratio of 1:1 produces a expression ratio of 1.14 (SD 0.085, n=8) and 

spiking with a ratio of 1:10 gives an expression ratio of 10.19, SD=0.075, n=8). Each 

array contains 6 negative control spots (HIV and Drosophila DNA). From a total of 40 

arrays, 240 negative control spots were analysed. All negative control spots were found 

to have signals below 1.3x background in both channels. The mean signal to background 

ratio is 0.99 in the Cy3 channel (SD=0.07) and 1.02 in the Cy5 channel (SD=0.06). TMV 

RNA was spiked into both the Cy3 and Cy5 labelling reactions (section 2.6.3) to test the 

sensitivity of the KSHV-human microarray for low-copy number transcripts. 100 pg of 

TMV RNA could be detected in a total of 1 p,g of mRNA (1:10,000 by weight) with a 

mean Cy3 signal of 1.97x background (SD=0.93) and a mean Cy5 signal of 3.56x 

background (SD=2.41, n=80). 1 pg mRNA was found to be equivalent to 5x10^ cells 

and 100 pg TMV RNA is 2x10^ copies. Therefore, the KSHV-human microarray can 

detect TMV RNA at a concentration equivalent to approximately 6 copies/cell.

Microarrays were scanned at high PMT voltages as this was found to maximise the 

signal to background ratio (see section 2.6.5). Under these conditions, the signal 

generated from 10 ng luciferase RNA spiked into 1 pg mRNA (1:100) was above the 

maximum allowed by the array scanner. Therefore, the upper limit of detection was 

below 2000 RNA copies per cell. However, in 40 array experiments only 0.5% of 

elements reach this level.

3.2.2.3 Creating a com m on reference sam ple for gene expression  profiling

The gene expression patterns of a number of different samples were to be compared 

using the KSHV-human microarray (see Chapters 4 and 5). A common reference RNA 

approach was taken because previous studies have shown that this method allows multi

comparative analyses of this kind (section 1.3.4.2). It is important that a reference 

contains RNA representing the whole sample series to be analysed as this maximises the 

number of expression ratios generated for each sample. The samples analysed in this
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study are derived from all stages of B-cell development. Therefore the reference was 

designed to mirror this range and includes RNA purified from the B-cell lines Nalm-6, 

DoHH-2, Karpas-422, Raji, BC-3, JSC-1 and RPMI-8226. The relative composition of 

the reference RNA mixture used is shown in Table 3.3. To enable the analysis of KSHV 

and EBV gene expression, TPA was added to BC-3, JSC-1 and Raji cells to induce lytic 

virus replication. This allows expression of the vast majority of virus genes to be 

detected in a specific manner (Figure 3.9).

Cell line Treatment Tumour Virus(es) Composition (%)
BC-3 TPA 72 hrs PEL KSHV 25
JSC-1 TPA 48 hrs PEL KSHV

EBV
25

Raji TPA 72 hrs Burkitt’s lymphoma EBV 20
Karpas-422 Diffuse large B-cell 

lymphoma
7.5

DoHH-2 Follicular lymphoma 7.5
Nalm-6 Acute lymphoblastic 

leukaemia
7.5

RPMI-8226 Multiple myeloma 7.5

Table 3.3. Composition of the common reference RNA mixture used with the KSHV-human 
microarray.

Large batches (10 cells) of each cell type were grown to minimise differences in RNA 

abundance in different batches of reference RNA. In total, 8 batches of reference RNA 

were made from these cells. Different reference batches gave identical expression ratios 

against the same samples (see section 3.2.2.4).
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Figure 3.9. The reference RNA specifically hybridises to all viral array elements.
A. Background subtracted median signal for all KSHV and EBV array elements after hybridisation 
with CyS labelled reference RNA. Signals occupy a range from 0 to 65535 bits (2̂ ®), 
corresponding to the 16-bit array image.
B. Log(2) median of ratios (Cy5/CyS) for all KSHV and EBV elements after hybridisation of 
reference RNA (CyS) with RNA from the virus negative cell line DS-1 (Cy5). Almost all elements 
give a negative ratio indicating stronger expression in the reference RNA.

Before array data from multiple samples can be compared, the data from the different 

arrays need to be normalised (section 1.3.4.2). This adjusts for differences in the 

labelling and detection efficiencies for the labels and for possible differences in the 

quantity of RNA. For microarrays, the most common method for normalising the data is 

to add a scaling factor to data from each array so that the median expression ratio in all 

arrays is 1. This linear transformation assumes that the expression ratio between the two 

channels is independent of the combined signal intensity of the two channels. Data 

generated by the KSHV-human microarray was therefore tested for this property. RNA 

purified from the B-cell line Ramos was labelled with Cy3 and Cy5 and hybridised 

together. The predicted expression ratio from each array element was therefore predicted
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to be 1. An M-A plot (Dudoit et ai, 2001) was drawn from the data (Figure 3.10). In 

this analysis M is log(2)(Cy3/Cy5) and thus represents the ratio between signals from the 

two channels, while A is log(2)V(Cy3.Cy5) and thus represents an average signal 

intensity of the two channels. Figure 3.10 demonstrates that these two variables have a 

linear relationship and that the assumption of independence between expression ratio and 

average signal intensity is valid. Therefore, this normalisation method was used to 

compare expression data.
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Figure 3.10. Expression ratio is independent of totai signal intensity.
M-A plot (log(2)(Cy3/Cy5) against log(2)V(Cy3.Cy5)) of data generated from the hybridisation of 
Ramos mRNA labelled with Cy3 and Cy5. The relationship is linear demonstrating that the 
combined signal intensity of the two channels does not affect the expression ratio.

3.2.2.4 Filtering noise from the data and its effects on reproducibility

The expected expression ratio for all elements for an RNA sample labelled with Cy3 and 

Cy5 and hybridised together on the same array is 1 (or a log(2) expression ratio of 0). 

The extent to which the observed expression ratios differ from 0 therefore gives a 

measure of the error introduced by experimental sources of variation. This was 

determined for mRNA purified from the B-cell line Ramos (Figure 3.11 A). Of the 

elements deemed to be present by the Axon software, 95.6% have a log(2) ratio of 

between -0.5 and 0.5 (ratio of 0.707-1.414). Assuming this error follows a normal 

distribution (Wolfmger et al, 2001), experimental noise therefore becomes significant 

(at the 95% confidence level) outside of this range. The 4.4% of elements which have
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significant expression ratios by this definition tend to have low signal to background 

ratios in both channels (Figure 3.1 IB). Filtering the data to remove elements with a 

signal to background ratio below 2 in the Cy5 channel and 1.5 in the Cy3 channel 

removes 74% of this experimental noise. This improves the results such that 98.9% of all 

log(2) ratios are now between -0.5 and 0.5. The filtering cut-offs for the two channels 

are set differently to take into account the lower signal to background ratio in the Cy3 

channel.

Experimental replicates were performed to assess the contribution of sources of variation 

to the measured expression patterns (Table 3.4). A number of these were performed 

using the PEL cell line BC-3. The cell line was grown from frozen stocks on 3 separate 

occasions (I, II and III), RNA purified, labelled with Cy5 and analysed on the array with 

the Cy3-labelled reference RNA. RNA sample III was also analysed on two additional 

occasions (III rpt and III rpt II), Four different batches of reference RNA were used in 

these analyses to control for the effect of batch-to-batch variation in the reference. BC-3 

I was hybridised with reference batch 2, BC-3 II with batch 4, BC-3 III with batch 5 and 

BC-3 III rpt and III rpt II with batch 6.

Sample Experiment Type o f replicate Reference
batch

BC-3 BC-3! 2
BC-3 II Biological 4
BC-3 III Biological 5
BC-3 III rpt Technical and biological 6
BC-3 III rpt II Technical and biological 6

BCBL-1 BCBL-1 6
BCBL-1 rpt Technical 6
BCBL-1 II Biological 8

HBL-6 HBL-6 2
HBL-6 rpt Technical 2

JSC-1 JSC-1 2
JSC-1 rpt Technical 2

RPMI-8226 RPMI-8226 4
RPMI-8226 rpt Technical 4

Table 3.4. Experimental replicates analysed using the KSHV-human microarray.
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The data from the three BC-3 technical replicates were used to assess the relationship 

between signal to background ratio and experimental variation, by the method of Ross et 

al, (2002). The background subtracted signal intensity for each channel was binned into 

10-gene sets with increasing minimum signal intensities and plotted against the mean of 

the standard deviation of the triplicates for each set of binned genes. As was found with 

the Ramos array data, weak signals tend to contain more experimental noise (Figure 

3.11C). The effect is particularly noticeable for the Cy5 channel which shows an increase 

in variation (SD>0.3) in elements with a signal to background ratio below 2. The SD for 

elements with stronger signals tends towards 0.2, as was also found by Ross et al, 

(2002). The filtering criteria used to reduce the experimental noise in the Ramos array 

therefore also removes the most variable data between technical replicates.

The effect of the filtering criteria on positive and negative control data (section 3.2.2.2) 

was assessed. Filtering removes all data for all negative control elements on all arrays 

examined whereas the majority of the low-copy number control data is maintained 

(Figure 3.1 ID). Therefore, filtering ensures data that doesn’t represent genuine gene 

expression is removed.
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Figure 3.11. Defining criteria for data fiitering (opposite).
A. Histogram of iog(2) expression ratios generated from Ramos mRNA iabeiled with CyS and 
Cy5 and hybridised to the same array. The expected ratio for each eiement is 0 so the measured 
expression ratio is equai to the error. The fitted normai distribution is shown in red. The dashed 
verticai iines border the region containing 95% of the data. These therefore represent the 95% 
confidence limits and all data beyond these limits is significantly different from a iog(2) ratio of 0 
(p<0.05).
B. Scatter plot showing signal to background ratios for the CyS and Cy5 channels of the data 
shown in (A). Data in pink corresponds to those elements that lie beyond the 95% confidence 
levels shown in (A). These data have low signal to background ratios in both channels. 74% of 
these elements are removed by filtering for signal to background ratios below 1.5 and 2 in the 
CyS and Cy5 channels respectively. The grey box indicates data removed by these filtering 
criteria. Note that Cy5 signals are stronger than their CyS counterparts.
C. Standard deviation of triplicate BC-S technical replicates plotted against mean signal to 
background ratio. The data are ordered by increasing signal to background ratio and both 
variables are shown as a moving average with a window size of 10. Trend lines (red) are fitted 
with a power function. The grey boxes indicate the data removed by the fiitering criteria shown in 
(B). Weak signals in the Cy5 channel show greater variation. The SD of stronger signals tends to 
0.2 in both channels.
D. Mean, SD and SE (standard error) of the signal to background ratio for the control elements 
named beneath in each of the two channels (n=40 arrays). The dashed red lines show the 
fiitering cut-offs for each channel. Data below these lines are removed by the fiitering criteria. 
The majority of the positive low copy-number control data (spiked TMV RNA at 6 copies/cell) are 
maintained after filtering whereas all negative control data are removed. Note that Cy5 signals 
are stronger than their CyS counterparts.
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The signal to background ratio filtering criteria were applied to the entire dataset using 

ArrayAnalyser, a spreadsheet created in Excel (section 2.6.5). On average, filtering 

removes 8.3% of array elements (SD=3.0, n=40) in addition to the 42.8% that were 

flagged as not present. To confirm that the filtering criteria do reduce experimental 

variation, their effect on the correlation between the BC-3 replicates was examined. For 

all possible pair-wise comparisons, the filtered data are more correlated, hence less 

variable, than the unfiltered data (Figure 3.12). The lower the correlation between the 

unfiltered data, the greater the improvement after filtering. This demonstrates that high 

variability is associated with elements with low signal to background ratios. To confirm 

that this is not merely an effect of removing data, equal numbers of random genes were 

filtered from the data. This was found not to increase the correlation coefficient 

demonstrating that the filtering process selectively removes experimental variation.

The correlation between filtered log(2) expression ratios for all replicate experiments was 

calculated (Table 3.5). The average correlations for all technical and biological replicates 

are 0.96 (n=7) and 0.90 (n=9) respectively. The stronger correlation between technical 

replicates is to be expected considering the reduced experimental variation.

Technical replicates Correlation coefficient
HBL-6 HBL-6 rpt 0.97
JSC-1 JSC-1 rpt 0.95
BCBL-1 BCBL-1 rpt 0.97
RPMI-8226 RPMI-8226 rpt 0.96
BC-3 III III rpt 0.96
BC-3 III III rpt II 0.94
BC-3 III rpt III rpt II 0.98

Biological replicates
BC-31 BC-3 II 0.84
BC-3 1 BC-3 III 0.89
BC-3 1 BC-3 III rpt 0.92
BC-3 1 BC-3 II rpt II 0.91
BC-3 II BC-3 III 0.89
BC-3 II BC-3 III rpt 0.92
BC-3 II BC-3 III rpt II 0.92
BCBL-1 BCBL-1 rpt 0.89
BCBL-1 rpt BCBL-1 II 0.92

Table 3.5. Pearson correlation coefficients between filtered data from experimental 
replicates.
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Figure 3.12. Filtering the data by signal to background ratio increases the correlation 
between experimental replicates.
A. Comparison of correlations between BC-3 experimental replicates before and after filtering for 
signal to background ratio. The filtering criteria are shown in Figure 3.11. An equal number of 
data were also filtered from each array at random as a control. In all cases, elements flagged as 
not found are removed. Experiments I, II and III represent BC-3 cell samples grown on 3 
separate occasions (biological replicates). Ill, III rpt and III rpt II represent the RNA from III being 
labelled and hybridised on three separate occasions (technical replicates). As expected, 
technical replicates show less variance than biological replicates.
B. Scatter plots showing the correlation between filtered log(2) median of ratios for the 5 BC-3 
experimental replicates. Data were filtered to remove all elements flagged as not found or with 
signal to background ratios below the set limits (Figure 3.11). The histograms show the 
distribution of log(2) ratios for each array.
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3.2.2.5 Cluster analysis of experimental replicates

Hierarchical clustering was used to confirm that replicate experiments give the same 

gene expression measurements (Figure 3.13). The filtered log(2) median of ratios from 

38 arrays were median centred (see section 3.2.2.3) and both the arrays and genes 

clustered using average linkage hierarchical clustering as implemented in the program 

Cluster (Eisen et ai, 1998). The data contain the results of array analysis of 29 different 

samples, 5 of which were analysed on two or more occasions as either biological or 

technical replicates (see Table 3.4). The results show that all replicate samples cluster 

together because their expression patterns are more correlated with each other than either 

is to any other sample (Figure 3.13). The cluster dendrogram relates the samples by their 

expression pattern with branch length being inversely proportional to correlation. The 

branch lengths between different samples are always greater than between technical and 

biological replicates of the same sample. This demonstrates that the variation between 

experimental replicates is consistently lower than between different samples. Therefore, 
the KSHV-human microarray can identify the source of a sample from its expression 

pattern This property forms the basis of the analysis in Chapter 5.
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Figure 3.13. Cluster analysis of experimental replicates.
Hierarchical clustering of 38 samples (one per array) based on a filtered set of 1842 genes. The 
dendogram relates samples by their gene expression pattern, with samples with similar 
expression patterns clustered together. Branch length is inversely proportional to correlation. 
Technical repeats, coloured red, and biological repeats, coloured blue, always cluster together, 
connected by short branches. The red and blue horizontal lines show the limit of these technical 
and biological variations respectively. All branches connecting different samples extend beyond 
these limits.

173



3.2.3 Comparison between nylon and glass arrays

Given that two array types had been constructed containing a number of the same probes, 

a comparison between membrane and glass array platforms could be made. Independent 

samples of BC-3 cells treated with TPA for 72 hours were analysed on the KSHV array 

and the KSHV-human microarray. The protocols used for RNA extraction, labelling, 

hybridisation, scanning and data processing were those for each of the specific array 

systems (see Materials and Methods). The background-subtracted signal intensities for 

the common array probes were compared between the array types (Figure 3.14A). This 

showed that there is a good match between the patterns of hybridisation generated by the 

two arrays, with a Spearman rank-correlation coefficient of 0.73. However, although the 

hybridisation patterns are similar, the data from the glass microarray occupy a range 

almost 1 log less and have a lower average signal to background ratio (3.8 compared to 
16.2; Figure 3.148).
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Figure 3.14. Comparison between KSHV gene expression measurements from nylon and 
glass arrays.
A. Background subtracted signals from array probes for KSHV genes common between the 
nylon membrane KSHV array and the glass KSHV-human microarray. Both arrays were 
hybridised with labelled RNA from two independent samples of BC-3 cells treated with TPA for 
72 hrs. Probes are ordered co-linearly with the KSHV genome from 5’ to S’. The membrane array 
signals (MDc/mm^) are divided by 10 to equalise the scales.
B Signal ranges for the nylon and glass arrays shown by median, interquartile range and 
maximum and minimum signals. The data from the nylon membrane-based KSHV array occupy 
a greater range and have a higher average signal to background ratio.
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3.3 Discussion

The creation of two DNA arrays for the analysis of KSHV gene expression adds to the 

growing number of viruses for which this technology has been applied (Chambers et al, 

1999, Bresnahan and Shenk, 2000, Stingley et al, 2000, Tenner et al, 2001, Paulose- 

Murphy et al, 2001, Ahn et al, 2002). The two arrays are designed for different tasks. 

The KSHV array provides a means for the simultaneous analysis of expression of almost 

every virus gene. This will greatly increase the number of genes whose time of 

expression is known and provide a window through which one can observe virus 

genomic activity. The KSHV-human microarray, containing probes for over 5000 human 

genes, is the first array allowing simultaneous global measurements of gene expression 

for both host and virus. The results from such studies will reveal host-pathogen 

interactions that may underlie disease pathology. The microarray also includes probes for 

EBV, allowing virus gene expression measurements from EBV infected cells and, 

therefore, from each of the three genomes contained within the majority of PEL cells.

3.3.1 The sensitivity and dynamic range of both KSHV arrays com pare well 

with o ther array system s

Both the KSHV array and KSHV-human microarray comprise purified DNA probes 

produced from sequence-verified clones. The vast majority of probes are specific by in 

silico prediction and by experimental testing against human RNA. In addition, signals 

from negative control elements on each array are consistently absent. Such tests are vital 

for allowing gene expression measurements from arrays to be trusted (Schena et al, 

1995, Lockhart et al, 1996, Schena et al, 1996, Stingley et al, 2000).

Both arrays are able to detect low copy-number transcript controls. The KSHV array can 

detect RNA spiked into total RNA at 1:1,000,000, equivalent to around 10 copies/cell. 

The KSHV-human microarray can detect RNA spiked into mRNA at 1:10,000, 

equivalent to around 6 copies/cell. Expressed as absolute measurements of RNA 

abundance, both arrays are of equivalent sensitivity (around 1-3x10^ RNA molecules). 

These limits are in the ranges previously reported for microarrays (Schena et al, 1996, 

Wilson et al, 1999) and Affymetrix GeneChips (Lockhart et al, 1996). Using spiked 

control RNA, Schena et al, (1996) reported a sensitivity of 1:500,000 in total RNA by 

weight and Lockhart et al, (1996) reported a sensitivity of 6x10^ RNA molecules. This
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sensitivity for low copy-number RNA allows the detection of latent KSHV transcripts 

(Chapter 4). Analyses of variation between experimental replicates in the context of 

signal strength shows weak signals tend to contain more experimental noise. This is in 

agreement with previous findings (Cohen et al, 2000, Geiss et al, 2000, Ross et al, 

2000). Filtering the data by signal to background ratio removes these experimental 

sources of variation thus increasing the reproducibility between gene expression 

measurements.

Hybridisation efficiency is a function of the concentration of probe DNA in the spot and 

concentration of labelled target cDNA in solution. Experiments with the KSHV array 

show that it is the concentration of labelled cDNA in solution that is limiting. A linear 

increase in signal over a range of 3 logs is observed for a 4-log increase in labelled 

cDNA without saturation. This allows measurements of gene expression independent of 

probe concentration (Duggan et al, 1999). Together with the excellent correlation in the 

amount of probe spotted between arrays, this allows reproducible measurements of gene 

expression using the KSHV array.

Both KSHV arrays show proportional increases in signal as RNA concentration 

increases. However, the phosphor imager used to scan the nylon membrane KSHV 

arrays can detect RNA concentrations at 1:120 (around 80,000 copies/cell) with signal 

intensities two logs below the saturation limit, whereas the Axon array scanner saturates 

at concentrations of 1:100 (around 2000 copies/cell). This does not limit the detection of 

human RNA transcripts, as only 0.5% of elements saturate, consistent with known RNA 

distributions in human cells (Lewin, 1992). The dynamic range of the KSHV array 

allows the quantification of the high concentrations of T l.l RNA that occur in cells 

undergoing lytic replication (above 10,000 copies/cell; Staskus et al, 1997, Zhong and 

Ganem, 1997, section 4.2.2). Comparison of data from each array hybridised with 

biological replicates of the same sample shows that detection of (3-radiation on nylon 

membrane offers a greater signal to background ratio and a greater data range than 

detection of fluorescence on glass. The greater signal to background ratio may be 

because of the increased surface area of nylon membrane. The difference between the 

dynamic ranges is a reflection of the dynamic range of the PMTs in the two scanner 

types. Even with these caveats, the data produced by the two arrays are highly correlated. 

This has a number of implications. It suggests firstly that the data produced by both
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arrays are true representations of actual transcript abundance and secondly, that results 

from different array systems are cross-comparable.

3.3.2 Experimental replication dem onstra tes iow variability betw een 

expression  m easurem ents

The KSHV arrays show reproducible measurements of expression both within arrays and 

between arrays. The variation in signal between duplicate spots is ±3.7%. This compares 

well with the variation of 3.4% previously measured between duplicate spots printed on 

membrane arrays (Chen et al, 1998a). The average correlation between technical 

replicates for the KSHV array and the KSHV-human microarray are 0.94 and 0.96 

respectively. For biological replicates this drops to 0.92 and 0.90 respectively. These 

compare favourably with correlations between previously published technical replicates 

(0.87 (DeRisi et al, 1997), 0.96 (Cohen et al, 2000), 0.84-0.86 (Mayne et al, 2001),

0.91 (Ahn et al) and biological replicates (0.83-0.92 (Ross et al, 2000), 0.97 (Scherf et 

al, 2000), 0.90 (Zhang et al, 2001b). As also shown by others, low variability between 

experimental replicates creates unique expression profiles that can be used to identify 

samples (Alizadeh et al, 2000, Pérou et al, 2000, Ross et al, 2000).

The experiments discussed in this chapter provide controls for the biological 

interpretation of the array-based expression measurements within the following chapters. 

The KSHV array was used to examine KSHV gene expression during latency and after 

induction of lytic replication in the PEL cell line BC-3 (Chapter 4). The KSHV-human 

microarray was used to examine to cellular expression profile of PEL in comparison to 

other B-cell lymphomas and to find correlations between KSHV and host gene 

expression (Chapters 4 and 5).
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3.4 Summary of Chapter 3

1. Two DNA arrays, consisting of purified, sequence validated DNA probes, were

created for the analysis of KSHV and host gene expression.

2. Both arrays are sensitive at the 5-10 RNA copies/cell level and are able to detect

increasing RNA concentrations over a physiological range.

3. Gene expression measurements between experimental replicates are reproducible, 

allowing sample identification by cluster analysis.

4. Elements with a low signal to background ratio are responsible for much of the 

experimental variation and can be removed by filtering.

5. The two arrays produce comparable results.
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Chapter 4 

KSHV gene expression in PEL 

4.1 Introduction

KSHV is predicted to encode at least 85 ORFs, only half of which have an annotated 

function (Table 1.6). These include a number of homologues of cellular genes (Moore et 

al, 1996a, Russo et al, 1996) that may determine the pathogenicity of KSHV (Neipel et 

al, 1997). Like all herpesviruses, KSHV is able to establish a latent infection in cells, 

persisting as episomal DNA (section 1.2.4.2). During latency, herpesvirus gene 

expression is typically restricted to only a few genes. The full repertoire of gene 

expression occurs during lytic replication, when virus progeny are produced and the host 

cell is destroyed (Renne et al, 1996b). This procee^ through a te^orally  ordered 

transcription programme of lytic genes (Wagner et al,f^ Roizman et alj .̂ The timing of a 

gene’s expression within this programme gives clues as to its function (section 1.2.4.3). 

For example, genes that are expressed early include enzymes required for DNA 

replication while those expressed later, after DNA replication has occurred, generally 

encode structural proteins of the virion.

A number of studies have described the expression of individual KSHV genes (Table 

4.1). KSHV gene expression is most often assessed in cell lines established from PEL, 

but virus gene products have also been detected in PEL, KS and MCD biopsies. KSHV is 

latent in the majority of PEL cells in culture and can be induced to enter lytic replication 

with the mitogens butyric acid or TPA (Renne et al, 1996b, Miller et al, 1997). The 

identification of latent genes is critical as these are likely to be responsible for the clonal 

expansion observed in PEL, late-stage KS and MCD-associated plasmablastic lymphoma 

(section 1.2.5). The strictest definition of a latent gene is the expression of the final gene 

product (non-coding RNA or protein) in every member of a particular cell population. 

Three KSHV genes are classified as latent by these criteria, LNA-1, kaposin, encoded by 

T0.7 RNA, and K15 (see section 1.2.8). v-cyclin and v-FLIP are transcribed together on 

two polycistronic mRNAs, LTl and LT2, originating from the LNA-1 promoter, that can 

be detected in all infected cells in KS and PEL (Davis et al, 1997, Staskus et al, 1997, 

Dittmer et al, 1998, Reed et al, 1998, Ascherl et al, 1999, S arid et al, 1999, Sturzl et 

al, 1999b, Talbot et al, 1999). v-cyclin and v-FLIP proteins can be detected in latent
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PEL cell lines (Platt et al, 2000, Low et al, 2001) and the levels of neither protein nor 

transcript is significantly induced upon the induction of lytic replication.

39 lytic genes have been identified in the KSHV genome due to the induction of their 

expression during lytic replication in PEL cells (Table 4.1). Of these, 22 have been 

categorised as immediate-early, early or late according to their expression in the presence 

of cyclohexamide and inhibitors of herpesvirus DNA polymerase (section 1.2.4.3). A 

number of lytic genes have been implicated in KSHV pathogenesis due to their detection 

in KSHV-associated diseases and their functional properties in vitro and in vivo (section 

1.2.9). These include vIL-6, vBcl-2, vIRF-1 and vGPCR. KSHV lytic genes may 

function in the paracrine amplification of early disease. The increased expression of 

many lytic genes in MCD, notably vIL-6 (Table 4.1), suggests that they may be 

responsible for the lymphoproliferation that is characteristic of this disease.

The expression pattern of only around half of KSHV’s complement of 85 predicted 

genes is known. Furthermore, the fragmented analysis of gene expression across many 

different studies, using different samples and different techniques, prevents an ordered 

programme of lytic gene expression from being constructed. Expression of the KSHV 

genome has been analysed systematically by one study (Sarid et al, 1998). Transcripts 

were categorised into three classes based on their expression in uninduced and lytically 

induced PEL cells; class I (constitutive expression), class II (present in uninduced cells 

but up-regulated with TPA) and class III (only present after induction). However, only 

one timepoint after lytic induction was studied (48 hours) and large probes were used 

that were not specific for individual genes or the direction of transcription. Also, 

although class I transcripts correspond to latent genes and class III transcripts to lytic 

genes, the significance of the 20 identified class II transcripts is uncertain. Therefore, the 

expression pattern of many KSHV genes, and how this relates to the ordered series of 

events that occurs during lytic replication, remain largely unknown.

The parallel measurement of gene expression with DNA array technology (section

1.3.3), coupled with the pattern-matching capability of cluster analysis (section 1.3.4.3), 

offers a means to identify latent genes and reconstruct programmes of herpesvirus gene 

expression. The aims of this chapter are to use the KSHV array (section 3.2.1) to analyse 

KSHV gene expression both during latency and lytic replication in PEL.
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Gene Expression References
ORF Protein

product
Transcript Protein

K1 Early lytic gene (Lagunoff and Ganem , 
1997)

O RF 4 Complement 
binding protein 
(vCBP)

O R F 6 ssDNA binding 
protein (ssDBP)

Lytic gene, by 8hrs (Lukac et ai., 1999)

O R F 7
O R F 8 Glycoprotein B 3%  of latent PEL cells, 

increases to 30%  during 
lytic replication.

(Baghian et al., 2000)

O R F 9 DNA
polymerase

O R F 10
O R F 11
K2 vlL-6 Early lytic gene, by 8 hrs. 

40%  of cells in PEL cell line 
BCP-1.
Very few KS spindle cells.

3%  of latent PEL cells, 
increases to 30%  during 
lytic replication.
10-30%  of M CD  
plasmablasts.
Very few KS spindle cells

(Moore et al., 1996a) 
(Nicholas et al., 1997b) 
(Sarid et al., 1998) 
(Ascherl et ai., 1999) 
(Cannon et al., 1999b) 
(Staskus et al., 1999) 
(Sun et al., 1999)
(Sturzl et al., 1999b) 
(Zhu et al., 1999a) 
(Katano et al., 2000b) 
(Parravicini et al., 2000, 
Brousset et al., 2001) 
(Du et al., 200^)

O R F 2 Dihydrofolate
reductase
(D HFR )

Lytic gene, by 12hrs (Nicholas et al., 1997a) 
(Cinquina et al., 2000)

K3 MIR1 Early lytic gene, expressed 
by 8 hrs.
Very few KS spindle cells

(Nicholas et al., 1997a, 
Lukac et al., 1999)
(Sun et al., 1999)
(Zhu et al., 1999a) 
(Rimessi et al., 2001)

O R F 70 Thymidylate
synthase

Early lytic gene, by 13 hrs (Sun et al., 1999)

K4 vM IP-ll Early lytic gene, by 8 hrs (Moore et al., 1996a) 
(Sarid et al., 1998) 
(Sun et al., 1999)

K4.1 vM IP-lll
K4.2 Immediate-early lytic gene, 

by 4hrs
(Zhu et al., 1999a)

K5 M IR 2 Early lytic gene, by 13 hrs (Lukac et al., 1999) 
(Nicholas et al., 1997a) 
(Sun et al., 1999)
(Zhu et al., 1999a) 
(Hague et al., 2000)

K6 vM IP-l Early lytic gene, by 12 hrs 
1-3%  of KS spindle cells

(Moore et al., 1996a) 
(Nicholas et al., 1997a) 
(Sturzl et al., 1999b) 
(Sun et al., 1999)

K7 vlAP Lytic gene, by 4hrs (W ang et al., 2002)
T1.1 RNA Early lytic gene, by 4 hrs.

1% of latent PEL cells, 
increases to 40%  during lytic 
replication.
1-10%  of KS spindle cells 
In all T0 .7  expressing cells in 
MCD.

(Zhong et al., 1996) 
(Staskus et al., 1997) 
(Zhong and Ganem, 
1997)
(Sarid et al., 1998) 
(Staskus et al., 1999) 
(W ang et al., 2002)

O R F 16 vBcl-2 Late lytic gene, by 20  hrs. 
1 -3%  of KS spindle cells.

Reported in all KS spindle 
cells in nodular KS

(Sarid et al., 1997) 
(Ascherl et al., 1999) 
(Sturzl et al., 1999b) 
(Sun et al., 1999) 
(Sturzl et al., 1999b)

O R F 17 Pr and AP Late lytic protein. (Unal et al., 1997) 
(Nealon et al., 2001)

O R F 18
O R F 19
O R F 20
O R F 21 Thymidine

kinase
Lytic gene, by 24  hrs (Cannon et al., 1999a)

O R F 22 Glycoprotein H
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O R F 23
O R F 24
O R F 25 Major capsid 

protein
Few KS spindle cells.
In all T0.7-expressing cells in 
MCD.

(Staskus etal., 1997) 
(Staskus etal., 1999)

O R F 26 Minor capsid 
protein or TR I-2

Lytic gene, by 48 hrs 5-10%  PEL cells by 48  hrs 
in lytic replication.
1 %  KS spindle cells.

(Blasig etal., 1997) 
(O'Neill etal., 1997) 
(Sturzl etal., 1999b) 
(Katano etal., 2000a)

O R F 27
O R F 28
ORFs 29a  
and b

Late lytic gene (R enne etal., 1998)

O R F 30
O R F 31
O R F 32
O R F 33
O R F 34
O R F 35
O R F 36 Lytic gene, by 24 hrs (Cannon etal., 1999a)
O R F 37 Alkaline

exonuclease
O R F 38
O R F 39 Glycoprotein M
O R F 40 Primase- 

associated 
factor (RAF) 
with 0R F 41

O R F 41 Primase- 
associated 
factor (RAF) 
with O R F40

O R F 42
O R F 43 Minor capsid 

protein
Lytic gene (Sarid etal., 1998)

O R F 44 Helicase (HEL)
O R F 45 Immediate-early lytic gene, 

by 4 hrs
(Zhu etal., 1999a)

O R F 46 Uracil DNA  
glucosidase

O R F 47 Glycoprotein L
O R F 48
O R F 49
O R F 50 K SHV Rta Immediate-early lytic gene, 

by 1 hr
Increases during lytic 
replication.

(Gruffat etal., 1999) 
(Lin etal., 1999) 
(Lukac etal., 1999) 
(Seam an etal., 1999) 
(Sun etal., 1999) 
(Zhu etal., 1999a)

K8 K SHV Zta Bicistronic m RNA with O RF  
50 -Immediate-early, by 1 hr. 
Monocistronic m RN A -early  
lytic gene, by 4 hrs

Increases during lytic 
replication.
1-3%  KS spindle cells.
1 % PEL cells.
5%  M CD plasmablasts.

(Lukac etal., 1999) 
(Sun etal., 1999) 
(Zhu etal., 1999a) 
(Katano etal., 2000a)

K8.1 gp35-37 Lytic gene, by 24  hrs 1-5%  of latent PEL cells, 
increases to 30%  during 
lytic replication.
Not in KS spindle cells.

(R aab etal., 1998) 
(Gruffat etal., 1999) 
(Lin etal., 1999) 
(Zoeteweij etal., 1999) 
(Katano et al., 2000a)

O R F 52
O R F 53
O R F 54 dUTPase Early lytic protein. 

5-20%  KS spindle cells.
(Krem m er etal., 1999)

O R F 55
O R F 56 Primase (PRI)
O R F 57 KS-SM Early lytic gene, by 4 hrs (Bello etal., 1999) 

(Lukac etal., 1999) 
(Zhu etal., 1999a) 
(Gupta etal., 2000)

K9 viRF-1 Early lytic gene 1 %  of latent PEL cells, 
increases to 20%  during 
lytic replication.
10-30%  M CD  plasmablasts. 
Few KS spindle cells.

(M oore etal., 1996a) 
(Sarid etal., 1998) 
(Inagi etal., 1999) 
(Sturzl etal., 1999b) 
(Parravicini etal., 2000) 
(W ang etal., 2001)

K10 Increases during iytic 1 %  of latent PEL cells. (Sarid etal., 1998)
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replication increases to 20 -30%  during 
lytic replication.
5%  M CD  plasmablasts.
1% KS spindle cells.

(Katano etal., 2000a)

K10.1
K10.5
K11 Increases during lytic 

replication
1% of latent PEL cells, 
increases to 20 -30%  during 
lytic replication.
Not in M CD  plasmablasts. 
1% KS spindle cells.

(Sarid etal., 1998) 
(Katano etal., 2000a)

K11.1 vlRF-2 Lytic gene, by 16 hrs (Burysek etal., 1999b) 
(Burysek and Pitha, 
2001)

O R F 58
O R F 59 Processivity 

factor (RPF)
Early lytic gene, by 16 hrs Lytic gene, by 24  hrs.

1 -8%  of latent PEL cells, 
increases to 20 -30%  during 
lytic replication.
1% KS spindle cells.

(Chan etal., 1998)
(Zhu etal., 1999a) 
(Zoeteweij et al., 1999) 
(Katano etal., 2000a) 
(Parravicini et al., 2000)

O R F 60 Ribonucleotide 
reductase (small 
subunit)

O R F 61 Ribonucleotide 
reductase (large 
subunit)

O R F 62 TRI-1
O R F 63
O R F 64 Lytic gene (Sarid etal., 1998)
O R F 65 Small viral 

capsid antigen 
(SVGA)

Late lytic gene, by 30 hrs 1 % of latent PEL cells, 
increases to 20%  during 
lytic replication.
1% M C D  plasmablasts. 
1% KS spindle cells.

(Lin etal., 1997a) 
(Sun etal., 1999)

(Katano et al., 2000a)

O RF 66
O R F 67
O R F 67.5
O R F 68 Lytic gene (Sarid etal., 1998)
O RF 69
K12
(T0.7
RNA)

Kaposin Most latent PEL cells. 
50-100%  late-stage KS 
spindle cells, 1-3%  early KS 
spindle cells.

Also recorded as early lytic 
gene, by 13 hrs.

Most latent PEL cells. 
Protein levels increase 
during lytic replication.

(Blasig etal., 1997) 
(Staskus etal., 1997) 
(Sturzl etal., 1997) 
(Sadler etal., 1999) 
(Staskus etal., 1999) 
(Sturzl etal., 1999b) 
(Sun etal., 1999) 
(Kliche etal., 2001)

O RF 71 v-FLIP Transcribed with LNA-1 and 
v-cyclin.
Not induced /  weakly induced 
during lytic replication.
70%  late-stage KS spindle 
cells.

Protein detectable in latent 
PEL cells.

(Dittmer etal., 1998) 
(Sarid etal., 1998) 
(Sarid etal., 1999) 
(Sturzl etal., 1999b) 
(Talbot etal., 1999) 
(Low et al., 2001)

O R F 72 v-Cyclin Transcribed with LNA-1 and 
v-FLIP.
Not induced /  weakly induced 
during lytic replication.
40%  latent PEL cells. 
60-100%  of late-stage KS 
spindle cells, only 1% in 
early-stage KS.

Protein detectable in latent 
PEL cells.

(Davis etal., 1997) 
(Dittmer etal., 1998) 
(Reed etal., 1998) 
(Sarid etal., 1998) 
(Ascherl etal., 1999) 
(Sarid etal., 1999) 
(Sturzl etal., 1999b) 
(Talbot etal., 1999) 
(Platt et al., 2000)

O RF 73 Latent nuclear 
antigen (LNA-1)

Transcribed with v-cyclin and 
v-FLIP.
Not induced /  weakly induced 
during lytic replication.

Not induced during lytic 
replication.
All latent PEL cells.
>90%  late-stage KS spindle 
cells, <10%  early-stage KS 
spindle cells.
In all M C D plasmablasts.

(Lennette etal., 1996) 
(Kellam etal., 1997) 
(Rainbow etal., 1997) 
(Dittmer etal., 1998) 
(Sarid etal., 1998) 
(Dupin etal., 1999) 
(Sarid etal., 1999) 
(Talbot etal., 1999) 
(Katano etal., 2000a) 
(Parravicini etal., 2000) 
(Dupin et al., 2000)
(Du etal., 2001)

K14 vO X-2 Early lytic gene, by 24  hrs. 
Detectable in latent PEL 
cells.

(Sarid etal., 1998) 
(Kirshner etal., 1999) 
(Talbot etal., 1999)
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(Chung etal., 2002)
O R F 74 vGCPR Early lytic gene, by 20hrs. <3%  of latent PEL cells, KS 

spindle cells and M CD  
plasmablasts.

(Sarid etal., 1998) 
(Sun etal., 1999) 
(Talbot etal., 1999) 
(Chiou etal., 2002)

O R F 75
K14.1
K15 Lytic gene, by 48 hrs. 

Detectable in latent PEL 
cells.

Not induced during lytic 
replication.
>95%  latent PEL cells. 
All M CD  plasmablasts.

(Sarid etal., 1998) 
(Glenn etal., 1999) 
(Choi et al., 2000) 
(Sharp etal., 2002)

Table 4.1. Known expression patterns of individual KSHV genes.
The expression of approximately half of KSHV genes has been measured. These genes have 
been categorised as latent or lytic based on changes in transcript or protein level in response to 
chemical inducers of lytic replication or the proportion of infected cells in which they are 
expressed. A subset has also been assigned to one or more of 3 kinetic categories of lytic genes; 
immediate-early, early or late (see Table 1.7). Gene expression at the mRNA level has been 
assessed by northern blotting, RT-PCR and in situ hybridisation and at the protein level by 
western blotting, immunohistochemistry and I FA. Most studies employing KS tissue use late- 
stage nodular KS in which most spindle cells are infected with KSHV.
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4.2 Results

4.2.1 Gene expression analysis by KSHV arrays

The KSHV array was used to monitor virus gene expression in the PEL cell line BC-3, 

both during latency and after the induction of lytic replication with TPA. Cells were 

harvested over a 72-hour timecourse both with and without TPA treatment. Total RNA 

was purified, labelled with ^̂ P using sense-strand specific primers and hybridised to the 

arrays. To confirm the reproducibility of the arrays, duplicate experiments were 

performed representing 0, 24, 34, 48 and 72 hours after induction (section 3.2.1.3). All 

array probes were specific for KSHV RNA except for ORFs 35, 50, 60, 68 and K15 exon 

8 (section 3.2.1.2), which were consequently removed from the analysis. Examples of the 

results from the arrays are shown in Figure 4.1 and represent genes expressed during 

latency and 24 hours after the induction of lytic replication. Both conditions are 

represented by the results from two independent experiments. The signal intensities 

between the duplicate sets of cellular genes on the individual arrays are identical 

suggesting consistent hybridisation results. Determination of the mean and standard error 

of gene expression values from two samples of uninduced cells shows that the genes fall 

into two main classes during latency (Figure 4. IB). The signal from the majority of array 

elements forms a baseline while the expression of a few genes is detected at levels 

significantly above this. These genes are v-FLIP (ORF 71), v-cyclin (ORF 72), LNA-1 

(ORF 73), K7, T l.l RNA, T0.7 RNA, KIO and vOX-2 (K14). The small standard errors 

indicate that duplicate samples give highly similar gene expression patterns. Even genes 

expressed at low levels, for example LNA-1, are consistently and significantly detected 

above the baseline, as shown by the absence of significant error bars. Therefore the 

arrays are accurate and highly reproducible.

The array data demonstrate that KSHV is under tight transcriptional control in BC-3 cells 

and remains in a latent state in the vast majority of cells. The induction of lytic 

replication leads to a marked difference in the hybridisation pattern on the array (Figure 

4.1C and D). This reflects the increase in the transcriptional activity of the viral genome 

during lytic replication (Renne et al, 1996b, Sarid et al, 1998). The increase in 

transcription varies between regions of the genome and individual genes. Genes 

markedly up-regulated within 24 hours include T l.l, vOX-2, K8 (Zta) and vBcl-2, 

agreeing with previously published data (Sarid et al, 1997, Sarid et al, 1998, Lukac et
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al, 1999, Sun et al, 1999, Zhu et al, 1999a). Other genes for which expression has not 

previously been analysed are also up-regulated to similar extents, for example ORFs 11 

and 58.

Figure 4.1. Hybridisation of RNA from PEL ceils to the KSHV array (opposite).
The hybridisation results from RNA from uninduced PEL cells, in which KSHV is latent (A and B), 
and 24 hours after the induction of lytic replication with TPA (C and D).
A and C. Images of the hybridised arrays. The signal strength of each array element is depicted 
according to the pseudo-colour scale shown to the right. The units (Molecular Dynamics counts 
(MDc) per mm^) represent signal density. On average, the hybridisation intensity is greater after 
the induction of lytic replication. The red arrows indicate the two repeated rows of cellular genes, 
which give identical signals. The negative control elements consisting of TMV DNA are labelled. 
A number of genes whose expression is referred to in the text are also labelled. These are in 
identical positions on both arrays. The top left hand corner of each array is marked 
B and D. Quantification of the results shown in A and C from two independent samples (in MDc 
per mm^). The data from the two arrays were normalised using a subset of the cellular genes 
(section 3.2.1.4). Each point represents the mean signal from 4 array elements (2 duplicate spots 
on each array). KSHV genes are marked by the open bar and are ordered co-linearly with the 
genome from 5’ to 3’ as indicated. The cellular genes are indicated by a solid bar and are 
separated from the viral genes by the vertical line. During latency, the signal from the majority of 
array elements forms a baseline, while the expression of a few genes is detected at levels 
significantly above this (latent genes, labelled). After the induction of lytic replication, the 
expression of more genes becomes detectable. Array elements showing strong signals are 
labelled.
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4.2.2 KSHV gene expression during latency

Although KSHV is under tight transcriptional control in uninduced BC-3 cells, lytic 

replication can clearly be induced with TPA leading to differential KSHV gene 

expression (Figure 4.1). Lytic replication also occurs spontaneously in around 1% of 

uninduced BC-3 cells (Zoeteweij et al, 1999). To order and compare those genes that 

were being expressed in the latent and lytic cells, the data from both uninduced and 

induced cells at all timepoints were assembled and the viral genes clustered using the 

software Cluster (Eisen et ai, 1998) (Figure 4.2). The hierarchical clustering algorithm 

groups genes together based on how their expression varies over all samples (section

1.3.4.3). All genes are coloured as green or black in Ramos cells, a BL-derived cell line 

negative for KSHV, as are most genes in all uninduced samples, indicating these genes 

are not detectable (not expressed) in these samples. A small number of genes are 

expressed in every uninduced sample and these correspond exactly to those shown to be 

above the baseline signal (Figure 4. IB). After hierarchical clustering these genes also 

form their own branch of the tree, corresponding to genes for which expression can 

consistently be detected in latent cells. The branch splits into two sub-branches, one 

corresponding to v-FLIP, v-cyclin and LNA-1 (ORFs 71, 72 and 73 respectively), the 

other containing vOX-2 (K14), K7, T l.l, T0.7 (kaposin) and KIO (Figure 4.2B). 

Previous work has shown that transcripts encoding v-FLlP, v-cyclin and LNA-1 are 

present during latent infection of PEL cell lines and show slight increase upon the 

induction of lytic replication (Dittmer et al, 1998, Sarid et al, 1999, Talbot et al, 1999). 

This branch thus represents class 1 latent transcripts. All three genes are transcribed 

together from the same initiation site on two overlapping transcripts. Their clustering 

together due to their similar expression profiles therefore indicates that the arrays are 

able to represent accurately biological information.

The expression of all the genes in the second sub-branch increases significantly upon the 

induction of lytic replication. These results have previously been shown by northern blot 

in the cell line BC-1 (Sarid et al, 1998). These genes could either be expressed in latent 

cells but increase upon lytic induction, or be expressed at a high level in the small 

percentage of spontaneously lytic cells present in uninduced cultures that form an 

increasing proportion of the total population during induction. To distinguish between 

these two possibilities the fold induction over time was determined for each gene (as 

opposed to expression relative to the median expression level. Figure 4.2C). v-FLIP, v-
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cyclin and LNA-1 show an increase of less than 2-fold by 24 hours and up to 4-fold over 

72 hours, consistent with previous data (Dittmer et al, 1998, Talbot et al, 1999). 

Although these increases are significant they are below that for almost every other gene 

on the array.

The expression of K7, T l.l and vOX-2 increases over 100 fold from uninduced cells and 

form a further sub-branch from the v-FLIP/v-cyclin/LNA-1 branch (Figure 4.2B and C). 

The T l.l signal increases up to a maximum of over 640 fold at 72 hours post-induction. 

This is also the case for the K7 probe that overlaps T l.l RNA. This is well above 

previous northern blot analyses which estimated an increase of 20-30 fold (Zhong et al, 

1996) or 48 fold (Sun et al, 1999). Experiments spiking known amounts of luciferase 

mRNA into the labelling reaction suggest that the expression level of T l.l RNA reaches 

at least 50,000 copies per cell. This is in close agreement with previous studies that 

estimated that there were approximately 25,000 copies per cell in transfected cell lines 

(Zhong et al, 1996) and at least 10,000 copies of T l.l RNA per positive cell in a KS 

biopsy (Staskus et al, 1997). This large amount of RNA in each cell would account for 

its detection in the few spontaneously lytic cells that exist in an otherwise uninduced cell 

population (50,000 copies in 1% of cells is the equivalent of 500 copies per cell).

The patterns of KIO and T0.7 expression indicate that these may be expressed as latent 

transcripts that are up-regulated with TPA (19 fold and 15 fold respectively). T0.7 RNA 

is expressed in the majority of KS spindle cells (Blasig et al, 1997, Staskus et al, 1997, 

Sturzl et al, 1997, Sturzl et al, 1999b) and in uninduced PEL cell lines, together with 

kaposin protein (Renne et al, 1996b, Staskus et al, 1999, Kliche et al, 2001). A longer 

but overlapping transcript is detectable with a T0.7 specific probe in uninduced BC-3 

cells and has been shown to be up-regulated by TPA (Sadler et al, 1999). The array 

results are in agreement with these data. KIO clusters with T0.7 (Figure 4.2B) and is 

induced to a similar extent (Figure 4.2C). Although KIO was previously described as a 

class III transcript, it could also be detected in uninduced BC-1 cells (Sarid et al, 1998). 

Therefore genes expressed during latency fall into two classes; class I, such as LNA-1, v- 

cyclin and v-FLIP, and class II, such as KIO and T0.7.

A number of other genes have been described as class II (Sarid et al, 1998). These all 

have low signals on arrays hybridised with uninduced samples and, after cluster analysis, 

the majority of these are contained in the adjacent major branch (dendogram coloured
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green in Figure 4.2A). Genes in this branch can just be detected at low levels in 

uninduced cells and are the first to be expressed at high levels after lytic induction. It is 

likely that these genes were originally classified as class II due to their accumulation in 

the minority of lytic cells present in uninduced cultures and that KSHV encodes far 

fewer class II genes than previously stated. Taken together, these data suggest that care 

must be taken in assigning KSHV gene expression classes, as genes that are expressed 

abundantly in the lytic cycle, such as T l.l RNA, will be detected in a latent cell culture 

where a small fraction of cells enter the lytic cycle spontaneously.
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Figure 4.2. Hierarchical clustering of KSHV gene expression data.
A. Each row represents a separate probe on the array (mean of the duplicate spots) while each 
column represents the results from one array, hybridised with the sample detailed above. 
Columns 2 to 8 (-TPA) show untreated cells at successive timepoints shown in hours and lanes 9 
to 21 (+TPA) show time points after the induction of lytic replication with TPA. Two independent 
experiments were conducted for the 24, 34, 48 and 72 hour time points for TPA induction. 
Column 1 (labelled “No KSHV”) shows the array results from Ramos cell RNA, a KSHV-negative 
BL cell line. Levels of expression are relative to double the median level of expression for all 
genes averaged over all uninduced samples. The magnitude of this ratio is colour coded 
according to the scale with shades of red signifying detectable expression. Shades of green 
illustrate when expression is below this baseline level. The dendrogram on the left represents the 
similarities of the patterns of expression between different genes. The branch coloured green is 
referred to in the text.
B. Expanded view of the uppermost cluster (red in (A)), which represents those genes whose 
expression is detectable in uninduced cells.
C. Fold increase in expression at each timepoint (relative to T=0) after the induction of lytic 
replication with TPA. The genes form the cluster shown in (B) above. The values are relative to 
the mean of the two time zero samples with the values for 24, 34, 48 and 72 hours being the 
average of the two experiments.
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4.2.3 KSHV gene expression  during iytic replication - genes sharing similar 

functions are co-ordinately expressed

Most of the KSHV genes are not detectable in latent BC-3 cells. However, their 

expression increases over time after the induction of lytic replication (Figure 4.2A). 

Different genes reach significant levels of expression at different timepoints and cluster 

analysis arranges these into three main groups. To determine whether the timing of gene 

expression correlates with proposed gene function, the data from the TPA induction 

timecourse were ordered with a 1-D self-organising map and the lytic genes grouped by 

hierarchical clustering (Figure 4.3). The order of the genes reflects the relative time when 

expression is first detected, becoming progressively later down the gene list. Hierarchical 

clustering separates the genes into three main branches in which genes share similar 

patterns of expression. These classes were named primary lytic genes, secondary lytic 

genes and tertiary lytic genes. The mean expression pattern of genes in each of these 

classes was determined, illustrating the time at which each group of genes was detected 

at levels greater than double the uninduced median gene expression level (Figure 4.4A). 

Although the expression of the tertiary lytic genes was not significantly above the 

uninduced median expression level until after 48 hours, their level of expression starts to 

increase prior to this. Therefore, the relative times gene expression is detected by any 

method is intrinsically linked to the sensitivity of the detection system used. In addition, 

to perform extensive cross comparisons, all genes should be measured by the same 

method at the same time.

To confirm that these gene groups are stable and not merely artefacts of the clustering 

process, the data were also clustered using a self-organising map algorithm as 

implemented in the programme GeneCluster (Tamayo et al, 1999). This algorithm finds 

the same three patterns in the data and 93% of genes are placed in the same cluster by 

each of the two clustering methods (Figure 4.4B). Therefore, these three classes of 

KSHV genes are true representations of the data and may correspond to three distinct 

regulatory classes.
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Figure 4.3. KSHV programme of lytic gene expression.
The normalised log expression ratio is colour coded according to the scale at the bottom. The 
ORF and corresponding gene name(s) are listed on the right hand side and are colour coded 
according to their putative function shown by the key above. The dendrogram on the left 
represents the related ness of the patterns of expression between different genes. The three 
major branches are colour coded according to the class of genes they represent and the times 
expression is first detected, namely; Primary lytic genes (0-10 hours), Secondary lytic genes (10- 
24 hours) and Tertiary lytic genes (48-72 hours). Each column represents a sample taken at 
different times in hours after TPA induction (labelled above). The dendrogram at the top relates 
the samples according to the pattern of gene expression.
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Figure 4.4. Three classes of KSHV lytic genes.
A. Graph showing the mean pattern of gene expression of the genes contained in each major 
branch of the tree shown in Figure 6.3. The data shown is identical to that used in the cluster 
analysis. Values above the line y=0 are coloured as red in Figure 4.3, values below shown as 
green. The values for 24, 34, 48 and 72 hours represent the average of the two experiments.
B. Clusters in the data produced by a self-organising map algorithm. The same three classes 
observed after hierarchical clustering (A) are present. 93% of genes are placed in the same 
groups by both analysis methods.

Hierarchical clustering was also used to group the samples on the basis o f similarities 

between the patterns o f gene expression (Figure 4.3). Samples that represent repeated 

conditions are clustered in immediately adjacent columns indicating that these timepoints 

have individually distinct patterns o f expression. This also shows that the effects o f 

experimental noise or artefact are minimal. Expression o f the primary lytic genes 

becom es detectable within the first 10 hours after the induction o f lytic replication. The 

branching o f the sample dendrogram shows that the largest change in gene expression
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occurs between 10 and 24 hours after the addition of TPA. This corresponds to the time 

of expression of the secondary lytic genes. A second significant change occurs between 

48 and 72 hours and corresponds to the expression of the tertiary lytic genes.

To determine correlation between gene expression and function, functional annotations 

were assigned to genes, where known, from GenBank records. In addition. Virus 

Database (VIDA; Alba et al, 2001b) was used to assign functions to other KSHV genes 

by their homology with sequences in other herpesvirus genomes (Table 4.2). Comparison 

between the sequences of KSHV specific genes and the human genome revealed that K3 

and K5 share homology with at least three putative human genes (Figure 4.5). Therefore, 

as for many other KSHV genes, K3 and K5 may represent acquisitions from the host 

genome. KSHV ORFs were then broadly assigned into five functional groups; 

homologues of cellular regulatory or signal transduction genes, virus gene regulation, 

DNA replication, DNA repair and nucleotide metabolism and virion formation and 

structure. Genes that could not be assigned to any of these groups were designated 

unknown / other (Figure 4.3). Cluster analysis shows that genes belonging to the same 

functional group tend to have similar expression profiles. For example viral regulatory 

genes are all primary lytic genes while genes involved in virion formation are almost 

exclusively secondary and tertiary lytic genes.

KSHV Gene Homology Function
ORF 20 HHV-6 U49 Fusion protein
ORF 32 HHV-7 U64 Tegument protein
ORF 48 EHV-2 ORF48 Glycoprotein
ORF 66 HHV-6 & -7 U33 Capsid protein

Table 4.2. Functional annotation of KSHV genes by homology.
Functions were assigned to uncharacterised KSHV genes by their homology with genes of other 
herpesviruses. Homology was detected by Virus Database (VIDA; 
www.biochem.ucl.ac.uk/bsm/virus_database), a database of homologous protein families (Alba 
etal., 2001b).
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Figure 4.5. Human homologues of KSHV K3 and K5 proteins.
The human proteins are predicted to be encoded by the human genome and are identified by 
their GenBank accession numbers. The region of homology shown (bounded by the amino acids 
positions shown on either side) is within the BKS (BHV-4, KSHV and swinepox) motif, a member 
of the PHD/LAP class of zinc fingers (Nicholas et al., 1997a), which functions as an E3 ubiquitin 
ligase (Coscoy et a!., 2001).

The relative time at which the expression of different genes is detected correlates with 

the stage of the life cycle in which that gene is thought to act (Figure 4.6). Genes thought 

to be involved in virus gene regulation are the first to be detected at 4 hours post

induction, consistent with their presumed role in activating lytic gene expression. Genes 
involved in DNA replication can be detected at significant levels by 14 hours followed 

by those presumed to function in DNA repair and nucleotide metabolism at 20 hours. 

Genes encoding proteins that form part of the virus particle (tegument, capsid and 

envelope glycoprotein) and those involved in virus assembly are not expressed until later 

in the virus life cycle (average of 34 hours). Quantification of KSHV DNA by real-time 

PGR demonstrates that DNA replication occurs between 24 and 48 hours after the 

induction of lytic replication (performed with Dimitra Bourmpoulia). Therefore, as 

expected, DNA replication is initiated after the DNA replication genes have been 

activated but before expression of the structural proteins. HCMV DNA replication also 

commences 24 hours after de novo infection (Huang, 1975). Viral homologues of 

cellular genes involved in regulation or signal transduction are expressed after the viral 

regulatory genes but before those involved in DNA replication. This time of expression 

is consistent with the presumed role of these genes to overcome host responses to viral 

infection (Neipel et ai, 1997, Moore and Chang, 1998), allowing replication to proceed. 

Thus, this type of classification, based on gene expression and function, provides insight 
into the KSHV lytic replication cycle.
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Figure 4.6. Expression of KSHV genes by function.
A. The mean pattern of expression for genes grouped by their putative function, together with the 
initial time of expression (genes listed in Figure 4.3). The initial time when significant expression 
is detected is extrapolated from the point where the lines cross y=0 and, as such, become 
significantly above the baseline expression in uninduced cells. The values for 24, 34, 48 and 72 
hours represent the average of the two experiments.
B. Quantification of KSHV DNA in PEL cells with or without TPA treatment by real-time PCR 
(performed with Dimitra Bourmpoulia). The increase in KSHV DNA between 24 and 48 hours 
indicates this is when DNA replication is occurring.

4.2.4 Presumed non-coding regions are transcribed

The feasibility of using DNA arrays to discover novel herpesvirus genes was 

investigated using the KSHV array. In addition to containing probes for previously 

identified ORFs, the array also includes 8 elements that correspond to presumed non- 

coding intergenic regions (identified by the word probe in Table 3.1). One probe did not 

generate a signal (probe D), while another cross-reacted with a cellular RNA (probe I).
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The remaining probes all detected specific positive signals, demonstrating these regions 
of the genome are transcribed (probes A, B, C, E, F and H, Table 4.3 and Figure 4.7). 

The different probes detect transcripts of different kinetic classes. Probe H, which is 

complementary to a sequence present in both oriLyts, detects a class 1 latent transcript. 

Primers were used in various combinations to confirm transcription of the oriLyt 

sequences during latency by RT-PCR (Figure 4.8). This detects transcripts originating 

from the rightmost oriLyt (oriLyt-R), located between K12 and v-FLIP, but not from 

oriLyt-L. Transcripts containing the probe H sequence terminate (or are spliced) before 

the distal end of probe F, consistent with the array data. The probe H transcript does not 

include the v-FLIP ORF, although a second transcript between probe I and v-FLIP is 

detectable. Therefore, array and RT-PCR data indicate that latent class I transcripts other 

than LTl and LT2 exist in this region. These transcripts are of uncertain coding potential 

as only very short ORFs are present (Figure 4.8) and the transcripts amplified by RT- 

PCR are not spliced (determined by DNA sequencing).

Clone
ID

Probe name Corresponding
sequence(s)

Region Expression pattern

105 and A and B 25041-25363 Between K5 and oriLyt-L Primary lytic
15 (overlap) 25197-25425
18 0 27741-28050 Between K6 and K7 Secondary lytic
35 E 91091-91380 Between K10.5 and K11 Secondary lytic
104 F 23731-23953 Within both oriLyts Tertiary lytic

118652-118980
40 H 23315-23614 Within both oriLyts Latent

119401-119700

Table 4.3. Location of probes detecting novel transcripts.
Corresponding clone IDs from Table 3.1. The probes A and B overlap. Probes F and H are 
complementary to sequences duplicated in the genome within the two oriLyts. See Figure 4.7 for 
expression pattern.

-TPA +TPA

H
A
B
C
E
F

Figure 4.7. Expression of presumed non-coding intergenic regions.
Signals from probes for regions of the genome that do not contain identified ORFs.
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Figure 4.8. Transcript mapping between oriLyt-R and v-FLIP.
A. The location of the orlLyt-R probes F and H in the KSHV genome. The numbers are bp 
relative to the genomic sequence of KSHV (accession number U75698, Figure 1.5). The 
positions of ORFs (in all 6 frames) are shown below.
B. RT-PCR amplifications of transcripts across the region shown in (A) in latent BC-3 cells. The 
primers (arrow heads) are identified by primer ID (Table 2.3). A solid line indicates the detection 
of an amplification product (of the expected size indicated) whereas a dashed line represents the 
failure to detect any transcript. RT-PCR products are shown below with corresponding RT- 
negative controls and DNA positive controls. Transcripts can only be detected in reactions 1, 2 
and 3. 3 corresponds to the polycistronic transcripts LTl and LT2 that contain v-cyclin and v- 
FLIP. 1 and 2 detect novel transcripts. The failure of primer pair 4 to detect any mRNA shows 
that at least two transcripts must be present. Two further RT-PCR reactions between probe H 
and K4.2 (8, expected size 833 bp) and between probe H and probe B (9. expected size 2110 
bp) are negative suggesting the latent transcript detected by probe H is from oriLyt-R and not 
oriLyt-L.
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4.2.5 KSHV encodes four full-length IRFs

It has previously been noted that the co-expression of uncharacterised genes with those 

of known function may provide a means of gaining insights into the functions of these 

genes (Risen et al, 1998). Probe B corresponds to a sequence located between K10.5 and 

K ll. This region of the genome encodes vIRF-1 (ORB K9) and vIRF-2 (ORB K ll.l)  

(see section 1.2.9.2) and a further two putative ORBs which have homology to IRBs; 

KlO.l and K10.5 (Russo et al, 1996, Burysek et al, 1999a, GenBank accession U93872, 

submitted by Neipel et al). vlRB-1, vlRB-2, KlO.l and K ll are ail classified as 

secondary lytic genes by cluster analysis (Bigure 4.3). Probe E is also clustered in this 

branch (labelled K10.7 in Bigure 4.3). This information, along with its genomic location, 

suggested that this probe might represent a novel ORB with homology to the known 

vlRBs. ORB analysis shows that the array probe forms part of a novel open reading 

frame (named K10.7) that corresponds to nucleotides 91394-90936 in KSHV genomic 

sequence U75698. Multiple sequence alignment shows that this ORB shares homology 

with vlRB-1, vlRB-2, KlO.l and human IRBs in part of the N-terminal DNA binding 

domain (Bigure 4.9A).

The adjacent clustering of K ll and vlRB-2 on the array (Bigure 4.3) suggests that these 

two ORBs may be co-transcribed. KIO, K10.5 and K ll share homology with vlRB-1 and 

human IRBs in the C-terminal interaction domain (Bigure 4.9B). This therefore suggests 

that KIO and KlO.l, K10.5 and K10.7, and K ll and vlRB-2 may be spliced together in 

pairs to give three longer ORBs encoding putative proteins with homology to both the C- 

terminal interaction domain and the N-terminal DNA binding domain of known IRBs. 

RT-PCR across the predicted long ORBs showed that the transcripts are indeed spliced 

(Bigure 4.10A). Sequencing reveals that the removal of an intron generates a complete 

ORB across each transcript (Bigure 4.10B). Each intron contains a donor, acceptor, 

branch point and polypyrimidine tract sequence that follow the consensus sequence for 

recognition by the host cell spliceosome (Bigure 4.IOC). These novel transcripts encode 

for three putative IRB-related proteins, KlO/10.1, KlO.5/10.7 and Kll/vlRB-2 with 

predicted molecular weights of 98, 62.5 and 75 kD respectively. Therefore, together with 

vlRB-1, KSHV encodes four genes with homology to full-length IRBs. Phylogenetic 

analysis indicates that the three spliced KSHV IRBs derive from genome duplications of 

an ancestral vlRB-1 (Bigure 4.9C). The translation of these spliced transcripts is
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supported by the detection of a 100 kD protein, closely matching the predicted size of 

K10/10.1, using an antibody to KIO (Katano et al, 1999).
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Figure 4.9. Homology of KSHV ORFs with human interferon regulatory factors (IRFs).
A. Homology between the N-terminal DNA binding domains of human IRFs 1-9 with KSHV ORF 
K9, K10.1, K10.7 and K11.1. K9 and K11.1 encode vlRF-1 and vlRF-2 respectively. IRF 8 is also 
named ICSBP; IRF-9 is also named interferon stimulated gene factor 3 gamma (ISGF-Sy). Each 
sequence is bounded by the amino acid positions shown on either side.
B. Homology between the C-terminal interaction domains of human IRFs 3-9 with KSHV ORF 
K9, KIO, K10.5 and K l l .  Each sequence is bounded by the amino acid positions shown on 
either side. Human IRFs 1 and 2 are not included as the sequence is too divergent.
0. Phylogenetic tree of human and KSHV IRF DNA-binding domains (shown in (A)). The KSHV 
genes appear to derive from duplications from an ancestral vlRF-1. The numbers adjacent to the 
branches indicate the number of boot-stap iterations (out of 1000) in which that branch was 
stable. All branches with a value below 900 were collapsed. Branch lengths represent 
evolutionary distance. Tree generated with the help of M. Mar Alba.
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Figure 4.10. Splicing creates three long ORFs with homology to full-length IRFs 
(opposite).
A. RT-PCR products showing transcripts encoding vlRF-1 and the putative ORFs K10/10.1, 
K10.5/10.7 and K11/vlRF-2. The primers used were complementary to either end of the long 
ORFs (primer numbers 31a and 145, 33a and 125b, 146 and 147, 37 and 148 respectively, see 
Table 2.3). RNA was extracted from BC-3 cells 24 hours after the addition of TPA. RT negative 
controls and positive controls from KSHV genomic DNA are included for each RT-PCR. The 
spliced RT-PCR products are predicted to be 1350bp (K9), 2736bp (K10/10.1), 1701 bp 
(K10.5/10.7) and 2043bp (K11/vlRF-2).
B. The position and organisation of the IRF related genes of KSHV. The positions (bp) are 
relative to genomic sequence U75698. The location of the novel ORF K10.7 is shown. 
Secondary lytic genes are shaded in black. KIO is a class II latent gene, K10.5 was not analysed. 
The region of each ORF whose translated sequence is shown in Figure 4.9A is indicated by the 
grey bars above, and those shown in Figure 4.9B by the white bars. Sequenced transcripts 
shown in (A) are drawn below the corresponding ORFs. Each transcript encodes a predicted 
protein with full-length homology to known IRFs. The predicted size of the encoded protein is 
indicated below each transcript. Introns are located between 88343 and 88443 (K10/10.1), 90846 
and 90939 (K10.5/10.7), and 93519 and 93639 (K11/vlRF-2).
C. Donor, acceptor, branch point and polypyrimidine tract (Poly pyr.) sequences that follow the 
mammalian consensus can be identified within the intron of each spliced vIRF. Nucleotides in 
bold adhere to the consensus sequence. Spaces indicate the sequence is continuous, dashes 
indicate the presence of intervening sequence. Y represents a pyrimidine (U or C), R and purine 
(A or G) and N and nucleotide.
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The detection of KIO but not KlO.l in latent cells with the KSHV array suggests that 

KlO.l is not spliced to KIO during latency. To test this hypothesis, the existence of 

alternative splice sites around KIO and KlO.l was explored in silico and a putative splice 

donor site upstream of KlO.l was found at 89034 in U75698. RT-PCR with a primer 

complementary to sequence immediately upstream of this site (primer 149, Table 2.3) 

showed that the first 112bp of KlO.l are spliced out in latent cells (Figure 4.11 A). This 

splice removes an intron complementary to the KlO.l probe on the array. This transcript 

could not be detected by PGR of the entire KlO/10.1 ORF (Figure 4.10A) because the 5’ 

end of KlO.l lies within this intron. RT-PCR was used to determine whether this 

alternatively spliced transcript encodes the KIO ORF. This indicated that an alternative 

transcript lacking KlO.l is transcribed during latency. RT-PCR between primer 149 and 

the stop codon of KlO/10.1 (primer 125b) detects two transcripts (Figure 4.1 IB). 

Sequencing reveals that the larger of these transcripts encodes KlO/10.1 while the 

smaller encodes KIO, a putative protein of 767 amino acids (82 kD), which is missing 

the DNA binding domain encoded by KlO.l. However, these transcripts can only be 

detected weakly during latency. Northern blotting was used to investigate further the 

expression of these transcripts. Northern blotting for KlO.l shows that a band matching 

the size of KlO/10.1 behaves as an early lytic gene and is also faintly detectable during 

latency (Figure 4.11C). Northern blotting for KIO does not detect KlO/10.1 or the 

alternatively spliced transcript encoding KIO during latency, which again behave like 

early lytic transcripts. However, latent transcripts of 1.5 and 0.5 kb are detectable by 

northern blotting for KIO but not KlO.l. Therefore array analysis, RT-PCR and northern 

blotting suggest that KIO is expressed during latency but the structure of this latent 

transcript is unknown.
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Figure 4.11. Expression of KIO and K10.1.
A. Splicing of K10.1 during latency and lytic replication. RT-PCR products corresponding to the 
two sequenced transcripts are shown on the right. The positions of the primers used are marked 
by the small arrows (primers 33b and 149, Table 2.3). RNA templates were taken from BC-3 
cells 0 (latent) and 24 hours (lytic) after the addition of TPA. PCR from KSHV genomic DNA is 
shown for size comparison.
B. Sequenced transcripts encoding K10/10.1 and KIO. The position of start and stop codons and 
introns are shown relative to U75698. The positions of the primers used are marked by the small 
arrows (primers 125b and 149, Table 2.3). RNA and DNA as for (A).
C. Northern blotting for K10.1 during latency and lytic replication in the presence and absence of 
cyclohexamide (CHX), an inhibitor of translation, and phophonoacetic acid (PAA), an inhibitor of 
herpesvirus DNA polymerase. The array probe of K10.1 (clone 33, Table 3.1) was used as a 
probe. The band at 3 kb corresponds to the lytic transcripts encoding K10/10.1 shown in (B). The 
blot was stripped and re-probed for GAPDH as a positive control.
D. Northern blotting for KIO during latency and lytic replication in the presence and absence of 
CHX and PAA. The complete KIO ORF was used as a probe (amplified with primers 32a and 
125b). The band at 3 kb corresponds to the lytic transcripts encoding K10/10.1 and KIO shown in 
(B). The blot was stripped and re-probed for GAPDH as a positive control.
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4.2.6 KSHV gene expression in different PEL samples

Analysis of KSHV gene expression during latency in the PEL cell line BC-3 suggests 

that LNA-1, v-cyclin and v-FLIP constitute class I latent genes while kaposin, KIO, and 

perhaps vOX-2, constitute class II latent genes. The KSHV-human microarray was used 

to investigate whether these expression patterns are common to all PEL samples. Gene 

expression was measured in the cell lines BC-3, BCBL-1, BCP-1, HBL-6 and JSC-1 and 

in PEL-SY, a clinical sample (section 5.2.3). Technical replicates were performed for 

BC-3, BCBL-I, HBL-6 and JSC-1 and biological replicates for BC-3 and BCBL-I 

(section 3.2.2.4). In addition, HBL-6 was analysed 24, 48 and 72 hrs after the induction 

of lytic replication with TPA. The virus gene expression data were collated, and grouped 

by hierarchical clustering (Figure 4.12A). In this analysis, shades of red and green 

represent expression above and below the median level respectively. Cluster analysis 

separates the KSHV genes into three main groups. The mean expression profile of each 

of these groups is shown in Figure 4.12B. One of these, consisting of LNA-I, v-cyclin, 

v-FLIP and K15, corresponds to class I latent genes. The KI5 probes are for the M form 

and detect KI5 expression in HBL-6, which is known to contain M form virus (Nicholas 

et al, 1998). This transcript is not up-regulated upon TPA induction of KSHV in HBL-6. 

This cluster also contains probe H and probe I (Figure 4.8). Probe I does not cross-react 

with cellular RNA on the KSHV-human microarray (Figure 4.I2A). This provides 

further evidence that a novel class I latent mRNA is transcribed from this region. The 

majority of these class I transcripts are expressed in all PEL samples and are not up- 

regulated by the induction of lytic replication in HBL-6. However, strongest expression 

is observed in BC-3 and BCP-1.

The largest group of genes in Figure 4.12A consists of those previously classified as lytic 

in BC-3 (Figure 4.3). Consistent with this classification, these genes are also up- 

regulated after treatment of HBL-6 with TPA. Array analysis shows that lytic genes are 

expressed in varying proportions in different PEL samples. The highest level of 

expression is observed in the cell line BCP-1. The low viability of this cell line 

(measured at 41%, Table 5.1) demonstrates that many of these cells enter lytic 

replication spontaneously. This is consistent with the documented expression of vIL-6 in 

40% of BCP-1 cells (Moore et al, 1996a) but only 2-3% of other PEL samples (Ascherl 

et al, 1999, Katano et al, 2000a, Parravicini et al, 2000).
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A distinct gene cluster is formed by four KSHV genes, KIO, T0.7 RNA (encoding 

kaposin), vOX-2 (K14) and vBcl-2 (ORF 16), As for class I latent genes, these are most 

strongly expressed in BC-3 cells, but unlike class I genes, these are also up-regulated 

during lytic replication. Their detection in latent BC-3 cells is not due to the presence of 

a small number of spontaneously lytic cells because unlike some other PEL cell lines, 

lytic transcripts are not detectable. Also, JSC-1 and BCBL-1 express higher levels of 

lytic genes than BC-3 but lower levels of KIO, kaposin, vOX-2 and vBcl-2. These are 

therefore class II latent genes in BC-3.

In addition to the original probes for the 5’ end of KIO and for KIO.I, the KSHV human 

microarray contains an additional probe for KIO/IO.I, corresponding to the 3’ end of 

KIO (KIO (2), Table 3.2). This is classified as a lytic gene along with KIO.I (Figure 

4.I2A). Therefore, the latent transcript across KIO does not include the 3’ end of the 

ORF.

This comparative analysis shows that KSHV gene expression does not correlate with 

EBV co-infection; HBL-6, JSC-1 (Table 2.2) and PEL-SY (Figure 5.4) are EBV positive 

but do not share an expression pattern. The Ig genes have been sequenced for 3 of the 

PEL cases analysed; BC-3, BCBL-I and HBL-6 (Matolcsy et al, 1998, Fais et al,

1999). Of these, BCBL-I and HBL-6 are clonally mutated, suggesting an origin from 

post-GC B-cells, whereas BC-3 is germline, suggesting a pre-GC derivation. Therefore, 

different KSHV gene expression patterns could reflect differences in the stage of 

development of the host B-cell.

Figure 4.12. Expression of KSHV genes across muitipie PEL sampies.
(Over page).
A. Hierarchical clustering of KSHV genes across a number of PEL cells lines and clinical material 
(PEL-SY). Two B-cell lines not infected with KSHV are included as negative controls (Karpas-422 
and RPMI-8226). Three main clusters of virus genes are apparent. These correspond to class I 
latent genes, class II latent genes and lytic genes. Gene expression is shown as a pseudo
coloured representation of log(2) expression ratio with red being above and green below the row 
median level of expression (set to 0) as shown by the scale. Grey indicates array elements 
flagged as not present.
B. Mean expression profiles for each class of KSHV gene as defined in (A). All three classes of 
KSHV genes are detected in PEL samples at levels above the negative controls.
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4.3 Discussion

The KSHV arrays were used to analyse KSHV gene expression during latency and lytic 

replication. The arrays are able to detect the small number of transcripts that have 

previously been shown to be expressed during latency. Cluster analysis reveals that latent 

genes comprise two differentially regulated groups; class I latent genes and class II latent 

genes. BC-3 and BCP-1 express higher levels of latent genes than other PEL cell lines. 

Cluster analysis further separates KSHV lytic genes into three main classes (primary, 

secondary and tertiary) and generates a temporal programme of lytic gene expression. 

This provides a simple means of assessing when the expression of these genes becomes 

detectable.

4.3.1 KSHV p o ss e s se s  c la ss  I and c la ss  II latent genes

The array results confirm previous northern blot analyses demonstrating that v-FLIP, v- 

cyclin and LNA-1 are class I latent genes (Dittmer et al, 1998, S arid et al, 1998, S arid 

et al, 1999, Talbot et al, 1999). The KSHV array was unable to detect expression of 

K15 in latent BC-3 cells. This may be because the arrays were not sensitive enough to 

detect the extremely low levels of expression in PEL (Glenn et al, 1999, Choi et al,

2000). The KSHV-human microarray is able to detect expression of the M form in 

latently infected HBL-6 cells and this is not up-regulated during lytic replication (Figure 

4.12). K15 therefore constitutes a class I latent gene. Both the KSHV array and the 

KSHV-human microarray also detect novel class I transcripts upstream of v-FLIP.

Analysis of gene expression during lytic replication suggests that the majority of genes 

described as class II by Sarid et al are lytic genes and not expressed during latency 

(class III). However, four genes, KIO, kaposin, vOX-2 and vBcl-2, do behave as genuine 

class II latent genes in this analysis. The classification of T0.7/kaposin as a class II latent 

gene is supported by previous data. The T0.7 transcript is present in the majority of KS 

spindle cells (Blasig et al, 1997, Staskus et al, 1997, Sturzl et al, 1997, Sturzl et al, 

1999b) and PEL cells (Kliche et al, 2001) but is also up-regulated during lytic 

replication (Sadler et al, 1999, Sun et al, 1999). The clustering of KIO, vOX-2 and 

vBcl-2 with kaposin therefore suggests that these too are class II latent genes. Transcripts 

containing the KIO ORF are present during latency according to RT-PCR and northern
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analysis. Transcripts overlapping this locus were also detected during latency by Sarid et 

al and found to increase during lytic replication (Sarid et al, 1998). However, the 

structure of these transcripts requires further clarification. OX-2 also behaves as a class 

II latent gene (Sarid et al, 1998, Chung et al, 2002). vBcl-2 transcripts increase in PEL 

during lytic replication, consistent with a lytic gene (Sarid et al, 1997), but vBcl-2 

protein is detectable in all spindle cells in nodular KS lesions, consistent with a latent 

gene (Widmer et al, 2002). Transcription of the EBV ORF BHRFl, encoding a Bcl-2 

homologue, can also be detected during latency in some cells (Sample et al, 1986, 

Austin et al, 1988, and Figure 5.4A). Further work is needed to confirm the expression 

of KIO, vOX-2 and vBcl-2 during latency and to investigate whether these genes are 

differentially expressed in different PEL samples.

4.3.2 The transcription program m e of KSHV lytic replication

The expression of many KSHV genes has not been analysed before. For those genes 

whose transcription has been studied, it is unclear how their expression relates to the 

ordered series of events that constitute lytic replication. Simultaneous analysis of all 

KSHV genes using DNA arrays illustrates that the relative time expression of different 

genes is detected correlates well with the stage of the virus life cycle in which that gene 

is thought to act. For example, genes which encode proteins thought to be involved in 

virus gene regulation are all expressed early and precede those that form the virus 

particle or which are involved in its assembly (Figures 4.3 and 4.4). The one exception to 

this is ORF 67, which is already detectable by 4 hours post-induction. This gene is 

thought to encode a tegument protein due to its homology to the Epstein-Barr virus gene 

BFRFl (Russo et al, 1996), which is also expressed early in lytic replication (Farina et 

al, 2000). The expression of ORF 67 as a primary lytic gene suggests that this protein 

may have functions consistent with the other genes expressed at this time, namely cell 

regulation, signal transduction and virus gene regulation.

Analysis of functional annotation in the context of gene expression also shows different 

temporal expression of certain functional classes. Genes involved in DNA replication 

such as DNA polymerase (ORF 9), PF-8 processivity factor (ORF 59), ssDNA binding 

protein (ORF 6) and the viral primase (ORF 56) are detected early and share similar 

patterns of expression (Figure 4.3, pink text). ORFs 40, 41 and 44 are also thought to be 

involved in DNA replication but are not detected until later during the life cycle (Figure
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4.3, pink text). It is possible that these proteins are not required for DNA replication 

from latent episomes but are packaged by the virus and act to replicate viral DNA after 

infection. Similarly, genes involved in DNA repair and nucleotide metabolism are also 

split into two groups (Figure 4.3, blue text); ORFs 2, 46, 61 and 70 are expressed quite 

early with genes such as primase and processivity factor while ORFs 21, 36, 37 and 54 

are expressed later with structural genes. Therefore, the requirement for genes with 

functions in this class may be split between initial DNA replication and subsequent DNA 

maturation and packaging. Such data are consistent with the alkaline exonuclease of 

HSV-1, which is dispensable for DNA replication but is required for DNA maturation 

(Martinez et al, 1996).

Viral homologues of cellular regulatory or signal transduction proteins are primary or 

secondary lytic genes (Figure 4.3, orange text). Of these, the secondary lytic genes 

(vMlP-111, vlRFs and complement binding protein) are all thought to interact with the 

host immune system. Of particular interest is the relationship between the expression of 

the three macrophage inflammatory protein homologues vMlP-1, 11 and 111. vMlP-1 and 

11 are closely related and are thought to have evolved by gene duplication within the 

virus genome (Boshoff et al, 1997). vMlP-111 is more distantly related and is probably 

derived independently from another member of the CC chemokine family (Russo et al, 

1996, Neipel et al, 1997). vMlP-1 and 11 are both primary lytic genes whereas vMlP-111 

is separated from the other two in the secondary lytic gene cluster. Thus the array data 

suggest that these genes are also differentially regulated at the level of transcription and 

may have distinct functions in the virus life cycle.

The expression patterns of the lytic genes correlate well with previously published 

northern blot analyses. The primary lytic genes ssDBP, vlL-6, K5, T l.l, ORF 45, Zta, 

ORF 57 and vMlP-11 have previously been shown to be expressed between 4 and 13 

hours after induction (Nicholas et al, 1997a, Lukac et al, 1999, Sun et al, 1999, Zhu et 

al, 1999a, Wang et al, 2002). Of the 13 hitherto identified early genes (Table 4.1), 9 are 

primary lytic genes and 3 secondary lytic genes. Protease/assembly protein (ORF 17) 

(Unal et al, 1997), packaging protein (ORFs 29 a and b) (Renne et al, 1996b) and 

sVCA (ORF 65) (Lin et al, 1997a, Sun et al, 1999), all late genes, are all classified as 

secondary or tertiary lytic genes by the array. Similarly, most of the secondary lytic 

genes and all of the tertiary lytic genes have been classified as being class 111 transcripts 

(Sarid et al, 1998).
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A decrease in the abundance of early gene transcripts 48 hours after induction has also 

been reported (Sun et al., 1999). However, the array results indicate that these transcripts 

remain constant or continue to accumulate during lytic replication. In the study of Sun et 

al. (1999), RNA loading controls suggest that the apparent decrease in the expression of 

KSHV genes may be due to a progressive reduction in the total amount of RNA present 

after induction. Consistent with this, late time points after induction showed a decrease in 

the amount of total RNA extracted from equal amounts of cells and an additional 

decrease in the absolute amount of all cellular mRNAs hybridising to the arrays. This is 

most likely due to the induction of apoptosis during lytic replication (Table 5.1) and 

virus-induced shut down of cellular genes (Sarid et al, 1997). To maintain similar levels 

of hybridisation on the arrays, greater amounts of total RNA were used in the cDNA 

synthesis reaction and data were discarded from any array where the housekeeping gene 

signal was more than 3-fold different from the mean level across all arrays.

4.3.3 A com parison with the KSHV array study of Pauiose-M urphy etal.
After this study was completed, a microarray analysis of KSHV gene expression was 

published (Paulose-Murphy et al, 2001). Similar to the KSHV array presented in this 

thesis, this microarray contained PCR-amplified probes for all KSHV ORFs. Gene 

expression was measured at a number of timepoints after induction of lytic replication in 

the PEL cell line BCBL-1 with TPA. The results of the two studies agree in a number of 

different areas. Both studies find that Zta, ORF 45 and ORF 57 are all expressed early, 

consistent with their presumed roles in regulating gene expression. ORFs 10, 11, 58 and 

67, are all expressed by 10 hours post-induction in both analyses, suggesting that their 

products also act during the earliest stages of viral replication. Paulose-Murphy et al, 

(2001) also find that all the DNA replication genes are expressed early except for ORFs 

40, 41 and 44, and that thymidine kinase (ORF 21) and deoxyuridine triphosphatase 

(dUTPase, ORF 54) are expressed later than other nucleotide metabolism genes. Both 

also reveal that the vIRFs and complement binding protein (ORF 4) are expressed later 

than other host gene homologues, suggesting roles during the latter stages of virus 

replication. The main difference between the two studies is the absence of a clear 

division of lytic genes into three classes from the expression patterns of Paulose-Murphy 

et al, (2001). This may be a result of the methodology of the Paulose-Murphy study. The 

reference sample for the microarray hybridisations was derived from uninduced BCBL-1
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cells. As KSHV does not express lytic genes in the majority of these cells, the low signal 

to background ratio of the denominator could generate expression ratios that are prone to 

error.

4.3.4 vIRFs have complex expression  patterns

The discovery of K10.7, a novel ORF that is spliced to K10.5, revealed that KSHV 

encodes four genes with homology to cellular IRFs. Concurrently with this work, 

KlO.5/10.7 was also discovered by two other groups and named vIRF-3 (Lubyova and 

Pitha, 2000) and LANA2 (Rivas et al, 2001). Similar to vIRF-1 and vIRF-2 (section

1.2.9.2), vIRF-3 inhibits host IRF-mediated transcriptional activation (Lubyova and 

Pitha, 2000). vIRF-3 also blocks p53-mediated apoptosis (Rivas et al, 2001), a property 

shared with vIRF-1 (Nakamura et al, 2001). These functional studies therefore support 

the sequence-based annotation of this gene as a vIRF (Figure 4.9). However, these 

studies disagree on the expression pattern of vIRF-3. Although Lubyova and Pitha, 

(2000) and Paulose-Murphy et al, (2001) concur with the data presented here that vIRF- 

3 is induced upon lytic replication in PEL, Rivas et al provide data showing that it is a 

class I latent gene and that vIRF-3 protein is present in all PEL cells in vitro and in vivo 

and in MCD plasmablasts. The authors could not detect vIRF-3 in KS suggesting it 

forms a part of an alternative KSHV latency programme. vIRF-3 has also been classified 

as a class I transcript using real-time PCR (Fakhari and Dittmer, 2002).

A further inconsistency exists for vIRF-2. Burysek and Pitha, (2001) were unable to 

confirm splicing to K ll and found that vIRF-2 protein is expressed during latency in the 

PEL cell line BCBL-1. An explanation for these discrepancies may be that KSHV is able 

to select from a library of vIRFs during latency depending on the cell type or the 

particular anti-viral response of the cell. Although the expression of vIRF-3 is induced 

during lytic replication in BC-3 cells, it appears to remain fairly constant in HBL-6 

(Figure 4.12). The gene structure of the spliced vIRFs is striking; the 5’ exon encodes the 

N-terminal DNA binding domain and the 3’ exon the C-terminal interaction domain 

(Figure 4.9). It seems likely that the separation of these two functional domains into 

different exons allows the virus to alter protein function through alternative splicing. 

This would explain the alternative splicing of KIO to remove the KlO.l-encoded DNA 

binding domain (Figure 4.11) and vIRF-2 lacking the Kll-encoded interaction domain 

(Burysek and Pitha, 2001).
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4.3.5 Transcript mapping using DNA arrays

Many array probes that are from adjacent genes on the genome also appear to be 

clustered in the vicinity of one another on the array. This may represent the detection of 

overlapping transcriptional units where one ORF overlaps with the 3’ untranslated region 

of the transcript from a neighbouring ORF. An example of such an event is the extension 

of K15 transcripts through K14.1 and ORF75 (Glenn et al, 1999). In order to minimise 

detection of such presumably non-coding transcripts, cDNA synthesis was primed with 

sense-strand specific primers (section 2.5.5). The correlation between genomic location 

and expression could also be due to probes detecting spliced or polycistronic transcripts 

or due to co-regulation of genes by common or related promoters. An example of a 

polycistronic transcript whose component genes cluster in terms of expression are the 

latent genes LNA-1, v-cyclin and v-FLIP. Probe H, located next to these genes, shares 

the same expression pattern suggesting that it may be transcribed from the same 

promoter. Examples of spliced ORFs sharing expression profiles are the different exons 

of KI5, ORFs 29a and 29b and, as shown here, K ll and vIRF-2. Figure 4.13 presents a 

summary showing the location of genes belonging to each expression class. This map 

indicates other areas of the KSHV genome where more detailed transcript mapping 

would help discriminate between non-coding transcriptional read-through events, 

polycistronic transcripts, splicing and shared promoters.
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Figure 4.13. A gene expression map of the KSHV genome.
Each ORF is colour coded according to its expression pattern: class I latent, class II latent (induced by TPA); primary lytic genes; secondary lytic genes and tertiary 
lytic genes. The expression of ORFs 33, 35, 50, 60, 67.5, 68 and K10.5 were not analysed in BC-3 due to cross-hybridisation or missing probes. All of these genes 
are lytic genes in HBL-6 except for K10.5, which may be latent.
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4 . 4  S u m m a r y  o f  C h a p t e r  4

1. DNA arrays are highly suited to the analysis of herpesvirus gene expression.

2. A small number of genes are expressed during latency in the PEL cell line BC-3. 

These include the class II genes T0.7/kaposin, KIO and vOX-2.

3. Different PEL samples contain different proportions of spontaneously lytic cells.

4. KSHV lytic replication proceeds through a highly regulated programme of lytic gene 

expression, with genes of similar function being co-ordinately expressed.

5. DNA arrays can predict the organisation and function of virus genes, revealing that 

KSHV encodes four genes with homology to full-length IRFs.

6. KIO is alternatively spliced during latency and lytic replication.

7. K3 and K5 are homologues of human genes.

8. The KSHV genome contains blocks of co-regulated genes.
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Chapter 5 

Host gene expression in PEL

5.1 1 n t r o d u c t i o n

PEL is an unusual and rare B-cell malignancy most often observed in individuals with 

AIDS (section 1.2.5.2). The tumour normally manifests as malignant effusions in the 

pleural, pericardial or peritoneal cavities in the absence of a significant tumour mass. 

PEL cells are able to grow in soft agar and form lymphomatous effusions in SCID mice 

(Boshoff et al, 1998) demonstrating the cells are transformed. All cases of PEL contain 

KSHV and around 70% of cases are also infected with EBV. The lack of any common 

chromosomal abnormality in PEL suggests KSHV is directly responsible for 

pathogenesis, with EBV behaving as a co-factor. The presence of clonal Ig 

rearrangements in PEL is indicative of an origin from B-cells (Knowles et al, 1989). 

KSHV is associated with an additional B-cell disorder, plasmablastic MCD (section

1.2.5.3).

The majority of the EBV life cycle occurs in B-cells (section 1.1.2). EBV-associated B- 

cell lymphomas are presumed to arise as a consequence of EBV-activation of memory B- 

cell development. Therefore, although rare compared with KS, the presence of KSHV in 

B-cell lymphomas is highly significant, suggesting that KSHV may also employ B-cells 

to complete its life cycle. This is supported by the detection of KSHV in peripheral blood 

B-cells of individuals with KS (section 1.2.6). However, how KSHV interacts with B- 

cell development, and how this relates to lymphomagenesis, are largely unknown. The 

presentation of PEL as an effusion in the body cavities is also poorly understood. PEL 

cells express epithelial membrane antigen (EMA, also known as mucin 1 (MUC-1)) 

(Cesarman et al, 1995b, Carbone et al, 1997, Boshoff et al, 1998, Carbone et al, 

1998a), which may be involved in metastasis (Makiguchi et al, 1996). PEL cells do not 

express adhesion and lymphoid tissue homing molecules observed on other B-cell 

tumours (Boshoff et al, 1998).

B-cell tumours retain many of the characteristics of the stage of B-cell development from 

which they derive (section 1.1.3). In addition, transformation often occurs through 

mechanisms of normal B-cell development. Therefore the stage of B-cell development
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represented by PEL has implications for both disease pathogenesis and the KSHV life 

cycle. In the majority of instances, PEL is thought to represent transformation of a post- 

GC B-cell (reviewed in Cesarman and Knowles, 1999). In most cases, PEL cells express 

CD38 (Nador et al, 1996, Carbone et al, 1997, Boshoff et al, 1998), CD7I (Ansari et 

al, 1996, Nador et al, 1996), CD138 (syndecan-1) (Carbone et al, 1997, Gaidano et al, 

1997, Carbone et al, 1998a) and 1RF4 (multiple myeloma oncogene 1 (MUMl)) 

(Carbone et al, 2000b), which are all associated with late stages of B-cell differentiation. 

However, CD 138 is also expressed on GC and pre-B-cell derived cell lines (Drexler,

2001). PEL does not express the B-cell markers CD 10, CD 19, CD20 and CD22 

(Cesarman et al, 1995a, Cesarman et al, 1995b, Arvanitakis et al, 1996, Carbone et al, 

1997, Boshoff et al, 1998). Most cases exhibit mutated Vh and Vl genes whose 

sequences show evidence for selection by antigen (Matolcsy et al, 1998, Fais et al,

1999). However some cases, such as the PEL cell line BC-3, have germline Vh 

sequences indicating that it has a pre-GC origin. PEL may therefore represent 

transformation of B-cells at different stages of ontogeny (Matolcsy et al, 1998). While 

most cases of PEL have functional Ig gene rearrangements and express Ig mRNA 

(Matolcsy et al, 1998, Fais et al, 1999) most do not express Ig protein (Cesarman and 

Knowles, 1999). Therefore, the exact stage of B-cell development at which PEL is 

arrested is uncertain.

DNA array analysis of B-cell lymphoma gene expression has revealed the stages of B- 

cell development from which they derive and suggested mechanisms responsible for 

their pathogenesis (sections 1.1.3 and 1.3.5). The aims of this chapter are to use the 

KSHV-human microarray (section 3.2.2) to find the stage of B-cell development from 

which PEL is derived and to investigate whether PEL gene expression can explain the 

unusual pathology of this tumour.
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5.2 Results

5.2.1 Sam ple preparation

Gene expression of 5 PEL cell lines was compared to 19 other B-cell tumour-derived cell 

lines. These were chosen to encompass a wide range of malignancies and stages of B-cell 

development. The cell lines include those derived from EBV-infected BL and those 

established by in vitro infection by EBV. The cell lines used are listed along with their 

derivation in Table 2.2 (section 2.2). In addition, cells taken from lymphomatous 

effusions presented by two AIDS patients with KS were analysed. To minimise 

experimental variation, all cells were grown under the same conditions (with two 

exceptions; section 2.2). Cell density and viability at the time of sampling was recorded 

(Table 5.1). The cell lines BC-3 and BCBL-1 were grown from frozen stocks on a 

number of separate occasions (indicated by roman numerals). These acted as controls to 

determine the variations in gene expression due to inherent biological variability (section 

B.2.2.4). Total RNA was purified from all samples and the quality assessed by agarose 

gel electrophoresis (Figure 5.1). From this, mRNA was purified and labelled with Cy5 

by RT-PCR. Labelled cDNA was mixed with Cy3-labelled reference RNA and 

hybridised to the KSHV-human microarray. A common reference RNA mixture was 

used to enable comparison across the whole sample set (section 3.2.2.3).
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Sample Cell density 
(10^ cells/ml)

Viability

BC-3 1 0.95 89.5
BC-3 11 0.89 94.4
BC-3 III 1.1 88.2
BCBL-1 1 0.85 71.0
BCBL-1 II 1.17 86.0
BCP-1 0.3 41.0
BONNA-12 1.18 92.4
DEL 1.14 91.3
DG-75 1.10 92.5
DoHH-2 1.00 97.7
DS-1 0.95 89.2
DS-1 no IL-6 0.55 70.5
EHEB 0.95 96.3
HBL-6 1.00 97.5
HBL-6+TPA 24 hrs 0.94 94.1
HBL-6+TPA 48 hrs 0.99 91.7
HBL-6+TPA 72 hrs 0.82 71.5
JSC-1 0.86 92.1
Karpas-422 1.26 97.0
L-363 1.10 91.2
L-428 0.65 72.7
Nalm-6 1.14 98.5
Namaiwa 0.75 90.5
NCI-H929 0,82 88.9
BEL 1.28 83.9
PEL-SY 1.82 89.9
Raji 0.97 92.0
Ramos 1.25 99.0
Reh 0.96 100.0
RPMI-8226 0.79 91.9
SK-MM-2 1.10 97.4
SU-DHL-5 0.97 82.8
TOM-1 0.87 93.3

Table 5.1. Samples analysed by the KSHV-human microarray.
Cell viability measured by trypan blue staining.
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Figure 5.1. Purified total RNA.
Total RNA was quantified by UV spectrophotometry and 1 pg separated by agarose gel 
electrophoresis. A composite of a number of such gels is shown. The position of 28 and IBS 
ribosomal RNA is indicated.
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5.2.2 B-cell tumour ordering by developmental stage

The KSHV-human microarray can identify the source of a sample from its expression 

pattern due to the high reproducibility of its expression measurements (section 3.2.2.5). 

One array was selected for each of the 26 unique samples and the data were filtered to 

produce a set of 1987 human genes (section 3.2.2.4). The data were examined by cluster 

analysis to identify patterns in the gene expression data and identify relationships 

between the samples. Both the genes and samples were ordered using a self-organising 

map algorithm, which acts to minimise the differences between adjacent nodes. This 

ordering was then used to control the orientation of the nodes of the dendrograms 

subsequently generated by hierarchical clustering. This process creates a spectrum of B- 

cell neoplasia (Figure 5.2). Cell lines derived from each tumour type cluster together 

indicating that they share the same gene expression pattern. The order of the samples 

parallels the respective stage of B-cell development from which each tumour type is 

thought to originate (Figure 5.2, section 1.1.3). Cell lines established from B-ALL, 

derived from pre-B-cells, all cluster together at the beginning, consistent with the 

transformation of one of the earliest stages of B-cell development. These are followed by 

tumours representing GC B-cells; FL, GC-like DLBCL and BL. All of these tumour 

types have ongoing somatic hypermutation of their IgV regions. All BL samples tested 

cluster together regardless of their EBV status (Raji, DG-75 and Namaiwa are EBV 

positive). The major branch point separates pre-GC and GC B-cells from post-GC B- 

cells (mutated Ig genes but no intraclonal variation) with exceptions described later. The 

cell lines BONNA-12, derived from HCL, and EHEB, derived from CLL, cluster 

together. The position of these cell lines in this ordering of B-cell development is 

consistent with their presumed derivation from memory B-cells (section 1.1.3.4). The 

next branch is composed of cell lines representing classical HL (HL, L-428) and 

anaplastic-DLBCL (ALCL, DEL). Their clustering indicates they have similar gene 

expression patterns compared with other B-cell tumours, consistent with their 

immunophenotype and morphology (section 1.1.3.4).

The two final major branches are composed of cell lines derived from PEL and multiple 

myeloma (MM) / plasma cell leukaemia (PCL) respectively. Therefore, PEL is most 

closely related to plasma cell neoplasia and may have a similar derivation. The ordering 

determined by the self-organising map shows that classical HL and anaplastic-DLBCL 

are more closely related to PEL than to MM and PCL. This is consistent with previous
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reports describing PEL cell morphology reminiscent of anaplastic-DLBCL and HRS 
cells (Nador et al, 1996) and the shared expression of EMA between PEL and 

anaplastic-DLBCL (Cesarman et al., 1995b, Carbone et ai, 1997, Boshoff et al, 1998, 

Carbone et ai, 1998a). The position of PEL between MM and PCL and classical HL and 

anaplastic-DLBCL in this ordering of B-cell tumours suggests that PEL maybe derived 

from plasmablasts. The cell line DS-1 (Bock et al., 1993), derived from a lymphoblastic 

leukaemia resembling PEL, but which is KSHV negative (Figure 5.4C), clusters with 

plasma cells. All PEL samples are clustered together regardless of EBV status or the 

mutation state of the Ig genes (HBL-6 and BCBL-1 are mutated (Fais et al., 1999); BC-3 

is germline (Matolcsy et al., 1998); HBL-6, JSC-1 and PEL-SY contain EBV). Therefore 

PEL constitutes one disease and cells do not require passage through the GC for its 
development.

CM
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W: m o o  UJZj X j  q.
m  3 Zj

 ̂ " 3

0
1

0
Pre- GC Post-GC Plasma- Plasma

B-cell B-cell B-cell blast? cell

Figure 5.2. Assembly of B-cell tumours according to developmental stage by gene 
expression profiling.
Samples cluster by the tumour type from which they were derived: B-ALL - precursor B (acute) 
lymphoblastic leukaemia; DLBCL -  diffuse large B-cell lymphoma (GC-like) (Karpas-422 and SU- 
DHL-5); FL -  follicular lymphoma (DoHH-2), BL -  Burkitfs lymphoma; CLL -  chronic lymphocytic 
leukaemia (EHEB); HCL -  hairy cell leukaemia (BONNA-12); HL -  classical Hodgkin’s lymphoma 
(L-428); ALCL -  anaplastic-DLBCL (DEL); PEL - primary effusion lymphoma; MM -  multiple 
myeloma (RPMI-8226 and NCI-H929); PCL -  plasma cell leukaemia (L-363 and SK-MM-2). DS-1 
is derived from immunoblastic lymphoma but has the gene expression pattern of malignant 
plasma cells. In all cases, PEL most closely resembles tumours of plasma cells. The ordering of 
the samples was determined by a 1-dimensional self-organising map and mirrors the order of 
their normal B-cell counterparts (indicated) in B-cell development. This suggests PEL is derived 
from plasma cells or plasmablasts.
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5.2.3 Classification of clinical samples

Samples from lymphomas resembling PEL were obtained from two AIDS patients with 

KS and frozen (Rob Miller and Ursula Ayliffe). One of these cases has previously been 

reported (Lankester et ai, 1998). The cells, re-named PEL-SY and BEL, were thawed 

and cultured for 19 and 37 days respectively. RNA was extracted, labelled and 

hybridised to the microarray as before and gene expression analysed with the other 

samples (Figure 5.2). One sample, PEL-SY, clusters with the PEL cell lines indicating it 

is true PEL. The other, BEL, clusters with cell lines derived from BL. Flow cytometry 

confirms these classifications; PEL-SY is CD 19- CD27- CD 138+ as expected for PEL 

whereas BEL is CD 19+ CD27+ CD!38- as expected for BL (Figure 5.3). BL-like 

effusions resembling PEL have previously been reported in AIDS patients (Nador et al., 

1996, Carbone et ai, 1997). Therefore, primary tumours share an expression pattern with 

cell lines derived from the same lymphoma and this can be used to classify clinical 

samples.

Array probes for KSHV and EBV genes suggest that, although both samples contain 

EBV, only PEL-SY contains KSHV, consistent with the tumour classification (Figure 

5.4A). Immunofluorescence assay (IFA) demonstrates that only PEL-SY exhibits the 
characteristic nuclear stippling pattern of KSHV LNA-1 (Figure 5.4B) (Lennette et a!., 

1996, Kellam et ai, 1999). KSHV infection was also confirmed by PCR and both 

samples contain EBV by PCR (Figure 5.4C). Therefore, array probes for virus genes can 

be used to diagnose virus infection.

CDS CD14 CD19 CD27 CD138

PEL-SY 1

10° t o '  10^  10° lo '*  10° 1 o ’ 10° 10° 10^ 10° l o '  1 0 °  10° 10“* 1 0 °  1 o ' 10° 10° 10
FL2-H FL1-H FLI-H FLI-H

10-' 10

BEL
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Figure 5.3. Flow cytometry of primary tumour samples.
FACS plots of CDS, CD14, CD19, CD27 and CD138 staining of PEL-SY and BEL cells (open 
line) compared with isotype controls (filled line). PEL-SY has an immunophenotype expected of 
PEL (only positive for CD138) whereas BEL is CD19+ CD27+ CD138- consistent with BL. 
Neither cell culture is contaminated with T-cells (CD3) or monocytes (CD14).
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Figure 5.4. Viruses present in effusion lymphomas.
A. Expression of EBV and KSHV genes detected using microarrays. Each column represents 
one sample and each row one gene. Relative levels of gene expression are shown as a pseudo
coloured representation of log(2) expression ratio with red being above and green below the 
row/array median level of expression (set to 0) as shown by the scale. Grey indicates data 
removed by filtering. EBV mRNA can be detected in both samples, whereas KSHV mRNA can 
only be detected in PEL-SY.
B. Immunofluorescence of KSHV LNA-1. The characteristic nuclear stippling pattern is present in 
every cell of PEL-SY but not of BEL. The bright spots in BEL are also detected in cell lines 
known to be negative for KSHV with this batch of antibody.
C. PCR for KSHV and EBV. PEL-SY contains both KSHV and EBV DNA. BEL only EBV. BC-3, 
BCP-1 and HBL-6 are all known to be infected with KSHV, HBL-6 and Raji with EBV.
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5.2.4 Gene expression signatures In B-cell tumours

The programme Tree View (Eisen et al, 1998) was used to visualise the expression of the 

filtered set of 1987 genes (Figure 5.5). This reveals how expression of the genome varies 

in cancer throughout B-cell development and how gene expression in PEL relates to that 

in other tumour types. PEL shares a similar pattern of expression to plasma cell tumours, 

which are both quite distinct from other B-cell tumour types. Genes tend to cluster by 

their function or the cell type in which they are expressed. A number of gene expression 

signatures can be identified in the data.

Genes involved in cell proliferation show stronger expression in pre-B-cell and GC B- 

cell derived tumours as might be expected due to the dividing nature of their normal 

counterparts (proliferation/splicing signature, Figure 5.6). This cluster includes genes 

involved in cell cycle control, such as CDC28, CDK2, CDC2, cyclins B1 and B2, and 

DNA replication, such as replication factor C, CDC6, MCM 3, 4 and 5, Ku antigen and 

proliferating cell nuclear antigen (PCNA). In addition, the cluster contains genes with 

functions in chromosome segregation (CDCIO, origin binding protein-1 (OBP-1), mitotic 

arrest deficient-like protein 2 (Madp2), aurora), chromatin assembly (regulator of 

chromosome condensation 1 (RCCl), hi stone 2A and 2B, chromatin assembly factor 1) 

and DNA damage repair and checkpoint control (C-terminal binding protein interacting 

protein (CtIP), breast cancer 1 (BRCAl), checkpoint kinase 1 (chkl), RAD51). This 

cluster also contains many genes involved in RNA maturation and splicing, such as 

SF3A1, small nuclear ribonucleoprotein upstream reading frame (SNURF), U2 small 

nuclear RNA auxiliary factor 1 (U2AF1), and splicing factor, arginine/serine-rich 

(SFRS) 1 , 3 , 7  and 10. The expression of these genes may represent the splicing of 

rearranged Ig V(D)J segments to the C region (Rabbitts, 1978),
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Figure 5.5. Hierarchical clustering of 26 samples and a filtered set of 1987 genes.
Each column represents one sample and each row one gene. The dendrogram on the left 
represents the relationship between genes in terms of their expression pattern. Gene expression 
is shown as a pseudo-coloured representation of log(2) expression ratio with red being above 
and green below the row/column median level of expression (set to 0) as shown by the scale. 
Grey indicates data removed by filtering. Samples are coloured by tumour type according to the 
schema in Figure 5.2. The coloured bars to the right mark the position of gene expression 
signatures, which vary in expression across the dataset.
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Figure 5.6. Détail of the proliferation / splicing signature.
This gene expression signature is enriched for genes involved in cell proliferation (names in red) 
and RNA maturation and splicing (blue). These genes are most strongly expressed in pre-B-cell 
and GC B-cell derived tumours. HUGO gene identifiers (www.gene.ucl.ac.uk/hugo/) and gene 
names are indicated to the right of each row.
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The cluster of genes strongly expressed by GC B-cell derived cell lines (GC / B-cell 

signature, Figure 5.7) contains genes known to be expressed by this cell type including 

GC kinase, jawl and BCL-6. BCL-6 is necessary for GC formation and inhibits plasma 

cell development (section 1.1.1.3). This cluster also contains a number of genes that act 

in B-cell signalling pathways. Genes include those encoding cell surface proteins, for 

example CD79a, CD22, CD45 and CD72, and those which act in downstream signalling 

pathways, such as protein kinase A (PKA) and phospholipase C-gamma (PLC-y). Other 

genes in this signature, such as CCAAT/enhancer binding protein (C/EBP), E74-like 

factor-1 (ELF-1), IL-4 receptor and STAT6 are involved in Ig class switching. Genes 

with functions in DNA strand break repair (DNA ligases I and IV, xeroderma 

pigmentosum complementation group C (XPCC) and excision repair cross

complementing 3 (ERCC3)) and somatic hypermutation (DNA polymerase eta) are also 

in this cluster. These genes therefore represent the three mechanisms of Ig diversification 

that occur in GC B-cells, each of which has been implicated in the pathogenesis of GC 

B-cell-derived tumours (section 1.1.3.3).

Genes that form the NF-KB signature (Figure 5.8) act both upstream (CD40, S6 kinase, 

PKC delta, MyDSS) and downstream (lymphotoxin alpha, A20, Bfl-1, Bcl-xL, cIAP-2, 

MHC class II genes) of NF-KB during B-cell activation. This cluster of genes is over

expressed in CLL, HCL and classical HL derived cell lines. The high expression of this 

cluster in the classical HL cell line L-428 is consistent with the documented constitutive 

NF-KB activation due the presence of a mutant IkB allele (Emmerich et al, 1999). 

Furthermore, constitutive activation of this pathway, leading to the expression of anti- 

apoptotic A20, Bfl-1, Bcl-xL, and cIAP-2, has been implicated in the development of 

classical HL (Bargou et al, 1997). The cell lines EHEB and BONNA-12 express EBV 

LMP-1 (Figure 5.4A), which activates NF-KB by mimicking signalling from CD40 

(section 1.1.2.1). LMP-1 has been shown to activate a number of genes contained within 

this expression signature, such as A20 (Laherty et al, 1992), Bfl-1 (D'Souza et al, 

2000), cIAP-2 (Hong et al, 2000) and EBV induced gene 3 (EBI3) (Devergne et al, 

1998). This effect of LMP-1 has also been confirmed by DNA arrays (Carter et al, 

2002). Therefore, LMP-1 activation of NF-KB results in an expression pattern similar to 

that of HRS cells. This cluster also contains genes involved in reorganisation of the actin 

cytoskeleton, an essential part of B-cell activation (Bauch et al, 2000). This may account 

for the characteristic spiked morphology of HCL and HRS cells.
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WEE 1-LIKE PROTEIN KINASE
similar to gb X62048_cds1 WEE 1-LIKE PROTEIN KINASE 
lympfx>id-restncted mem brane protein (Jaw l )
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B call lymptwma protein 6 (zinc finger protein 51)
Aractvdonate S-lipoxygenase
Sialyttransferase 1 (beta-galactoside alpha-2,6-sialytransferase) 
Immmoglobulirvassociated alpha 
CD22 antigen
Retinoblastoma-associated protein-like 107 KD
Sterol carrier protein 2
PLECKSTRIN
MHC d a s s  II protein HLA-DO treta chain 
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KIAA0142 
d o n e  23815
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mRNA, UV Radiation Resistance A ssociated (UVRAG) 
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Amplified in Breast Cancer (AIB1)
Amplified in Breast C ancer (AIB1)
Inter1ei*in 4 receptor 
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immunophilin homolog ARA9 mRNA, complete cds 
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Protein kinase, cAMP-dependent. regulatory, type II, beta 
Urxoupling protein 3 (mitoctwndrial, proton carrier)
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Bone morptxjgenetic protein 7 precursor 
SEC14 (S cerevisiae)-tike
translational initiation factor 2 beta subunit (elF-2-beta) 
translational initiation factor 2 beta subunit (elF-2-beta) 
R etnoblastom a 1 (including osteosarcom a) 
thyroid receptor interador (TRIP3) mRNA 
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Glutathione-S-transferase pH

GDP-dissociatiori intiibitor protein (Ly-GDI)
Protein tyrosine phosphatase, receptrx type, c  (CD45) 
Ribosomal protein S I 7
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5-LIPOXYGENASE ACTIVATING PROTEIN
T-cell acu te  lymphocytic leukemia 1
Spleen tyrosine kinase
DNA-binding protein (PO-GA)
ATPase. Ca-r+ transporting, cardiac muscle, slow twitch 2 
similar to TR Q16342 PROGRAMMED CELL DEATH-2 
KIAA0326
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hematopcxelic progenitor k inase (HPK1)

Immuioglobulin mu 
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Figure 5.7. Detail of the GC / B-cell signature.
This cluster represents genes that are over-expressed in GC B-cell derived tumours. Genes 
whose names are in red are known markers of germinal centre B-cells, genes in blue are 
involved in B-cell signal transduction, and those in green in Ig class switching, DNA strand break 
repair and somatic hypermutation.
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DNA mismatch repair protein MLH1 
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GC-RICH SEQUENCE DNA-BINDING FACTOR 
Tax interaction protein 33 
ADP-ribosylation factor 6 
profHm mRNA. com plete cds, Desmin 
Beta-actin (X00351)
Beta-actin (X00351)
Gamma-actin, enteric sm ooth m uscle form
cytoplasmic beta-actin
ACTIN, CYTOPLASMIC 2 (gam m a)
Lymptwcyte cytosolic protein 1 (L-plastm) 
centrosom al N ek2-associated protein 1 (C-NAP1) 
p110-delta
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GT334 protein (GT334) gene
MULTIDRUG RESISTANCE-ASSOCIATED PROTEIN 1 
ERF-1
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Mai or histocompatibility complex, c la ss  II, DP be ta  1
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MHC c lass  II DO alpha
MHC c lass  II DO alpha
Lysyl oxidase
sm ila r to gb X 60592 CD40L RECEPTOR PRECURSOR
CCMOL RECEPTOR PRECURSOR
Regulator of G-protein signalling 1
R as homolog gene  family, m em ber G (rho G)
Lymphotoxin alpha (formally lu n o r  n ecrosis factor beta)
M ^or fistooompatibility complex, c la ss  II, DO be ta  1 
MHC d a s s  II HLA-DR2-Osv12 mRNA CXlwl-beta 
cytokine receptor (EBB)
Mafor histocompatibility complex (MHC) c lass  II protein HLA-DR-tieta 1 
B d-2 related (Bfl-1)
KIAA0113
PUTATIVE DNA BINDING PROTEIN A20 
Irterte iiun  2 receptor g am m a chain
53K isoform of Type II phosphatidylinositol-4-phophate 5-kinase 
KIAA0350
L p a se  A, lysosomal acid, cholesterol e s te ra se  (W olman d isease)
KIAA0209 (dedicator of cy tok inesis 2)
bcFxL
B-cell translocation g ene  1, anti-proliferative 
alptia 4 protein (immunoglobulin-binding protein 1 )
Nuclear factor of kappa hght polypeptide gene en tiancer m B-cells 1 (p105)
DUAL SPECIFICITY PROTEIN PHOSPHATASE PAC-1
PEBP2aC1 acute myeloid ledraem ia
lAP homolog C (MMC)
lAP homolog C (MIHC)
RAP1A. m em ber of RAS oncogene family
Rtoosomal protein L27
L-UBC
LOW AFFINITY WMUNOGLOBULIN GAMMA FC RECEPTOR II C 
ATPase, Na+/K+ transporting, alpha 1 polypeptide 
PROTEIN KINASE C, DELTA TYPE 
MAP kinase (JNK3)
1 1  kb mRNA upregulated in retinoic acid treated  HL-60 neutrophilic cells 
myleoid differerkiatxxi primary response  protein MyDBB 
L-arginineglycine am kfinotransferase 
C athepsin H
Vasodilator-stimulated phospfxjprotein
lung phospholipase A-2 (PLA-2) mRNA, clone lung-1

Figure 5.8. Detail of the NF-kB signature.
This cluster represents genes that are over-expressed in the post-GC B-cell cluster of tumours, 
and to some extent in BL. Genes that lie on the NF-kB signalling pathway are shown in red, 
those in green in other B-cell signalling pathways and those in blue are involved in reorganisation 
of the actin cytoskeleton.
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5.2.5 Low expression  of B-cell s ignatu res In PEL correlates with the 

expression  of Bllmp-1

None of the gene expression signatures discussed above are highly expressed in PEL or 

plasma cell tumours. This is consistent with the low expression of B-cell surface markers 

(Hammerling et al, 1976) and MHC class II (Silacci et al, 1994) on plasma cells. The 

Mann-Whitney U test, a non-parametric version of the t-Test, has been used in a number 

of array studies to assess the stastical significance of differential gene expression 

(Chambers et al, 1999, Hedenfalk et al, 2001, Notterman et al, 2001, Zhan et al,

2002). Using this technique, the under-expression of many B-cell genes in PEL was 

found to be highly statistically significant (Figure 5.9A). 37 of the 100 genes most 

significantly under-expressed in PEL are known to function in mature B-cells (red. 

Figure 5.9A). Some of these 100 genes also form a discrete group in the original cluster 

analysis (Figure 5.9B). This cluster of genes also includes Ig X light chain and J chain, 

which are known to increase in expression during plasma cell development (Chen- 

Bettecken et al, 1987, Turner et al, 1994), and hnRNP H, which is involved in mRNA 

splicing to produce secreted Ig in plasma cells (Veraldi et al, 2001). Expression of this 

cluster is also reduced in the classical HL cell line L-428 and the anaplastic-DLBCL cell 

line DEL. The low expression of these B-cell and Ig-related genes may be related to the 

lack of Ig protein in PEL (Cesarman and Knowles, 1999) and classical HL (Marafioti et 

al, 2000).
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MAC30

Name

PRPL-2 pfrtein
Integrin, alpha L (antigen CD11A (p180)) 
inducble protein (CYFIP2)
TYROSINE-PROTEIN KWASE ATK 
A gam m agkbulinaem ia protein-tyrosine km ase atk 
CD53 antigen 
actin binding protein p57
B CL2/adenovrus E1B 19kD-interacting protem 2  (BNIP2)
PfOtiatite protein disulfide isom erase ER-60
Probable protein disulfide isom erase ER-60
phospholipase C-alpha
myosin regulatory light chain
Peroxisomal m em brane protein 1
adipophilin
Hematopoietic lineage call specific protein (MSI ) 
RACK-tfce protem PRKCBP1 
ttiymosin beta-4
signaling inosSol polyphospfiate 5 p hospfiatase  (SHIP)
IFI27
dk1
C reatine k inase B 
Chymotrypsinogen B1
Protein transport protein SEC61 beta  sibunit 
BTG2 (BTG2)
K1AA0226
IMMUNOGLOBULIN J  CHAIN 
19 8 kOa protein 
KIAA0040
GM2 gangliosxle activator protein
calcitxn-activated potassium  ctiannel (SKCA3)
transcription factor (cytohesin binding protein)
Aconitase 2. mitochondrial
similar to SW  0PC1_R A T P32736 opiod binding protein 
ETS-RELATED PROTEIN ERM 
HydroxyacyFCoenzyme A dehydrogenase 
protein k inase C inhtoitor-l (PKCF1) 
rearranged immunoglotiulm lam bda light cfiain

T ranscrption factor AP-4 
MYC PROTO-ONCOGENE
V-myc avian m yelocytomatosis viral oncogene homolog 
MAC30 mRNA, 3  end 
MAC30 mRNA, 3  end 

HNRPH1 hnRNP H 
RFP Ret proto-oncogene

Figure 5.9. Genes under-expressed by PEL cells relative to other B-cell tumour types.
A. (Previous page). Ordering of 1934 genes by the significance of their association with PEL (left 
hand side) using a Mann-Whitney U test. The bottom 100 genes are enlarged to the right. Each 
column represents one sample (named, PEL in red) and each row one gene (identified by HUGO 
ID and gene name). The p-values are shown on the left hand side of each row. Many of the 
genes are known to have roles in mature B-cell function (gene names in red).
B. The genes least associated with PEL form a discrete cluster after hierarchical clustering. 
These genes are also under-expressed in the classical HL cell line L-428 and the anaplastic- 
DLBCL cell line DEL. Those with their names in red have known roles in mature B-cell or plasma 
cell function.
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The repression of B-cell signalling, GC B-cell, MHC class II and proliferation-associated 

genes in plasma cells is controlled by the transcription factor Blimp-1 (Piskurich et al, 

2000, Shaffer et al, 2002, and see section 1.1.3). Blimp-1 is up-regulated during plasma 

cell development in the GC and in extrafollicular sites (Soro et al, 1999, Angelin-Duclos 

et al, 2000) and is sufficient to induce plasma cell differentiation (Turner et al,  1994, 

Schliephake and Schimpl, 1996, Messika et al, 1998, Piskurich et al, 2000). The 

expression profile of PEL suggests that these lymphoma cells express Blimp-1. As a 

probe for Blimp-1 is not present on the KSHV-human microarray, RT-PCR was used to 

confirm its expression in PEL (Figure 5.10). This revealed that Blimp-1 is expressed in 

all post-GC derived tumours but most strongly in PEL, MM and PCL. Blimp-1 

expression correlates with the relative levels of 1RF4 expression measured using the 

array (Figure 5.10). Like Blimp-1, 1RF4 is upregulated in GC B-cells committed to a 

plasma cell fate (Angelin-Duclos et al, 2000, Falini et al, 2000) and is necessary for the 

formation of Ig-secreting B-cells (Mittrucker et al, 1997). 1RF4 has previously been 

shown to be expressed in PEL (Carbone et al, 2000b). In the GC, the expression of 

Blimp-1 and BCL-6 is mutually exclusive, due to the direct inhibition of each other’s 

promoters (section 1.1.3). This relationship is also apparent in B-cell tumours when 

arranged by stage of B-cell development (Figure 5.10).

Blimp-1 represses c-myc transcription in plasma cells (Lin et al, 1997b), which may 

explain how plasma cells leave the cell cycle to differentiate (Filers, 1999). Increased 

expression of the c-myc gene, due to chromosomal translocations or mutations in the 5’ 

untranslated region, occurs frequently in multiple myeloma (section 1.1.3.5). PEL cells 

express lower levels of myc than pre-B-cell, GC B-cell or plasma cell tumours (Figure 

5.9B), consistent with transformation of a plasma cell without myc dysregulation. A low 

level of myc expression in PEL supports previous data suggesting that PEL is not 

associated with translocation of myc (Cesarman et al, 1995a, Karcher and Alkan, 1997).

The expression of Blimp-1 in post-GC B-cells is consistent with its expression in a 

subset of B-cells leaving the GC. Cluster analysis of the microarray data identifies a 

number of other genes that are over-expressed in all post-GC cells (Figure 5.11). Some 

of these genes have previously been shown to be up-regulated in activated or late-stage 

B-cells including CD48 (BLASTl), CD51 (integrin alpha V) CD70, CD71 (transferrin 

receptor), jun B, vimentin, B7.3, 1RF4, cyclin-D2 and FLIP. Jun B is induced upon
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ectopic expression of Blimp-1 (Shaffer et ai, 2002). Therefore, the up-reguiation of 
other genes in this cluster may also be controlled by Blimp-1.

Some of the genes whose increased expression is shared between PEL and other tumours 

of post-GC B-cells have been implicated in oncogenesis. Genes such as jun B, cyclin D2, 

FLIP, testis enhanced gene transcript (TEGT), IRF4, tumour susceptibility gene 101 

(TSGlOl), PBX2, Mcl-l, H-ras and rafl and other downstream components of Ras 

signalling pathways, such as extracellular signal-related kinase 3 (ERK3) and ELKl, can 

be found in the clusters shown in Figures 5.11, 5.12 and 5.14. Activation of Ras has 

previously been implicated in plasma cell differentiation (Seremetis et al, 1989) and in 

the pathogenesis of multiple myeloma (section 1.1.3.5).
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Figure 5.10. Expression of Biimp-1 measured by RT-PCR.
RT-PCR for Blimp-1 in B-cell tumour samples ordered by stage of B-cell development. The 
results for each sample are shown together with the no RT control. The predicted size of the 
band with the primers used (Table 2.3) is 529 bp. Blimp-1 is expressed at high levels in PEL and 
MM/PCL but cannot be detected in tumours of GC B-cells. The expression of Blimp-1 correlates 
with that of IRF4 measured using microarrays but has the opposite expression pattern to BCL-6.
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TAX1BP1
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TAF2N
F0LR2
RAB11B
C 120R F8

GBP1
S100A11
KRT18
SKIV2L

FL0T2

UBE2H
ANXA5
CFLAR
LGALS3

PRG1
DNAH9
AT0X1
P4HA1
MGC2840
GLDC
SEPW1
C0X6C
EIF2B1
CD59
CD59

EMP3

ACVR1
ÛSCN6
IL2RB

CAPN4
MYL6

CTNNA1

CCND2
BCHE
RPS4X
ALDH1B1
ARF3
CAV1
N PEPPS
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HDAC3

BTN3A3
BTN3A3
BTN3A1
SCAMP2
PFDN5

SIPA1

CD48 antigen (B-cell m em brane protein) 
tax1-binding protein TXBP151 
m orocart)oxylate transporter (MCT3)
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interferon regulatory factor 3 
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YPT3
ERp28 or ERp31 protein
General transcription factor I IF. polypeptide 1
G uanylate binding protein 1, interferon-inducible, 67kD
calgizzarin
Keratin 18
SkFW mRNA for helicase 
endotheliaknonocyte activating polypeptide II 
surface antigen
Transferrin receptor (p90, CD71 )
U biquitin-conju^ing enzym e E2FI 
Annexin V (endonexin II)
FLICE-like inhibitory protein long form 
Lectin, galactoskte-binding, soluble. 3 
Irp
Myosin, light polypeptide 4, a  kali; atrial 
BC-2 protein
Proteoglycan 1. secretory granule
dyne in-related protein
copper transport protein FtAHt (F1AH1 )
Procollagen-proline, 2-oxoglutarate 4-dioxygenase
putative glucosyltransferase
Glycine cleavage system  protein P
selenoprotein W  (selW)
cytoctirome 0  oxidase polypeptide VIC
Eukaryotic translation initiation factor 2B subunit 1 alpha
CD59 antigen p i 8-20
CD59 antigen p i 8-20
retinoic acid induced RIG-E precursor (E)
Interferon regulatory factor 4 
YMP
Testis enhanced  gene  transcript 
cysteine pro tease C PP32 isoform alptia 
activin A type I receptor 
quiescin 0 6
Interleukin 2 receptor beta  ctiain

Myosin light ctiain (alkali)
Calpain, small polypeptide
Myosin light ctiain alkali, non-m uscle isoform
Insulin-like growth factor 2 receptor
Transducirvlike en tiancer protein 1
alpha-catenin
Vimentin
integral m em txene protein 3 
Chaperonin containing T-complex s itu n it  
Cyclin 0 2
Butyrylcholinesterase 
Ritxisomal protein S4, X-linked 
Aldehyde dehydrogenase, mitochondrial X 
ADP-ribosylation factor 3 
Caveolin, caveolae protein, 22kD 
ammopeptkJase
phenylalkylamine binding protein
Pro teasom e com ponent C3
mitoctiondrial 3Tretoacyl-CoA th n la se  beta-subunit
Interferon regulatory factor 2
Heat stiock protein MSP 90-apha
Weakly similar to similar to deoxyrkxise-phosphate aldolase 
ATP synthase lipid-binding protein P2 
butyrophilin (BTF3) 
butyrophilin (BTF3)
put B7,3 molecule of CD80-CD60 protein 
secretory carrier m em brane protein (SCAMP2) 
c-myc binding protein (prefoldin 5)
STAT2
G TPase-activating protein (SIPA1 ) mRNA; 
selenoprotein P

Figure 5.11. Genes with increased expression in all post-GC tumours.
These two groups of genes lay either side of the PEL expression signature in Figure 5.5.
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5.2.6 The unfolded protein resp o n se  (UPR) and other ER s tre s s  pathw ays 

are activated in plasm a cell tum ours

Little is known about the gene expression changes that occur between B-cells and plasma 

cells. The ER and UPR cluster (Figure 5.5) is weakly up-regulated in PEL cells and most 

strongly expressed in plasma cell tumours (Figure 5.12). This cluster consists mainly of 

genes whose protein products are localised to the ER (such as calnexin and signal 

recognition particle 19kD protein), Golgi (ADP-ribosylation factor 1 (ARFl), coatomer 

beta’ subunit) or which are responsible for trafficking between the two compartments 

(giantin, KDEL receptor 2) (red, Figure 5.12A). A number of other genes in this group 

are involved in ATP synthesis, such as components of ATP synthase and cytochrome C 

oxidase. Known components of the UPR (reviewed in Kaufman, 1999) are to be found 

within this cluster, such as glucose-regulated proteins (GRP) 94, GRP 170 (ORP150) and 

ERp72. These genes are activated by ATF6 during ER stress (Yoshida et al, 1998, Haze 

et al, 1999, Roy and Lee, 1999), which is also in this cluster. Therefore, other genes in 

this group may also be activated by ATF6 and form part of the UPR. ATF6 induces 

expression of another gene in this cluster, X-box binding protein-1 (XBP-1) (Yoshida et 

al, 2000). XBP-1 can activate transcription from the same promoter site as ATF6 

(Clauss et al, 1996, Yoshida et al, 1998, Yoshida et al, 2001) and is necessary for Ig 

secretion and plasma cell development (Reimold et al, 2001). Thus, the UPR is an 

expression signature that defines plasma cells and links ER signalling to plasma cell 

development.

The ER and UPR cluster also contains a number of genes involved in programmed cell 

death; caspase 10, caspase 8 (FLICE), HAX-1, metaxin 1, Fas-activated serine/threonine 

(FAST) kinase and F ADD (Figure 5.12). This suggests that ER stress signalling 

pathways are associated with pathways leading to apoptosis.
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Figure 5.12. Increased expression of ER and Golgi genes and activation of the unfolded 
protein response (UPR) in PEL and plasma cell tumours.
A. Detail of the ER and UPR cluster (Figure 5.5), which has the highest expression in plasma cell 
derived tumours (red) but also increases in PEL cells (orange). Genes whose products have a 
role in ER or Golgi function or vesicle trafficking are highlighted in red.
B. Mean log(2) expression ratio of all genes in the ER and UPR cluster. An initial increase in 
gene expression is seen in the anaplastic-DLBCL cell line DEL and in PEL cells (between vertical 
lines) and a further increase in plasma cell-derived tumours. The dashed line shows the median 
expression level of all genes in each sample.
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Upon induction of ER stress, ATF6 (90 kD) moves from the ER to the Golgi where it is 

cleaved by site 1 and site 2 proteases (SIP and S2P) giving a 50 kD form (Ye et ai,

2000), which translocates to the nucleus to activate the UPR (Haze et ai, 1999). Western 

blotting was used to confirm the presence of the active 50 kD form of ATF6 in PEL cells 

(Figure 5.13). This revealed that the active form of ATF6 is expressed strongly in the 

anaplastic-DLBCL derived cell line DEL, PEL cells and MM derived cell lines. The 

amount of active ATF6 correlates with SIP and ATF6 mRNA levels as determined by 

cDNA arrays. The inactive 90 kD form can be detected in all samples after longer 

exposure to film. Taken together with the array data, this indicates that the UPR, which 

leads to up-regulation of the plasma cell transcription factor XBP-1, is activated in PEL 

but not to the same extent as MM or PCL.
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Figure 5.13. Expression of ATF6 protein measured by western blotting.
The active 50 kD form of ATF6, which induces the UPR, is expressed strongly in the anaplastic- 
DLBCL derived cell line DEL, PEL cells and multiple myeloma derived cell lines. Weak 
expression of the 90 kD form can be detected in all samples by longer exposure to film. The 
positions of molecular weight markers are shown on the left. Protein levels correlate with ATF6 
and SIP mRNA expression measured using microarrays (shown below).
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The PEL expression signature contains genes that are over-expressed in PEL cells or in 

both PEL and plasma cell tumours (Figure 5.14). In addition, a number of genes are 

over-expressed in PEL are shared with all tumours of post-GC B-cells (Figure 5.11). 

Many of these genes form part of pathways other than the UPR that are also triggered by 

ER stress (red in Figure 5.14). Sterol regulatory genes such as SIP, sterol regulatory 

element binding protein (SREBP) cleavage-activating protein (SCAP), Niemann-Pick 

disease, type Cl (NPCl) and downstream genes (phosphatidylserine synthase, low 

density lipoprotein (LDL) receptor, lipoprotein lipase and caveolin) are all to be found in 

the PEL cluster. Genes involved in ER-associated degradation (ERAD) of misfolded 

proteins (reviewed in Brodsky and McCracken, 1999), such as components of the ER 

translocon (signal sequence receptor (SSR) 1 and 4), ubiquitination machinery and the 

26S proteasome, also show increased expression in PEL, MM and PCL cells. The PEL 

cluster also contains genes involved in inhibition of translation, such as eukaryotic 

initiation factor 2B (eIF-2B) and general control of amino-acid synthesis 1 (GCNl), and 

calpain and caspase 3 which are involved in the induction of apoptosis in cells with 

chronic ER stress (Nakagawa and Yuan, 2000, Siman et al, 2001). Both transformed 

plasma cells and PEL cells also over-express a number of other stress-associated genes. 

These include endothelial monocyte-activating protein 2 (EMAP2), antioxidant protein 1 

(ATXl), N-myc downstream regulated gene 1 (NDRGl), voltage-dependent anion 

channel 3 (VDAC3), selenoproteins P and W and HIF-ip.
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Figure 5.14. Detail of the central portion of the PEL cluster.
HUGO gene identifiers and gene names are indicated to the right of each row. These genes are 
over-expressed in PEL cells (orange) and malignant plasma cells (red). Genes whose products
have a role in ER or Golgi function, 
highlighted in red.

vesicle trafficking or ER stress response pathways are
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A number of genes associated with Alzheimer’s disease show an increase in their 

expression in PEL and plasma cell tumours (presenilin 1, nicastrin, caspase 3, 

butyrylcholinesterase, puromycin sensitive aminopeptidase, endothelin converting 

enzyme, galectin-3, 80K-H, Fe65, hydroxyacyl-Coenzyme A dehydrogenase, type II 

(HADH2), LDL-related protein-associated protein 1 (RAP) and alpha-catenin; Figure 

5.15). Presenilin 1 and nicastrin are ER-resident proteins that are thought to be part of the 

gamma secretase that cleaves the amyloid precursor protein (APP) to give amyloid beta 

peptide (Ap) (reviewed in Steiner and Haass, 2000) and the transcription factor APP 

intracellular domain (AICD) (Cao and Sudhof, 2001, Cupers et al, 2001, Kimberly et 

al., 2001). AICD, acting together with Fe65 appears to be involved in the regulation of 

ER calcium levels (Kim et al, 2002, Leissring et al, 2002). APP is also cleaved by 

caspase 3, butyrylcholinesterase, puromycin sensitive aminopeptidase and endothelin 

converting enzyme. The co-expression of these genes therefore suggests they may 

function in a single gene network, related to ER function, which shows increased activity 

in plasma cells. A number of other genes involved in ER calcium regulation, such as 
calnexin, calumenin, calmodulin, calreticulin, calpain and annexins I, V and VII, also 

increase in expression as tumour phenotype progresses to plasma cell.

 ̂ « - â ® ,
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LGALS3 Lectin, galactoslde-binding, soluble, 3 (galectin-3)
CASP3 Caspase 3
CASP3 C aspase 3
CASP3 C aspase 3
NCSTN KIAA0253 (Nicastrin)
PRKCSH Protein kinase C substrate 80K-H
LRPAPI Low-density lipoprotein-related protein-associated protein 1 (RAP)
PSEN1 Presenilin 1 (Alzheimer disease 3)
CTNNA1 Alpha-catenin
ECE1 Endothelin converting enzyme 1
NPEPPS Aminopeptidase (puromycin sensitive)
CAPN4 Calpain, small polypeptide
HADH2 Short-chain alcohol dehydrogenase (ERAS)
APBB2 Stat-like protein (Fe65)
BCHE Butyrylcholinesterase

Figure 5.15. Expression of genes associated with Alzheimer’s disease Increases In PEL 
and plasma cell tumours.
These genes form part of the PEL gene expression signature with the exception of HADH2, 
which is in the ER and UPR cluster.
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5.2.7 Anti-viral response against KSHV and EBV type III latency

Two clusters of genes are enriched for those with known anti-viral properties or that are 

induced by interferon (Figure 5.16A and labelled Anti-viral I and II in Figure 5.5). The 

anti-viral clusters contain genes that act within cells to inhibit virus replication, such as 

myxovirus resistance protein A (MxA), PKR, double-stranded adenosine deaminase, 

IRF-3, IRF-8 , STATl (reviewed in Samuel, 2001), beclin 1 (Liang et ai, 1998), Bax 

(Balachandran et al, 1998, Cuconati et al, 2002) and interferon-inducible protein 9-27 

(Constantoulakis et al, 1993, Alber and Staeheli, 1996). The anti-viral cluster also 

contains the cytokines interferon-induced 17 kD protein (interferon stimulated gene 

(ISG) 15) and small inducible cytokine A3, which are released upon virus infection 

(Cook et al, 1995, D'Cunha et al, 1996, Domachowske et al, 2000). Genes responsible 

for antigen presentation are also contained within the anti-viral clusters. The interferon- 

induced components of the proteasome, PSME2 (PA28 beta), PSMB8  (large 

multifunctional protease 7 (LMP7)), PSMBIO (multicatalytic endopeptidase complex-1 

(MECl-1)), cluster together as do the MHC class I genes HLA-A, B and C, also induced 

by interferon.

All these genes show strong expression in EHEB and BONNA-12, two cell lines 

established by in vitro infection with EBV. Upon infection, EBV establishes type III 

latency (section 1.1.2.1), and the transcription of EBV type III latency genes in these cell 

lines is confirmed by the array (Figure 5.4A). The EBV infected BL cell lines Raji, DG- 

75 and Namalwa and the primary BL tumour sample BEL do not activate these anti-viral 

and interferon-inducible genes. Therefore, the restricted gene expression of type I latency 

avoids the induction of an anti-viral response in the host cell. Similar to EBV type III 

latency, KSHV infected PEL cells also show activation of anti-viral genes. The degree to 

which these genes are activated varies slightly between different PEL samples, with the 

lowest expression in HBL- 6  and the highest in BCP-1 (Figure 5.16B). In latent PEL cell 

cultures the expression of anti-viral genes follows the total activity of the KSHV genome 

but not one particular gene class (classes shown in Figure 4.12). The limited increase in 

the level of anti-viral gene expression observed after the induction of lytic replication in 

HBL- 6  suggests that the anti-viral response observed in latent PEL cultures is not from a 

minority of spontaneously lytic cells.
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Figure 5.16. Induction of anti-viral genes in EBV type III latency and KSHV infection.
A. These clusters of genes are marked in Figure 5.5 and are over-expressed in PEL cells 
(orange) and cells in which EBV expresses type III latency genes (green). EBV type I latency in 
BL avoids this anti-viral response. Genes in red have documented anti-viral functions, are 
induced by interferon or bind viral proteins.
B. Comparison of the mean expression profile of the anti-viral genes taken from (A) (names in 
red) with KSHV gene expression classes (from Figure 4.12). The induction of lytic replication with 
TPA only weakly induces the expression of anti-viral genes.

244



5.2.8 PEL cells over-express genes involved in inflammation, adhesion  and 

invasion

PEL presents in the serous body cavities and thus has quite a different pathology to 

tumours derived from plasma cells. PEL is also unique among the samples analysed in 

being infected with KSHV. A Mann-Whitney U test was therefore used to find which 

genes distinguish PEL from other B-cell tumour types (Figure 5.17). Most of these genes 

are also found in the PEL cluster (Figure 5.14). Many of the genes are involved in 

inflammation, adhesion and invasion (blue in Figure 5.17). Inflammatory genes include 

leukotriene A4 hydrolase, lysophophatidic acid acyltransferase alpha, 80K-H, IL-2 

receptor beta, GTP cydohydrolase, aminopeptidase P and the complement membrane 

attack complex inhibitor CD59. The presence of CD59 on the surface of HIV (Saifuddin 

et al, 1995, Nakamura et al, 1996), HCMV (Spear et al, 1995), vaccinia virus 

(Vanderplasschen et al, 1998) and porcine endogenous retrovirus (PERV) (Takefman et 

al, 2002) is thought to protect these viruses from complement. Therefore, the acquisition 

of surface CD59 from PEL cells may also protect KSHV.

A number of genes over-expressed in PEL are specifically involved in leukocyte 

adhesion and extravasation during inflammation such integrin a 6  (CD49f) and integrin 

(31 (CD29). Genes implicated in matrix remodelling, invasion and metastasis are also 

associated with PEL. These include calgizzarin, pM5 protein, EMMPRIN (CD 147), 

tissue inhibitor of metalloproteinase 2 (TIMP2), autotaxin, trypsin 2 and metastasis 

associated 1 (mtal). Some of the over-expressed genes, such as activin A receptor type 

Il-like 1 , endothelin converting enzyme 1 , angio-associated migratory cell protein and 

autotaxin, have been shown to have angiogenic properties.

Genes encoding for ER, Golgi and vesicle trafficking proteins are also highly expressed 

by PEL cells as previously discussed (red. Figure 5.17). These genes do not include those 

in the ER and UPR expression signature (Figure 5.12A), consistent with this pathway not 

being fully active in PEL cells.
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Figure 5.17. Identification of genes that define PEL.
Ordering of 1934 genes by the significance of their association with PEL (left hand side) using a 
Mann-Whitney U test. The top 100 genes are enlarged to the right. Each column represents one 
sample (named, PEL in red) and each row one gene (identified by HUGO ID and gene name). 
The p-values are shown on left hand side of each row. The majority of human genes can be 
classified by their involvement in either inflammation, adhesion and invasion (blue) or ER, Golgi 
and vesicle trafficking (red). KSHV genes, which act as positive controls for this analysis, are in 
green.
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5.2.9 PEL cells express VLA-6

Statistical analysis using a Mann-Whitney U test (Figure 5.17) revealed that integrin a 6  

(CD49f) and integrin (31 (CD29) are both over-expressed by PEL cells (p=5.31xl0‘̂  and 

1,08x10'^ respectively, the value for integrin a 6  is lower due to its low expression by 

BC-3). Together these integrins form the laminin binding protein very late antigen- 6  

(VLA-6 ). Integrin a 6  contributes to the invasive properties of certain tumour types 

(Cress et al., 1995). Interaction of VLA- 6  with laminin may contribute to the localization 

of eosinophils (Georas et al, 1993) and ThI cells (Colantonio et al, 1999) at 

inflammatory sites (Georas et al, 1993). Flow cytometry confirms increased expression 

of integrin a 6  on PEL cells compared with cell lines derived from other B-cell tumours 

(Figure 5.ISA). All samples tested express surface integrin pi (Figure 5.18B). Integrin 

a 6  expression determined by microarrays predicts the intensity of cell-surface staining 

measured by flow cytometry (r=0.73, p<0.001, Figure 5.18C). Therefore PEL cells are 

unique amongst the samples tested in having consistent VLA- 6  expression and can be 

exclusively defined as CD138-f- CD49f+.
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Figure 5.18. High expression of VLA-6 on PEL celis.
A. Cell surface integrin aS (CD49f) expression measured by flow cytometry as isotype control 
subtracted mean intensity (in arbitrary units). PEL cells (indicated by tfie fiorizontal black bar) 
express high levels of integrin aS relative to other B-cell lines tested (except Raji). Cells are 
ordered by B-cell stage as defined by gene expression profiling.
B. Cell surface expression of integrin pi (CD29), the partner of integrin a6 in VLA-6, measured 
by flow cytometry as isotype control subtracted mean intensity. All cell lines tested express 
integrin pi at varying levels.
C. Integrin a6 mRNA level determined by microarray analysis correlates with cell surface 
expression of integrin aS measured by flow cytometry (r=0.73, p<0.001).
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5.2.10 PEL is sensitive to vitamin D anaiogue drug EB 1089 (Seocalcitoi).

Similar to malignant plasma cells, PEL exhibits elevated expression of the vitamin D 

receptor (VDR) (Figure 5.14). It has been shown that multiple myeloma is sensitive to 

growth inhibition by the vitamin D analogue EB 1089 in vitro (Seocalcitoi) (Puthier et 

al., 1996). The microarray data therefore suggest that PEL cells are also sensitive to 

vitamin D analogue drugs. To test this hypothesis, the effect of EB 1089 on cell 

proliferation of a number of different B-cell lines was tested in vitro (Figure 5.19A). Cell 

growth of the PEL cell lines BC-3 and HBL- 6  and the MM cell lines RPMl-8226 and 

NC1-H929 are inhibited by EB 1089 in a dose-dependent manner. EB 1089 also inhibits 

the growth of the cell line L-428, derived from classical HL, although this is not dose 

dependent. Tumour cells representing earlier stages of B-cell development, such as GC- 

like DLBCL, BL and CLL, are refractory to growth inhibition. Therefore, the sensitivity 

of tumour cells to anti-cancer drugs can be governed by the stage of B-cell development 

from which they are derived. Similarly, the clinical sample PEL-SY, classified as PEL 

by microarray analysis (section 5.2.3), is sensitive to EB 1089 whereas BEL is 

insensitive, consistent with it being Burkitt’s-like in nature (Figure 5.19B). Therefore, 

although resembling PEL clinically, this tumour is not only derived from a different 

stage of B-cell development but also possesses a different pharmacological profile to 

PEL. The decreased sensitivity of PEL cell lines compared with PEL-SY may reflect the 

acquisition of mutations during culture. The relative level of VDR expression measured 

by the array predicts the sensitivity to EB 1089 (p=0.00015. Figure 5.19C). Cells fall into 

two main groups: responders and non-responders, which can be distinguished by VDR 

expression.
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Figure 5.19. PEL is sensitive to the vitamin D anaiogue drug EB 1089 (Seocaicitoi).
A. [^H]-thymidine incorporation as percentage of no drug control after addition of EB 1089 at 
concentrations increasing at half logio intervals from 0.1 nM to 100 nM (means and SDs shown, 
n=3). Growth with no drug is represented by the dashed line at 100%. Growth of the classical HL 
cell line L-428, the PEL cell lines BC-3 and HBL-6 and the MM cell lines RPMI-8226 and NCI- 
H929 are inhibited by EB 1089. The cell lines Karpas-422, Raji and EHEB, derived from earlier 
staæs of B-cell development, are refractory.
B. pH]-thymidine incorporation represented as in (A) for the primary samples PEL-SY (empty 
squares) and BEL (filled squares). PEL-SY is sensitive to EB 1089 whereas BEL, which has the 
phenotype of Burkitt’s lymphoma, is refractory.
C. Vitamin D receptor expression, measured using DMA microarrays, predicts the maximal 
growth inhibition induced by EB 1089 (p=0.00015). Cells fall into two main groups: responders 
(solid circle) and non-responders (dashed circle), which can be distinguished by vitamin D 
receptor expression.
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5 . 3  D i s c u s s i o n

Gene expression profiling assembles a spectrum of B-cell neoplasia in which tumours 

are ordered by stage of B-cell development, from pre-B-cell to plasma cell. This ordering 

is inherent in, and solely dependent on, the gene expression pattern of the samples. The 

developmental stage from which a tumour is derived governs its pathogenesis and 

clinical presentation (section 1.1,3). DNA microarrays demonstrate that the global gene 

expression pattern of tumours matches the B-cell stage from which they derive (Alizadeh 

et ai, 2000, Klein et al, 2001, section 1.3.5). This is consistent with the model that 

malignant B-cells are frozen at discrete developmental stages (Greaves, 1986). This 

dataset reassembles these stages to reveal how differences in gene expression pattern 

may explain PEL pathology and reveal the processes behind plasma cell development.

The clustering of cell lines derived from CLL and HCL suggests these two diseases are 

related, consistent with previous data. Both are predominantly disseminated, chronic 

slow growing diseases in vivo whose tumour cells display an activated phenotype 

(reviewed in Pettitt et al, 1999, Jaffe et al, 2001). The microarray data suggest the 

characteristics of these diseases are caused by low expression of proliferation-associated 

genes and high expression of B-cell activation genes. Both CLL and HCL are suggested 

to be derived from memory B-cells (Kuppers et al, 1999, Klein et al, 2001) and the data 

show that both cell lines express genes involved in CD40 signalling, necessary for 

memory B-cell development (Gray et al, 1994). However, the gene expression pattern of 

these cell lines is influenced by the expression of EBV LMP-1 (Figure 5.4). EBV LMP-1 

mimics signalling from CD40 to activate NF-kB (section 1.1.2.1). The similarity 

between gene expression in LMP-1 expressing cells and the classical HL cell line L-428 

(EBV negative), supports a role for LMP-1 in classical HL pathogenesis. Similarly, the 

clustering of the cell lines L-428 and DEL (anaplastic-DLBCL), both reference cell lines 

for their respective diseases, is consistent with the recognised overlap between these two 

cancer types (section 1.1.3.4).
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5.3.1 KSHV may promote plasma cell development

Microarray analysis of gene expression shows that PEL has a gene expression profile 

similar to transformed plasma cells. This is consistent with the expression of CD138 and 

IRF4 in the absence of B-cell markers. It has been suggested that PEL constitutes two 

diseases (Matolcsy et al, 1998), as some cases have mutated Ig genes whereas others are 

germline. Also, although PEL cells share CD 138 expression with plasma cells, this 

antigen is also expressed on some pre-B-cell and GC B-cell derived cell lines (Drexler, 

2001). The data presented in this chapter show that PEL is actually one disease, which 

has a gene expression profile similar to transformed plasma cells. All cases examined 

share an expression profile regardless of whether the cells have passed through the GC. 

Similarly, CLL cases also share a common general expression pattern that is independent 

of Ig hypermutation (Klein et al, 2001, Rosenwald et al, 2001). Taken together, these 

studies suggest that B-cells activated by antigen in extrafollicular sites pass along the 

same pathway of B-cell differentiation as B-cells leaving the GC, and due to this, give 

rise to the same tumour types.

EBV is thought to control the development of its B-cell host by mimicking cellular 

signalling pathways and guiding it towards a memory B-cell in which latent virus can 

persist (section 1.1.2). EBV infected tumours can arise when virus induced B-cell 

activation is not controlled (section 1.1.3). KSHV associated tumours may therefore arise 

in an analogous manner. However, the low expression of the NF-KB signature in PEL 

cells compared with EBV LMP-1 expressing cells suggests that KSHV is not driving 

PEL cell growth though this mechanism. The expression pattern of PEL cells suggests 

that KSHV may act to direct B-cells towards a plasma cell fate. The expression of 

unmutated IgM by KSHV infected B-cells in MCD has lead to the suggestion that these 

cells are naïve (Dupin et al, 2000, Du et al, 2001). However, the morphology of these 

cells suggests they could instead be derived from extrafollicular plasmablasts. Both 

KSHV-associated B-cell tumours may therefore be blocked at stages along the plasma 

cell developmental pathway. This may point to long-lived plasma cells (Miller, 1964, 

Manz et al, 1997, Slifka et al, 1998) being the reservoir of latent KSHV infection. 

These cells have been shown to survive for over 1 year in mice (Slifka et al, 1998), a 

large proportion of this animals’ lifespan. The array data in this chapter show that a 

number of cellular homologues of KSHV genes are increased in post-GC cells (v-cyclin - 

cyclin D2, vFLlP - FLIP, vlRF3 -  1RF4, vBcl-2 - Mcll and vCBP - CD59). KSHV also
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encodes an IL- 6  homologue (vIL-6 ) that can prevent plasmacytoma cell apoptosis 

(Moore et al, 1996a, Nicholas et al, 1997b) and promote proliferation of myeloma cells 

(Burger et al, 1998) and plasma cells (Aoki et al, 1999). Therefore, KSHV may have 

pirated some host genes in order to help the virus direct B-cell development towards 

plasma cells. That KSHV may promote plasma cell development is supported by the 

induction of IRF4, a transcription factor necessary for the formation of Ig-secreting B- 

cells (Mittrucker et al, 1997), after KSHV-infection of haematopoietic stem cells 

(Mikovits et al, 2001).

5.3.2 Anti-viral gene activity relates to pa tterns of virus gene expression

The expression pattern of anti-viral and other interferon-inducible genes suggests that 

EBV type I latency does not trigger an anti-viral response. This could be due to the direct 

inhibition of PKR by EBER-1 (Sharp et al, 1993). Also, EBV growth promoting genes 

are not expressed in type I latency and so the infected cell holds no inunediate risk for 

the organism. Type III latency, characterised by expression of LMPs and EBNAs 2 and 

3, is associated with an anti-viral response. This has also been observed by microarray 

analysis of LCLs (Carter et al, 2002). Type III latency genes induce cell proliferation 

and are therefore pathogenic. This relationship between virus pathogenesis and 

expression of interferon-inducible genes is also apparent when comparing gene 

expression profiles from a number of virus infections (section 1.3.7.1).

The proximity of the anti-viral cluster and the NF-kB cluster in the ordering of genes 

(Figure 5.5) suggests that the induction of an anti-viral response may be related to the 

activation of NF-kB by LMP-1. Activation of NF-kB is observed upon infection of many 

viruses (reviewed in Baeuerle and Henkel, 1994). NF-kB is activated by PKR (Kumar et 

al, 1994, Yang et al, 1995) and induces the transcription of IFN-P (Lenardo et al, 1989, 

Visvanathan and Goodboum, 1989, Kirchhoff et al, 1999) and ISO 15 (Li et al, 2001) 

Therefore, activation of anti-viral pathways may be an unavoidable consequence of NF- 

kB activation and thus may constitute a cellular protection mechanism.

Transcription of anti-viral genes is also activated in KSHV-infected PEL cells. This 

suggests that the KSHV latency programme observed in PEL may be equivalent to EBV 

type III latency. LNA-1 up-regulates the expression of a small number of interferon- 

inducible genes when expressed in isolation (Renne et al, 2001), suggesting it may be
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contribute to the induction of the anti-viral response observed in this study. The 

induction of lytic replication in HBL- 6  leads to increased expression of anti-viral genes, 

an observation that has also been made in KSHV-infected DMVECs (Poole et al, 2002). 

This is consistent with the increase in viral gene expression during lytic replication. 

However, this induction is weak relative to the level of lytic gene expression (Figure 

5.16B) suggesting that the anti-viral response observed during latency is not due to the 

spontaneous induction of lytic replication in a proportion of cells.

The clustering of genes of unknown function with those that inhibit virus replication 

suggests that these too have anti-viral functions (Figure 5.16A). The increase in cyclic 

adenosine monophosphate (cAMP) levels that precedes the establishment of the anti

viral state (Meldolesi et al, 1977, Hubbell et al, 1991) may be mediated by adenylyl 

cyclase-associated protein (CAP). The lymphoid-specific SPlOO homologue A 

(LYSPIOO-A) co-localises with PML protein in the nucleus. PML protein is induced by 

interferon and contributes to interferon-induced apoptosis (Quignon et al, 1998). 

Phorbolin 1 is a homologue of CFM15, a protein that inhibits the replication of HIV-1 in 

the absence of virion infectivity factor (Vif) (Sheehy et al, 2002).

5.3.3 PEL gene expression  helps explain Its pathology

Genes that are most able to define PFL by their over-expression are involved in 

inflammation, adhesion and invasion. The expression of genes encoding inflammatory 

mediators correlates with data showing that PFL cells constitutively produce cytokines 

(Drexler et al, 1999). The over-expression of a number of FR stress associated pathways 

in PFL cells instead of a complete UPR may be related to the co-expression of 

inflammatory genes as FR stress can lead to the activation of pro-inflammatory genes via 

the FR overload response (FOR) (reviewed in Pahl, 1999).

It has previously been shown that PFL does not express B-cell adhesion molecules, 

possibly explaining why cells do not aggregate and therefore present as effusions 

(Boshoff et al, 1998). Array data confirm that PFL expresses low levels of integrin P2 

(CD 18) and integrin aL (CD 11a), consistent with a plasma cell phenotype. However, 

PFL expresses high levels of other adhesion molecules, such as VLA-6 , galectin-3 and 

FMMPRIN (CD 147). Flow cytometry confirms the high expression of VLA- 6  on PFL 

cells relative to other tumour types. VLA- 6  expression has also been documented in
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other PEL cases (Carbone et al, 1998a, Carbone et al, 2000a). Integrin a 6  contributes to 

the invasive properties of certain tumour types (Cress et al, 1995). Interaction of VLA-6  

with laminin may contribute to the localization of eosinophils (Georas et al, 1993) and 

ThI cells (Colantonio et al, 1999) to inflammatory sites. Galectin-3 is involved in 

neutrophil extravasation (Sato et al, 2002) and may be a positive regulator of 

inflammatory responses in the peritoneal cavity as knockout mice consistently develop 

fewer inflammatory cell infiltrations in the peritoneal cavities (Hsu et al, 2000). 

Therefore, the genes over-expressed by PEL help explain their unusual site of 

presentation. The data suggest a model where PEL cells home to sites of inflammation 

where they extravasate and migrate to the body cavities. If PEL cells posses a normal 

cellular counterpart it may be a type of plasma cell or plasmablast that is targeted to sites 

of inflammation and defined by CD 138 and VLA- 6  expression.

This suggests a model to describe how KS may develop. KSHV-infected plasma cells 

home to sites of inflammation, such as precursor KS lesions, where they extravasate. 

Contact-dependent transfer of KSHV from PEL cells to endothelial cells has been 

demonstrated in vitro (Sakurada et al, 2001). Therefore, extravasation is a possible 

means by which the KSHV-positive endothelial cells observed in KS become infected. 

The expression of inflammatory mediators by KSHV-infected plasma cells may be 

responsible for the high concentration of cytokines and inflammatory cells observed in 

KS (section 1.2.5.1). These factors would attract more KSHV-infected plasma cells to 

the developing lesion, thus increasing KSHV infection of the endothelium in a paracrine 

manner.

5.3.4 The p ro cesses  underlying plasm a cell differentiation and their s ta tu s  

in PEL

Comparing tumours from all stages of B-cell development has revealed the changes in 

expression pattern that govern a plasma cell phenotype. All post-GC tumours express 

Blimp-1 mRNA, consistent with the documented expression of the protein in B-cells 

leaving the GC (Angelin-Duclos et al, 2000). However, Blimp-1 is only expressed at 

high levels in PEL, MM and PCL. Blimp-1 promotes plasma cell development through 

the repression of genes involved in mature B-cell function (Shaffer et al, 2002). The 

microarray data presented in this chapter shows that PEL cells share the low expression
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of these genes with plasma cells. Therefore, the B-cell type from which PEL is derived 

has completed this stage of B-cell development.

Plasma cell tumours express high levels of ER and Golgi genes, consistent with the 

expansion of these organelles observed during differentiation of B-cells in vitro (Wiest et 

al, 1990). The genes of the ER & UPR signature may connect ER stress to plasma cell 

differentiation and Ig secretion through XBP-1. The clustering of numerous ER, Golgi 

and trafficking genes with those known to be induced by the UPR indicates that the UPR 

affects the whole secretory pathway in plasma cells, as has found to be the case for yeast 

(Travers et al, 2000). The co-expression of genes involved in ATP synthesis is 

consistent with the increased amounts of energy required for secretory protein 

biogenesis.

XBP-1, induced by the UPR, acts downstream of Blimp-1 to activate plasma cell 

development (Reimold et al, 2001, Shaffer et al, 2002). Therefore, the activation of the 

UPR in PEL cells, due to the expression of SIP and the active nuclear form of ATF6 , 

suggests that PEL cells have begun plasma cell differentiation. However, the limited up- 

regulation of the ER and UPR cluster in PEL compared with MM and PCL could signify 

a block in this final stage of B-cell development.

Under conditions of ER stress, XBP-1 mRNA is alternatively spliced by high inositol- 

requiring protein 1 (IREl) to produce a more highly active transcription factor (Yoshida 

et al, 2001, Calfon et al, 2002, Lee et al, 2002). The limited up-regulation of the ER 

and UPR cluster in PEL compared with MM and PCL suggests that this has not occurred 

in PEL. The UPR may be triggered in plasma cells due to the production of secreted Ig. 

Therefore, the limited activation of the UPR in PEL cells may be related to the lack of Ig 

protein (Cesarman and Knowles, 1999) and the low expression of Ig X light chain and J 

chain (Figure 5.9B). However, the production of the active form of ATF6  is not 

dependent on extensive Ig synthesis (Figure 5.13).

The co-expression of genes involved in Alzheimer’s disease suggests they may function 

in a single gene network in plasma cells. The expression pattern indicates this may be 

related to ER homeostasis. It is not clear whether wild-type presenilin 1 has a role in 

induction of the UPR (Katayama et al, 1999, Niwa et al, 1999, Sato et al, 2000, 

Katayama et al, 2001, Siman et al, 2001) and its expression pattern in the PEL cluster
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would suggest otherwise. Alzheimer’s associated genes may be involved in regulation of 

ER calcium levels via AICD and Fe65 (Cao and Sudhof, 2001, Kimberly et al, 2001, 

Kim et al, 2002, Leissring et al, 2002). This study shows that a number of other genes 

involved in ER calcium regulation, such as calnexin, calumenin, calmodulin, calreticulin, 

calpain and annexins I, V and VII, also increase in expression as tumour phenotype 

progresses to plasma cell. A function for Alzheimer’s genes in B-cell calcium regulation 

is also supported by the description of perturbed calcium homeostasis in peripheral 

lymphocytes from Alzheimer’s patients (Eckert et al, 1997). Dysregulation of these 

genes in malignant plasma cells could account for the amyloidosis that develops in a 

subset of multiple myeloma patients (reviewed in Jaffe et al, 2001).

5.3.5 The plasm a cell phenotype of PEL su g g e s ts  novel therap ies

The results in this chapter demonstrate that expression data can be used to predict drug 

efficacy. For all samples tested, gene expression profiling is able to correctly predict 

responsiveness to the vitamin D analogue EB 1089 from the expression level of VDR. 

This suggests that microarrays could be used for high-throughput pharmacological 

profiling of samples and to reveal which known drug targets are available for therapy.

The high expression of VDR in PEL and its sensitivity to growth inhibition by EB 1089 

are consistent with a plasma cell derivation. The mechanism responsible for the 

reduction in cell growth may be the inhibition of the production of IL- 6  (Muller et al, 

1991, Masood et al, 2000), a growth factor for PEL (Asou et al, 1998). The ability to 

predict drug sensitivity from expression data in this way suggests that the high 

expression of lung resistance protein (Irp) and CD59 in PEL (Figure 5.11) could render 

the tumour resistant to melphalan (Filipits et al, 1999) and rituximab (Treon et al, 2001) 

respectively.

KS-derived cell lines and primary KS also express high levels of VDR and are sensitive 

to the active form of vitamin D, la25 dihydroxy vitamin D3 (Masood et al, 2000). 

Therefore vitamin D analogue drugs may be a promising therapy for all KSHV- 

associated diseases.
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5.4 Summary of Chapter 5

1. Gene expression profiling assembles B-cell lines by tumour type and stage of B- 

cell development.

2. This allows the classification of clinical samples.

3. All cases of PEL share an expression profile regardless of Ig mutation status.

4. The PEL-like, but KSHV negative, cell line DS-1 is derived from a plasma cell.

5. The gene expression profile of PEL is most similar to tumours of plasma cells.

6. Blimp-1 is activated, and BCL-6 repressed, in PEL cells.

7. Plasma cells are characterised by high expression of ER and Golgi genes and 

activation of the UPR.

8. Genes associated with Alzheimer’s disease are over-expressed in PEL and 

plasma cell tumours.

9. EBV type III latency and KSHV infection are associated with an anti-viral 

response.

10. Genes involved in inflammation, adhesion and invasion show elevated expression 

in PEL.

11. PEL expresses high levels of integrin a6.

12. PEL is sensitive to vitamin D analogue drugs due to the high expression of VDR.
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Chapter 6 

Summary and directions for future research

In this thesis I have described the creation two DNA arrays and their use in the analysis 

of KSHV and host gene expression in PEL. Both arrays are sensitive and provide 

reproducible measurements of expression. I have demonstrated that array analysis 

reveals the ordered series of transcriptional changes that govern KSHV replication and 

the relationship between PEL and other B-cell tumour types.

PEL is a plasmacytoid tumour in which KSHV expresses three regulatory classes of 

genes; class I latent, class II latent and lytic. Lytic genes can be further divided into 

primary, secondary and tertiary lytic genes depending on the initial time of expression. 

This classification was made by measuring expression in PEL with minimal intervention. 

Although it would be a useful adjunct to monitor expression with inhibitors of translation 

and herpesvirus DNA polymerase, these disturb the system and, in the case of the 

inhibition of translation, have wide-ranging effects on the host cell. The expression 

pattern of almost 2000 human genes indicates that PEL is arrested at the final stage of 

plasma cell development. PEL shares with plasma cell tumours the low expression of 

genes involved in proliferation, B-cell signalling, GC B-cell development and NF-kB 

activation due to Blimp-1, but exhibits incomplete activation of the UPR, including 

XBP-1. It is the interaction between KSHV genes and this plasma cell environment that 

is likely to be responsible for PEL.

KSHV and EBV are both gammaherpesviruses and both infect B-cells. However, the 

differences between their genomes suggest they interact with their host cell in different 

ways. EBV-associated B-cell lymphomas are derived from stages along the memory B- 

cell development pathway (section 1.1.2). Memory B-cells are non-dividing, long-lived 

cells that EBV uses as a reservoir of latent infection. By analogy with EBV, KSHV may 

drive B-cells to differentiate into plasma cells. Like memory B-cells, plasma cells are 

non-dividing and can be long-lived (Miller, 1964, Manz et aL, 1997, Slifka et ai, 1998). 

KSHV could therefore use long-lived plasma cells as a reservoir of latent infection. This 

may be analogous to the use of neurons, also long-lived terminally differentiated cells, as 

latent reservoirs by HSV-1, HSV-2 and VZV.
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Some cases of PEL contain germline Ig genes (Matolcsy et al, 1998, Fais et al, 1999). 

All KSHV-infected plasmablasts observed in MCD also have germline Ig genes (Du et 

al, 2001). Therefore, KSHV may be able to activate plasma cell development from naïve 

B-cells independently of the GC. However, some cases of PEL have hypermutated Ig 

genes, indicating the precursor cells have passed through the GC. EBV is present in 80% 

of all incidences of PEL (Cesarman and Knowles, 1999) and, as for other EBV- 

associated B-cell lymphomas, these PEL cases all possess hypermutated Ig. This presents 

a dichotomy; if KSHV drives pre-GC B-cells to become plasma cells by the 

extrafollicular route, how do most cases of PEL become infected by EBV, which drives 

the normally mutually exclusive development of memory B-cells via the GC? There are 

two possible explanations for this. Firstly, both viruses infect the same pre-GC B-cells 

and the cell is driven to enter the GC. In the GC, KSHV-activation of plasma cell 

development overrides EBV activation of memory B-cell development and the cell 

leaves as a plasmablast. A second possibility is that KSHV is able to infect memory B- 

cells, including those already infected with EBV. KSHV then drives plasma cell 

differentiation resulting in a somatically hypermutated plasma cell. These can give rise to 

somatically hypermutated PEL that can be co-infected with EBV. The second hypothesis 

is the most probable for two reasons. Firstly, it is more likely that KSHV infects post-GC 

memory B-cells chronically infected with EBV than naïve B-cells acutely infected by 

EBV. Secondly, KSHV is never present in BL or classical HL suggesting these are 

derived from stages of B-cell development prior to KSHV infection. This second 

hypothesis suggests that co-infection of PEL with EBV is observed more often in AIDS 

patients because a higher proportion of the individuals memory B-cells are infected with 

EBV (Babcock eta l,  1999).

The data available suggest a model for the KSHV control of B-cell development (Figure 

6.1). This makes many assumptions and is highly speculative. However, the model is 

useful in acting as a guide for future research.
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Figure 6.1. A model for KSHV control of B-cell development.
Stages of B-cell development are represented as shown In Figure 1.2.
1. KSHV (red star) is transmitted in saliva or semen and infects naïve and memory resting B-cells 
through integrin a3p1. The expression of KSHV latency genes such as v-cyclin and v-FLIP 
causes B-cell activation by activating proliferation and NF-kB respectively.
2. KSHV directs proliferating lymphoblasts to form plasmablasts through the expression of vlL-6. 
KSHV-stimulated proliferation of naïve B-cells can lead to development of MCD at this stage. 
KSHV expresses varying class II latent genes depending on the B-cell type. Cells may also form 
plasmablasts in the GC although this process is not necessary for this model.
3. KSHV-positive plasmablasts (shown as either germline IgM or mutated and class-switched Ig) 
leave the follicles in the blood and home to sites of inflammation. Here, they differentiate into 
plasma cells by up-regulating genes of the UPR. PEL can derive during this transition from 
plasmablast to plasma cell.
4. These plasma cells drain from sites of inflammation in the lymph back to the lymphoid organs. 
KSHV-infected plasma cells can then form a reservoir of latent infection.
5. Stress signals, possibly indicating the end of the life of the host plasma cell, triggers KSHV 
lytic replication in the lymph nodes or sites of inflammation. This may lead to the infection of 
endothelial cells and the development of KS, which is often presented in the lymph nodes, 
mouth, nose and genitals. Virus could then be released from plasma cells and endothelial cells 
into the saliva or semen. The virus may also infect more B-cells in the lymph nodes. KSHV may 
also enter lytic replication in KSHV-infected plasmablasts, as observed in MCD.
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The stage of B-cell development represented by PEL could be analysed further by 

comparing its expression profile to that of normal B-cell subsets. The identity of KSHV- 

infected plasmablasts observed in MCD could also be elucidated by gene expression 

profiling, although their distribution in the tissue will dictate the use of laser-capture 

microdissection (Emmert-Buck et al, 1996) and RNA amplification (Van Gelder et al, 

1990, Baugh et al, 2001). Different B-cell subsets could be purified from the peripheral 

blood of individuals chronically infected with KSHV and tested for the presence of 

KSHV by PCR. The model predicts that KSHV will be detectable in GDI38+ VLA-6+ 

plasma cells. The number of these cells should also increase in immunodeficient patients, 

as is the case for EBV-infected memory B-cells (Babcock et al, 1999). Cells could also 

be sorted from tonsils to confirm that KSHV is able to infect naïve B-cells and memory 

B-cells. The model also predicts that KSHV-infected plasma cells home to sites of 

inflammation and will be present in KS tissue. EBV-infected memory B-cells home back 

to the tonsils where progeny virus is produced (Laichalk et al, 2002). As KS is often 

present in the mouth, nose or genitalia (reviewed in Boshoff and Weiss, 2002), this 

suggests that KSHV-infected B-cells may specifically home to these sites in order to 

transmit the virus. The importance of VLA-6 for PEL homing could be tested in mice or 

in vitro by examining binding to laminin.

Both array data and previous gene expression analyses suggest that like EBV, KSHV has 

different latency progranunes. KSHV class I latent genes appear to be expressed during 

latency in all KSHV-infected dividing cells. These genes, which include LNA-1, v- 

cyclin, v-FLIP and possibly K15, are thus analogous to EBV EBNAl, BARTs and 

EBERs. Class II genes include kaposin, KIO and vOX-2. These genes are expressed 

during latency in the cell line BC-3 and up-regulated during lytic replication in BC-3 and 

other PEL samples. The class II genes expressed in different KSHV infected cells may 

be variable. For example, KlO.5/10.7 is a lytic gene in BC-3 but may be latent in other 

PEL cell lines and in MCD (Rivas et al, 2001). Similarly, KIO may only be expressed in 

BC-3. vIL-6 behaves like a lytic gene in PEL but is expressed in a larger proportion of 

KSHV-infected plasmablasts in MCD (Staskus et al, 1999, Parravicini et al, 2000, 

Brousset et al, 2001, Du et al, 2001). Expression of these genes in individual latent PEL 

cells needs to be confirmed by other techniques such as in situ hybridisation and 

immunohistochemistry. The variation in KSHV expression patterns suggests the virus 

adopts different latency programmes in infected cells by varying the class II genes it
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expresses. Class II genes may therefore be analogous to EBNA2, 3A, 3B and 3C and 

LMP-1, 2A and 2B.

The KSHV array could be used to screen for latent genes in more PEL samples, KS and 

MCD and in endothelial cells infected in vitro. The identification of groups of co

regulated genes by cluster analysis will reveal both the number of latency programmes 

and the genes that they comprise. Once the arrays had identified a set of candidate genes, 

other techniques could then be used to verify expression of these genes in each disease. 

The analysis of the promoter sequences of each group of genes would provide 

information as to how expression of the KSHV genome is regulated.

The plasma cell phenotype of PEL has implications for the function of KSHV genes 

because this is the environment in which they have to operate, both during latency and 

during lytic replication. Also, EBV genes such as LMP-1 and LMP-2A mimic normal B- 

cell signalling pathways to activate memory B-cell development (section 1.1.2). 

Therefore, KSHV genes may act in a similar manner to activate plasma cell 

development. By analogy with EBV, the mimicry of host plasma cell signalling 

pathways by KSHV latent genes may promote lymphomagenesis. This provides a 

context for the future analysis of the functions of KSHV genes. The prime candidates for 

driving plasma cell development are those expressed during latency in PEL and MCD. 

One such candidate is vIL-6, which is expressed by plasmablasts in MCD (Staskus et al., 

1999, Parravicini et al., 2000, Brousset et al, 2001, Du et al, 2001). This gene could be 

tested to see whether it is able to induce expression of XBP-1, as it the case for its 

cellular counterpart (Wen et al, 1999). In addition, the expression of cyclin D2 and FLIP 

suggest these genes have important functions in late stages of B-cell development, 

providing a rationale for the piracy of these genes by KSHV and their expression during 

latency. Similarly, the function of IRF4 in plasma cell development suggests that one or 

more of the four KSHV-encoded IRFs may function in an analogous manner. The class I 

latent protein K15 may interact with plasma cell ER signalling pathways through 

interaction with ER localised HAX-1 (Sharp et al, 2002), which is in the ER and UPR 

cluster. EBV may express LMP-2A in memory B-cells to provide survival signals. 

Finally, the closest human homologue to vBcl-2 is the plasma cell survival factor Mcl-l 

(Puthier et al, 1999). Therefore, this class II latent KSHV gene could have a similar role 

to LMP-2A in KSHV-infected plasma cells. The plasma cell phenotype of PEL also has 

implications for KSHV lytic replication. KSHV latent proteins could promote plasma
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cell development so the virus can then utilise the well developed ER and Golgi apparatus 

for the rapid synthesis of large amounts of lytic viral proteins.

To understand how KSHV interacts with the host B-cell, it will be important to find 

which KSHV genes are expressed in normal B-cells subsets in vivo in addition to KSHV- 

infected tumours. This would also reveal whether KSHV expresses different sets of 

latent genes according to the stage of B-cell development and how this relates to the 

various tumour types. Expressed genes could be detected by RT-PCR or DNA array 

analysis of amplified RNA. For example, BC-3 expresses higher levels of class II latent 

genes than other PEL cases. It will be important to investigate whether this expression 

pattern is common to incidences of PEL with unmutated Ig genes and if KSHV adopts 

different latency programmes depending on whether the virus has infected naïve or 

memory B-cells. KSHV may not have to express as many genes in memory B-cells as in 

naïve B-cells because these differentiate into plasma cells more readily (Arpin et aL, 

1997). The assembly of in vivo infected B-cell subsets by stage of B-cell development 

will show how KSHV temporally regulates expression of its genome to control B-cell 

development. This could also be followed after infection of B-cells in vitro. The 

simultaneous analysis of host gene expression during KSHV infection will provide 

information on how the two genomes interact to control the fate of the host cell.
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