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Summary

Kaposi’s sarcoma-associated herpesvirus (KSHV) / human her-
pesvirus-8 is the causative agent of the endothelial cell-derived
tumour Kaposi’s sarcoma. Herpesviruses possess large complex
genomes which provide many options to regulate cellular physi-
ology during the viral life cycle and in the course of tumourige-
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nicity. Novel techniques of systems biology and reverse genetics
are increasingly applied to dissect the complex interaction of
KSHV with endothelial cells. This review will outline novel re-
sults and pitfalls of these technologies in the elucidation of
KSHYV pathogenicity.

Thromb Haemost 2009; 102: 1117-1134

Introduction

Kaposi’s sarcoma (KS) is a tumour that occurs in four different
epidemiologic forms (AIDS-KS, post-transplant KS, African KS
and classic KS). Of these, AIDS-KS is best known due to its dra-
matically and unexpectedly increasing incidence in industrial-
ised countries in the early 1980s, which heralded the outbreak of
the pandemic AIDS. The apparent association of KS with infec-
tions by the human immunodeficiency virus-1 (HIV-1) sug-
gested an infectious etiology of this tumour. This was confirmed
in further studies. However, rather than HIV-1, a formerly un-
known herpesvirus turned out to be the causative agent of KS (1).
The respective herpesvirus was called Kaposi’s sarcoma-associ-
ated herpesvirus (KSHV) or alternatively human herpesvirus 8
(HHV=-8). It was found to be associated with all of the different
epidemiologic forms of KS and also with the lymphoprolife-

rative diseases primary effusion lymphoma (PEL) and multicen-
tric Castleman’s disease (MCD) (2-5). Today it is generally ac-
cepted that KSHV is required for KS development, but that, with
the possible exception of classic KS, it is not sufficient to induce
the disease (6). The requirement of specific co-factors, such as
HIV-1 infection in the case of AIDS-KS, is illustrated by the sig-
nificant decline of KS incidence after the introduction of highly
active anti-retroviral therapy (HAART) for treatment of HIV-1
infection (7). Nevertheless, KS is still among the most com-
monly observed tumours in certain regions of central Africa and
a clinical threat for organ transplant recipients (8, 9). Therefore,
understanding the role of KSHV in KS pathogenesis is of clini-
cal importance and the subject of intense research.
Unfortunately, KSHV research is severely hampered by the
lack of an appropriate animal model system in which KSHV
transmission causes KS. Moreover, the large KSHV genome, en-
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coding more than 86 genes, provides a myriad of possibilities to
interfere with cellular signalling cascades in the course of the
viral life cycle and thereby become tumourigenic. Modern tech-
nologies of systems biology and reverse genetics are increas-
ingly applied in order to dissect the complex interaction of
KSHV with infected cells. In the following we will summarise
available results and potential pitfalls of these approaches with a
focus on studies in endothelial cells, which are most relevant for
KS pathogenesis.

Systems biology approaches to KSHV
pathogenesis

In the past decade important progress has been made with regard
to the availability of modern systems biology techniques to ana-
lyse the pathogenic activity of infectious agents in eukaryotic
cells. This includes high throughput approaches which allow the
analysis of the complete gene expression pattern of mammalian
cells and tissues at the transcriptome level with array technology
(10), methods to determine the complete proteome of mamma-
lian cells using high throughput mass spectrometry, protein
microarrays and differential 2D-gel electrophoretic procedures
(11, 12). Furthermore, it is possible to perform high throughput
analyses of protein interactions with yeast and mammalian two-
hybrid analysis and the tandem affinity purification (TAP)-tag
method (13-16) and high throughput transfection methods at the
microarray level to analyse gene functions in living cells (17).
All of these novel techniques have been applied in the past years
in order to determine the pathogenic function of KSHYV, both in
endothelial and in lymphatic cells.

Systematic analyses of KSHV gene expression

The first systematic analysis of gene expression in the KSHV
field aimed at the identification of the major viral genes express-
ed in KS and latently KSHV-infected BCBL-1 cells (18), which
were obtained from PEL (19). To this end, a library of the KSHV
genome consisting of nine overlapping genomic subfragments
was cloned in the bacteriophage lambda. The DNA was digested
and transferred to nylon filters and hybridised with radiolabelled
c¢DNA probes obtained from reversely transcribed mRNA from
KS and from BCBL-1 cells. This study indicated that KSHV
gene expression in the non-replicating phase is restricted to few
genes. A 1.1 kb transcript and a 0.7 kb transcript were both highly
expressed in KS and BCBL-1 cells. T1.1 turned out to be a non-
coding polyadenylated nuclear (PAN) RNA (also known as
nut-1) encoded by the K7 gene. T1.1 is the most abundant tran-
script of KSHV both in latent and lytic infection (20).
T0.7-mRNA was shown in subsequent studies to encode a splice
variant of the K12 gene, which encodes kaposin, a major latent
gene of KSHYV that is expressed highly in KSH V-infected cells in
vivo and in vitro (21, 22).

Another landmark paper before the microarray era investi-
gated the transcription pattern of KSHV genes in another PEL
cell line (BC-1), both after stimulation of the lytic replication
cycle by tetradecanoylphorbol acetate (TPA) and in latently in-
fected cells (23). Conventional northern blot analyses using large
probes that in most cases were not specific for individual genes

were used in this study (23). The work showed that the viral gene
expression program can be categorised into three different
classes: (i) class I genes, which are constitutively transcribed and
not affected by TPA. These included v-cyclin (vCY C/orf72), la-
tency associated nuclear antigen-1 (LANA-1/orf73) and the viral
Fas-associated death-domain like IL-1[B-converting enzyme
(FLICE)-inhibitory protein (VFLIP/K13). (ii) Class II genes,
which are transcribed prior to the activation of the lytic cycle but
are induced to a higher transcription level during the lytic cycle
(for example: nut-1/K7, T0.7/kaposin/K12, vIL-6/K2, vMIP-
1I/K4, vIRF-1/K9). (iii) Class I1I genes were primarily structural
and replication genes (major capsid protein/orf25, minor capsid
protein/orf26, orf6, orf21) and were transcribed only following
TPA treatment (23).

Array technology was used for the first time to analyse the
transcription program of KSHV in PEL cell lines (BC-3 and
BCBL-1) after TPA induction in three studies (24-26). Several
different time points (0—96 hours [h] [25] or 0—72 h [24], respec-
tively) were used after TPA induction. Target sequences were
generated by PCR from each single KSHV open reading frame
(orf). These were either spotted as approximately 350 bp frag-
ments on a nylon membrane (24) or as 200 — 1000 bp fragments
on poly-L-lysine glass slides (25).

These approaches allowed the specific characterisation of
the expression of each single KSHV-encoded gene. The results
obtained in the three studies were largely in agreement with each
other and with the results obtained by Sarid et al. (23). All studies
confirmed the region between the K13 gene and orf73 as the
major latently expressed locus of KSHV. Most genes with pre-
dicted immunomodulatory functions were grouped as immedi-
ate early or early genes (e.g. vVIL-6/K2 and vMIP-1I/K4) while
most structural genes (e.g. the capsid proteins orf25 and orf26)
were expressed late in the lytic cycle.

The first study investigating viral gene expression in en-
dothelial cells found a concurrent expression of latent and a li-
mited number of lytic genes shortly after the infection of the cells
(27). Interestingly, genes with immunomodulatory (vIL-6/K2,
vMIP-1I/K4, vMIR-2/K5, vMIP-I/K6 and vIRF-2/K11) and
antiapoptotic (VIAP/K7) functions were expressed early (2 h)
after infection together with the latent genes. The viral modulator
of immune recognition-2 (vMIR-2/K5) for example has been
shown to inhibit MHC-I, ICAM-1, and B7-2 expression thus
preventing elimination of infected cells by T- and NK-cells (28).
The expression levels of these genes started to decline already at
8 h after infection (27). These findings suggested that the tem-
porally limited expression of genes with immunomodulatory
and antiapoptotic functions shortly after the virus has entered the
cell may be crucial for the establishment of latent KSHV infec-
tion. In addition, differences between the expression pattern in
KSH V-infected human microvascular endothelial cells (MVEC)
and BCBL-1 cells in the presence of lytic induction were ob-
served. Expression of the orfs 32, 44, and 49 was detected in
MVEC but not in BCBL-1 cells, whereas expression of SOX/
orf37 was detected in BCBL-1 cells but not in MVEC. These re-
sults suggested that the transcriptional program of KSHV may be
different in endothelial cells as compared to lymphatic cells, as
has been observed for the differential expression of the latency
locus encoding VFLIP/K13, vCYC/orf72 and LANA-1/orf73 in
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KS tissues and lymph nodes in vivo (29). In addition, the differ-
ential expression of SOX/orf37 may be meaningfull, because
this gene regulates the shut-off of host transcription during the
Iytic cycle of KSHV (see below).

Impact of KSHYV infection on the transcriptome

of endothelial cells

The majority of transcriptome analyses investigated the impact
of KSHYV infection on the transcription pattern of the host cells.
Since KSHV-related diseases affect endothelial cells or B-lym-
phocytes, these two cell types were mainly used in these studies,
both in the presence of lytic and latent infection. However, it be-
came evident that virus infection induces significantly different
responses of cellular gene expression in both cell types, specifi-
cally in lytic infection. This may be partly due to the diffential ex-
pression of SOX/orf37 in both cell types. We will focus on
studies performed in latently infected endothelial cells.

In a first report, KSHV-infected MVEC were compared to
uninfected control cells (30). The authors used two commer-
cially available cDNA arrays representing 2,350 and 9,182
human genes, respectively. In both arrays between 1.0 and 2.2%
of all represented genes were up-regulated and between 1.2 and
1.8% were down-regulated more than two-fold. The most no-
table result arising from these studies was a significant up-regu-
lation of a large number of interferon-induced genes (STAT1, IFI
6-16, MxA, IFI 9-27). In addition, regulated genes were in-
volved in cytoskeleton arrangement, apoptosis, angiogenesis,
and immune regulation. The authors observed a reasonable cor-
relation of the most highly regulated genes on both arrays. Genes
that were detected to be regulated in both arrays encoded a
G-protein-coupled receptor (RDC1, up-regulated), bone mor-
phogenic protein-1 (BMP1, down-regulated), endothelial plas-
minogen activator inhibitor-1 (PAIl, down), connexin 37
(down), bone marrow stromal antigen-1 (BMS-1, down), cys-
tein-rich angiogenic inducer (IGFBP10/cyr61, down), BMP6
(down), and thrombin receptor (down), indicating that consisten-
cy was mostly due to down-regulated genes. However, signifi-
cant differences between the arrays were also seen. This is most
evident comparing the 20 most strongly up-regulated genes in
both studies, which only overlapped in the expression of RDCI
(Table 1). However, this partly may be due to non-overlapping
sets of genes used in both arrays.

In a similar approach Moses et al. used E6/E7-MVEC which
were immortalised with the human papillomavirus (HPV) genes
E6 and E7 (31) and infected these cells with KSHV (32). The au-
thors controlled infection and showed that after four weeks more
than 90% of the cells were latently infected. Using a cDNA
microarray harboring 4,165 human genes two KSHV-infected
E6/E7-MVEC lines were compared to uninfected control cells.
Since differences in the two lines became apparent, only those
genes were considered that were up- or down-regulated at least
1.8-fold in both lines. This resulted in 184 genes that were sig-
nificantly regulated. In contrast to the study by Poole et al. (30),
a massive induction of interferon-response genes was not ob-
served in these experiments. A possible explanation for this dif-
ference could be that E6 and E7 may counteract interferon-in-
ducing activity of KSHV. Genes up-regulated by KSHV in
E6/E7-MVEC had functions in leukocyte recruitment (MCP-1,

CCL14), cell shape regulation (neuritin, CDC42), angiogenesis
(VEGF-R2, CD36, plasminogen activator inhibitor 2), cell
growth (PCNA, CDC6 homologue) and tumourigenesis (PPARY,
c-Kit, c-Mer, Jun-D). The authors specifically focused on the up-
regulated proto-oncogene c-Kit, a receptor tyrosine kinase for
the ligand stem cell factor (SCF). They showed that treatment of
infected E6/E7-MVEC with exogenous SCF increased prolifer-
ation as compared to uninfected E6/E7-MVEC. Inhibition of
c-Kit activity with the inhibitor STI 571 decreased proliferation
in the presence of SCF and ectopic expression of ¢c-Kit in non-in-
fected E6/E7-MVEC induced a similar morphological trans-
formation as seen in E6/E7-MVEC after infection with KSHV.
This finding suggested that c-Kit may have an essential role in
KS tumourigenesis.

In a follow-up study the same group analysed the same cellu-
lar system of immortalised KSH V-infected E6/E7-MVEC with a
different, commercially available microarray containing 12,626
probe sets in order to find additional genes involved in the
spindle cell transformation process (33). Comparison of two
KSHV-infected E6/E7-MVEC lines with uninfected control
cells led to the identification of 97 up-regulated genes. Of these,
36 were found either by Poole et al. or by the authors themselves
before (30, 32). In order to identify new genes involved in tu-
mourigenesis the authors focused on six up-regulated genes
[RDC1, c-Kit, Neuritin 1, Lim-domain only 2 (LMO2), Oseo-
pontin (SPP1), c-Mer] and investigated whether the inhibition of
these genes with antisense oligonucleotides may result in sig-
nificant inhibition of focus formation in soft agar and of cell pro-
liferation. Inhibition of c-Kit and Neuritin 1, which were both
also found to be up-regulated by a previous study of these au-
thors and of the G protein-coupled receptor RDC1 (also found to
be up-regulated in the study by [30]) led to the strongest in-
hibition of focus formation and proliferation of KSHV-infected
MVEC. Small interference RNA (siRNA) mediated knockdown
of RDC1 and Neuritin 1 confirmed the antisense experiments. In
addition, the authors showed that over-expression of Neuritin 1
and RDC1 increased the tumourigenicity of NIH 3T3 in nude
mice. Finally, it was shown that RDC1 and Neuritin 1 expression
levels were comparable to those in KSHV-infected MVEC. Alto-
gether, these well controlled results suggested that RDC1, Neur-
itin 1 and c-Kit may be functional targets of the pathogenic activ-
ity of KSHV in KS.

It is known that KSHV enters target cells within minutes of
infection and regulates pre-existing host cell signal pathways
(34, 35). In order to characterise the early cellular response to
KSHYV infection Naranatt et al. used an oligonucleotide micro-
array representing 22,283 transcripts to screen for those host
genes that are modulated immediately (2 and 4 h) after infection
(36). The authors included MVEC, human foreskin fibroblasts
(HFF) and a human B cell line (BJAB) in their study. The percen-
tage of genes to be modulated at least two-fold was comparable
(1.72%) to the previous studies (30). Of note, more genes were
regulated in MVEC and HFF as compared to BJAB. Only 33
genes were found to be regulated across all cell types. Many
more genes were regulated in a cell type specific manner (be-
tween 102 and 239). A total of 154 genes were modulated in the
same way in at least two cell types. Interestingly, the correlation
of KSHV-induced transcription profiles was 10 times higher be-
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Table I: Cellular transcripts up-regulated in KSHV-infected endothelial cells.

Rank Poole et al., 2002’ Poole et al., 20022 Moses et al., 20023 Naranatt et al., 20044
order
I Neurogranin Incyte EST CC-chemokine 14 (CCLI4, Prostaglandin-endoperoxide
SCYAI4) synthetase 2 (Cox2)
2 Calgranulin B RDCI orphan G-protein- CD36 (thrombospondin receptor) | Interleukin 6
(migration inhibitory protein 14 coupled receptor (CXCR7)
3 CD14 monocyte Antigen identified by monoclonal Similar to ZN91 (H69048) SOCS-3 (suppressor of cytokine
differentiation protein antibody MRC OX-2 signalling-3)
4 Fibrinogen B beta MxA Novel (R69677) Stanniocalcin
5 Lipopolysaccharide binding protein | SOCS-3 (suppressor of cytokine | Similar to developmental protein Dual specificity
signalling-3) (W02617) phosphatase 5
6 IRF7 (interferon regulatory factor 7) Interferon-induced protein 56 (IFI-56) | MCP-1 (monocyte chemotactic Matrix metalloproteinase |
protein-1, CCL2, SCYA2)
7 RDCI G-protein-coupled Interferon-induced transmembrane Cytochrome P450, subfamily | Solute carrier family 2
receptor (CXCR7) protein 3 (1-8U)
8 Homeobox protein HB24 PLAT (tissue plasminogen activator) | Coxsackie virus/ IFN-stimulated T-cell alpha chemoat-
adenovirus receptor tractant (CXCLI 1, SCYBI )
9 Ubiquitin-conjugating enzyme Mal. T-cell Endothelial cell Early growth response |
E2HI10 differentiation protein multimerin precursor
10 Osteopontin Interferon alpha-inducible protein von Willebrand factor Interleukin 13
(IFI-6-16)
I Estrogen-related IGFBP5 (insulin-like growth factor | jun-D proto-oncogene Jun B
receptor alpha binding protein 5)
12 TIMPI Thromboinodulin Novel (R63109) ICAMI
13 Steroid 5-alpha Paired basic amino acid cleaving Neuritin Early growth response 3
reductase | system 4
14 Calgizzarin Complement component |, r Apolipoprotein D Urokinase plasminogen activator
subcomponent receptor precursor (UPAR)
I5 RIG-E (stem cell antigen 2) Nucleoside phosphorylase Novel (H80158) Sprouty (Drosophila) homologue 4
16 CBL-B 0:2-Macroglobulin Interleukin | receptor, type | Integrin, a2
17 Dual-specificity phosphatase-7 TGFf3 LIM domain only 2 Dual specificity phosphatase 6
(rhombotin-like 1)
18 Leukocyte elastase y-Tubulin complex protein 2 Solute carrier family 19, member | | Hypothetical MGC:5618 (BF575213)
inhibitor
19 MIP3b (macrophage inflammatory Interferon-induced transmembrane Similar to nonmuscle myosin Superoxide dismutase
protein, CCL23, SCYA23) protein | (9-27)
20 HIO5E3 protein IL-13 Amyloid beta precursor protein Phosphoprotein regulated by MAPK
pathways

Genes detected in at least two different studies are given in bold. Genes involved in the interferon and/or cytokine response are given in italics. 'Adult human dermal microvascular endothelial cells (MVEC)
were infected for three weeks with KSHV (> 90% of cells latently infected) and compared to non infected cells using Clontech Human Array |.2-l nylon filters which contains 2,350 probe sets. 2MVEC were in-
fected for two weeks by co-cultivation with one-tenth of infected cells described in footnote | (> 90% of cells latently infected) and compared to non-infected cells using Incyte Human UniGEM V2.0 microarrays
containing 9,182 sequence-veryified human cDNA clones. *MVEC immortalized by retroviral expression of the E6 and E7 genes of HPV type |0 were infected for four weeks with KSHV (> 90% of cells latently
infected) and compared to non-infected cells using arrays of 4,165 sequence verified IMAGE clones. Ranking was determined according to the mean of two independent experiments. Novel genes are given with
gene ID. *MVEC were infected with KSHV (at five viral genome copies/cell) for 4 h and compared to non infected cells using the human genome HG-U133A (Affymetrix, Santa Clara, CA) chip which represents

22,283 human genes.

tween MVEC and HFF than between MVEC and BJAB. A sig-
nificant difference between MVEC and HFF on one side and
BJAB on the other side was noted by the finding that in the two
first cell types a robust increase of IFN-induced genes including
OAS2, MxA, IFN regulatory factor (IRF)-1 and—7, IFN-induced
transmembrane protein-1, IFN-induced protein (IFI)-15 and
guanylate binding protein (GBP)-1 was observed suggesting the
induction of the innate immunity system. The increased ex-

pression of the large GTPase GBP-1 is of specific interest, be-
cause GBP-1 is induced in endothelial cells by the cytokines
present in KS (37) and was found to be expressed in KS tissues in
vivo (38). GBP-1 mediates the antiangiogenic effects of inflam-
matory cytokines on endothelial cells by inhibiting endothelial
cell proliferation (39), migration (40) and invasion (38) in vitro
and in vivo (41). Therefore, induction of GBP-1 may explain the
highly significantly reduced proliferation rates of KSHV in-
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fected as compared to non-infected endothelial cells in KS tissue
sections (Zietz and Stiirzl, unpublished observation).

Interestingly, the increase of such genes was not seen in the
lymphatic cell line BJAB, and the authors suggested that host
gene modulation may be different compared to the investigated
adherent cells. However, the observed differences in gene ex-
pression may be due to different susceptibility of these cells to
infection, a parameter which has not been analysed in this study.

Angiogenic molecules induced by KSHV infection in
MVEC included VEGEF-A, -C, thrombomodulin, matrix metal-
loproteinase-1, angiopoietin-related protein 4 and urokinase-
type plasminogen activator receptor; of these the latter and
VEGF-A have been shown to be expressed in KS tissues (42, 43).
A comparison with the data of Poole et al. (30) — in this study
MVEC were infected with KSHV for several weeks instead of 2
or 4 h and a different microarray was used —showed that 10 genes
were consistently up-regulated in both studies including the
genes encoding suppressor of cytokine signalling (SOCS)-3,
vEts, tissue plasminogen activator, IL-8, BCL-3, nucleoside
phosphorylase and tissue inhibitors of metalloproteinase-1. In
addition, there was agreement with respect to the activation of
the IFN-response; however, different interferon-responsive
genes were activated in both studies. A comparison of the 20
strongest up-regulated genes in the studies by Poole (30), Moses
(32) and Naranatt (36) only revealed two genes which were over-
lappingly found in at least two studies, RCD1 and SOCS-3
(Table 1). This difference may reflect different modes of infec-
tion and non-overlapping sets of gene probes used in the differ-
ent arrays. Considerating that numerous genes involved in in-
flammatory cytokine and interferon responses were increased in
all studies (Table 1, genes given in italics), the up-regulation of
SOCS-3 deserves specific attention. SOCS-3 is induced by vari-
ous cytokines, including IL-6, IL-10, and [FNy and known as a
negative regulator of cytokine signalling (44). For example,
SOCS-3 is essential in controlling the response to IL-6 (45) and
G-CSF (46). In this framework it will be interesting to investigate
whether SOCS-3 may partly counteract the antiangiogenic activ-
ities of certain cytokines in KSHV-infected endothelial cells in
the pathogenesis of KS.

Several studies used microarray analyses with a focus on sub-
sets of genes with biologically relevant activities in the frame-
work of KS pathogenesis. These studies investigated the cellular
differentiation and the angiogenic expression profile of KSHV-
infected endothelial cells. The impact of KSHV infection on en-
dothelial cell differentiation is of specific importance because
immunohistochemical analyses investigating the cellular origin
of KS spindle cells did not provide unequivocal answers as to
whether KS may originate from Iymph vessel or blood vessel en-
dothelial cells (47—49). In order to address this question the gene
expression of samples from KS, normal skin and various cell cul-
tures including blood vessel endothelial cells and lymphatic en-
dothelial cells was compared on oligonucleotide microarrays
(22,283 probe sets) (50). A total of 1,482 genes differentiated KS
from normal skin. Interestingly, this gene expression pattern was
more related to lymphatic endothelial cells as compared to any
other cell type tested. Of this signature 114 genes were selected,
which discriminated lymphatic endothelial cells from blood
vessel endothelial cells. Applying this signature to KSHV-in-

fected lymphatic and blood vessel endothelial cells showed that
the transcriptional program of the infected lymphatic endothelial
cells moved closer to the program of uninfected blood vessel en-
dothelial cells, whereas the transcription pattern of infected
blood vessel endothelial cells moved closer to that of uninfected
lymphatic endothelial cells. These findings were strongly sup-
ported by the fact that PROX1, the master regulatory transcrip-
tion factor of lymphatic endothelial cell differentiation (51), was
down-regulated in KSHV-infected lymphatic endothelial cells.
These results were confirmed in a parallel study which used the
same array technology to investigate gene expression in KSHV-
infected MVEC (52). Infection of these blood vessel endothelial
cells resulted in a significant up-regulation of lymphatic lineage
specific genes including PROX1 (mean 2.15-fold), the lym-
phatic endothelial specific hyaluronan receptor LY VE-1 (mean
5.9-fold) and angiopoietin-2 (Ang-2). Ang-2 is involved in
angio- and lymphangiogenesis and was also up-regulated by
KSHV in MVEC (30). Altogether both studies demonstrated that
KSHYV can infect both lymphatic and blood vessel endothelial
cells and drives the gene expression profile of each type closer to
the other. This indicated that KSHV infection may either induce
a transdifferentiated phenotype in endothelial cells or that
KSHYV may infect an undifferentiated endothelial precursor cell
in vivo and may drive these cells toward a lymphatic endothelial
cell phenotype.

In another study six KSHV-infected pools of lymphatic en-
dothelial cells were compared to six uninfected pools of these
cells with a commercially available microarray analysis (47,000
probe sets) (53). A specific focus was put on 239 angiogenesis-
related genes. Of these genes, 33% were significantly affected
upon KSHYV infection in lymphatic endothelial cells. Again,
Ang-2 was among the strongest up-regulated genes. Ang-2 is
thought to destabilise endothelial cells interaction and to prime
endothelial cells to respond to angiogenic stimuli, such as VEGF
(54). It also plays an important function in lymphangiogenesis
(54) and regulates the expression of inflammatory proteins in en-
dothelial cells (55). In addition, the lymphatic angiogenesis fac-
tor VEGF-C, different VEGF receptors including VEGFR-3 (the
receptor for VEGF-C [56, 57]), and members of the matrix
metalloproteinase family were up-regulated in infected lym-
phatic endothelial cells. This indicated that both, autocrine and
paracrine angiogenic activities, may be induced by KSHV infec-
tion of endothelial cells.

A recent study clearly underscored that specific care is
required when the transcriptomes of lytically infected cells are
analysed. This is based on the fact that shut-off of host transcrip-
tion is a common phenomenon during lytic replication of herpes-
viridae (58). SOX/orf37, a homologue of a DNA exonuclease, is
the viral protein responsible for shut-off of host transcription
during the lytic cycle of KSHV (59). In order to detect cellular
genes that may escape KSHV shut-off telomerase immortalised
human microvascular endothelial cells were used as a model and
infected with KSHV. Lytic replication was induced by infection
with an adenovirus construct encoding KSHVRTA/orf50. Gene
expression of non-infected cells and infected cells at different
timepoints after lytic induction was compared with a microarray
approach that identified 20,087 unique genes. In order to nor-
malise for global changes that may occur in the transcriptome of
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Table 2: Strongest up-regulated tran-
scripts by vFLIP/K13 in HUVEC.

Gene symbol Rank order!' according to | Rank order (and fold induction)
Sakakibara et al., 2009 according to Thurau et al., 2009

CCL5 (CCLS) I 1 (929)

TNF-0-induced p6 2 6(2123)

CCL3 3 8 (162)

CXCL5 4 21 (58.9)

CCL20 5 22 (58.1)

TNFR superfamily 11b 6 23 (56.9)

Kynureinase 7 24 (51.6)

CXCLIO 8 30 (44)

Diubiquitin 9 33(383)

CIS 10 37 (303)

MxA Il 38(26.7)

CCL8 12 47 (19)

CXCLII 13 49 (18.3)

IFN-inducible p44-like 14 66 (11.3)

XIAP-associated factor-| 15 154 (4.3)

IL-27b 16 not detected

LOXI 17 not detected

IFN-ind. prot. with TRPI 18 not detected

MxB 19 not detected

Galectin 3-BP 20 not detected

' Ranking was determined according to the mean values of induction observed in two different array experiments. “not detected” indi-

cates that the gene was not included in the list of the 173 most strongly up-regulated transcripts (< 4-fold) by vFLIP/K13 in HUVEC.

KSHV-infected cells, the hybridisation results were normalised
to the signals of 10 different in vitro-synthesised transcripts
added to an equal amount of total RNA of each sample (59).
Using this stringent controls almost 98% of the host transcripts
remained at or below pre-infection levels during KSHV lytic life
cycle. Interestingly, about 2% of the host transcripts escaped the
shut-off and were induced during lytic phase. Among the up-
regulated transcripts were angiogenesis-related genes including
Ang-2, angiopoietin-like polypeptide, ephrins Al and B2, en-
dothelin convertase and serpin B2 plasminogen activator in-
hibitor 2. Therefore, Ang-2 is not only expressed under latent
conditions as shown by Vart et al. (53), but also during lytic in-
fection. A second cluster of induced genes included several inter-
feron-inducible genes like IFI 6-16, IFI 15, IF1 27, and GBP-2.
In addition, a profound induction of IL-6 and CXCL2 cytokines
was noted. Further analysis showed that escape from SOX-me-
diated degradation was not exclusively due to the presence of
AU-rich elements (ARE) in the 3’-untranslated regions (UTR)
(59), indicating that the mechanisms of the resistance to viral
shut-off still have to be determined.

Global effects of single KSHV genes on the endothelial
cell transcriptome

In order to determine KSHV genes that may regulate the tran-
scriptional responses of KSHV-infected cells, gene expression
patterns in response to individual KSHV-encoded genes were in-
vestigated using array technology.

Among the first studies to analyse the effect of single KSHV
genes in endothelial cells was the study of Polson et al. (60). They
transiently expressed the viral G-protein coupled receptor
(vGPCR/orf74) in the endothelial cell line SLK, which was es-
tablished from an HIV-negative classical KS tumour (61).
Microarray analysis was carried out 48 h after transfection with
a chip containing 20,000 human cDNA probes. Comparison be-
tween transfected cells and untransfected cells showed that in
vGPCR/orf74-expressing SLK cells 33 human genes were up-
regulated between 1.8- and 4.3-fold. However, vVGPCR/orf74 is a
lytic gene of KSHYV, and it was shown subsequently by the same
group that, with the exception of IL-6, all of the other genes were
subject to the transcriptional shut-off regulated by KSHV (62).

In order to overcome the pitfalls of virus-induced shut-off we
focused on the transcriptome analysis of a major latent gene of
KSHYV, vFLIP/K13. vFLIP/K13 is an important antiapoptotic
protein and the major nuclear factor (NF)-xB inducer of KSHV
[63—67]. vVFLIP/K13 was stably expressed in human umbilical
vein endothalial cells (HUVEC). A microarray analysis with an
oligonucleotide array covering more than 47,000 transcripts
identified 173 genes to be up-regulated more than four-fold in
VvFLIP/K13-expressing cells. Many of the genes belonged to the
group of IFN-response genes such as MxA, OAS2, IRF1 and
GBP family, which have all been confirmed by others to be up-
regulated in KSHV-infected endothelial cells (see above [30,
36]). Chemokines were found to be among the most highly in-
duced genes including CCL3, CCL5, CCL20, CXCLS,
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CXCL10,and CXCL11. Of note, the latter two are well known to
have antiangiogenic activity (68). Surprisingly few genes in-
volved in the regulation of apoptosis were detected. Altogether
the vFLIP/K13-modulated host transcription pattern resembled
more an inflammatory and defense state than an antiapoptotic re-
sponse in endothelial cells. Of note, basically an identical study
as ours was published shortly afterwards by Sakakibara et al.
(69). Notably, a striking concordance of results was obtained in
both studies. Of the 20 most highly up-regulated genes by
vFLIP/K13 in the study (69), 15 were significantly up-regulated
in endothelial cells in our study ([70], Table 2). In both studies
the chemokine CCLS5 (Rantes) was most strongly induced by
vFLIP/K13. Rantes is a major chemoattractant for monocytes. In
addition, it functions as one of the natural ligands for the chemo-
kine receptor CCRS5 and it suppresses replication of the monocy-
totrophic RS strains of HIV-1, which use CCRS as a co-receptor
(71). This may explain why very high concentrations of mono-
cyes are present in KS lesions (6, 72) and why despite this fact
HIV-1 infection is rarely observed in AIDS-KS lesions (6, 73).
Altogether, the concordance of both studies clearly indicates that
a high reproducibility can be achieved in microarray analyses in
case standardised technology of cell culture and gene transfer
have been established.

Proteomic approaches to elucidate KSHV biology

Far fewer proteomic than genomic approaches have been used so
far to elucidate the biology of KSHV. Zhu et al. (74) used 1D-gel
electrophoretic separation technique with subsequent mass spec-
trometric analysis to identify all viral proteins that compose the
virus particle of KSHV. The herpesviral virion consists of four
morphologically distinct compartments: the inner nucleoprotein
core containing the viral DNA, the icosahedral capsid covering
the viral core, the outer lipid envelope containing glycomem-
brane proteins on the surface, and a layer between the envelope
and caspid, called the tegument. The latter was only poorly char-
acterised. It is believed that some tegument proteins are released
into the infected cell during the de novo infection process of the
host cell and therefore may trigger early cellular effects after in-
fection. The authors isolated KSHV virions from the supernatant
of TPA-induced PEL cells. These were lysed and subjected to
polyacrylamide gel electrophoresis (PAGE) and subsequent
Coomassie staining. Proteins of discrete bands were isolated and
identified by mass spectrometric analyses. This led to the identi-
fication of 24 viral proteins that were contained in the KSHV vi-
rion. Five proteins were classified as capsid proteins (orfl7.5,
orf25, orf26, orf62, orf65) (75). Eight glycoproteins were de-
tected to be members of the viral envelope (orf8, orf22, orf28,
orf39, orfd7, orf53, orf68, and K8.1). Based on sequence infor-
mation only, five proteins of KSHV were predicted to be tegu-
ment proteins (orf19, orf63, orf64, orf67, orf75) (76). Of these,
orf63, orf64, and orf75 were confirmed and three others (orf21,
orf33, orf45) were biochemically classified as tegument pro-
teins, because they were resistant to trypsin treatment and associ-
ated with the capsid. Finally, five proteins were newly found in
the virion and remained uncategorised in this study (orf6, orf7,
orfl1, orf27, orf52). In a follow-up study of this group, two of
these proteins, orfl1 and orf27 were classified as tegument pro-
teins (77).

A proteomic approach was also used to identify proteins
binding to the terminal repeats (TR) of the KSHV DNA (78). TR
are multiple GC-rich, 801-bp fragments, at both termini of the
KSHV genome (76) and are important for segregation of the
viral genome to the daughter cells and for virus production (79).
KSHV TR DNA was used as affinity ligand on a sepharose col-
umn. Nuclear extracts from a KSHV positive PEL line (BC-3) or
a KSHYV negative B-cell line (BJAB) were loaded on the column.
After elution of bound proteins the protein mixture was characte-
rised as above by PAGE, Coomassie staining and mass spectro-
metry. In total 123 KSHV TR-binding proteins were identified.
116 proteins were identified in BC-3 extracts from which 95
were exclusively seen in BC-3. Twenty eight proteins were ident-
ified in BJAB extracts, only seven of them were exclusively seen
in BJAB extracts. The authors selected four of the identified pro-
teins (ATR, BRG1, NPM1 and PARP-1) for further investi-
gation. Using a chromatin-immunoprecipitation assay, it was
confirmed that these four proteins interacted with the TR el-
ements. Finally, it was shown that all four proteins co-localised
and associated with LANA-1. LANA-1 has been shown before
to be crucial for the latent persistence of KSHV. It binds to el-
ements in the TR and to chromosomal proteins of the host cells
and regulates the segregation of the viral genome (80). In this
way it assures the co-segregation of viral and cellular genomes to
the daughter cells. In summary, this approach identified various
proteins of the host that bind to the TR elements of KSHV and
therefore may cooperate with LANA-1 in the regulation of viral
persistance.

Using a similar proteomic approach, the same group
screened for proteins that may associate with LANA-1 (81). A
GST-tagged LANA-1 aminoterminal and a GST-tagged
LANA-1 carboxyterminal domain were used as affinity ligands
bound to glutathione-sepharose beads. Using this approach a
total of 53 proteins were identified to bind the aminoterminus of
LANA-1 and 56 to the carboxyterminus. The identified proteins
could be grouped as DNA binding proteins, serine/threonine ki-
nases, structural proteins, cytoskeleton proteins, transcriptional
regulatory proteins and adapter and motor proteins. Of these,
transcription factors were the largest group interacting with the
amino-terminus of LANA-1, whereas DNA binding proteins
made up a large proportion of proteins binding to the carboxyter-
minal region of LANA-1. The authors analysed the role of
CENP-F in more detail. CENP-F is a large nuclear/kinetochor
protein, which is involved in mitotic control, microtuble dy-
namics transcriptional control, and muscle cell differentiation
(82). Interaction and co-localisation of CENP-F and LANA-1
was confirmed by immunoprecipitation and immunofluor-
escence analyses, respectively. Altogether several putative new
binding partners of LANA-1 were detected by this proteomic ap-
proach. The biological relevance of these interactions remains to
be elucidated.

Our group provided the first study characterising the impact
of vVFLIP/K13 of KSHV on the proteome of endothelial cells. To
this end, 2D-difference gel electrophoresis analysis (2D-DIGE)
was used. For this approach protein extracts of the cells to be
compared are harvested and differentially labelled with two dif-
ferent fluorescent dyes. Subsequently, the lysates are combined,
subjected to 2D-gel electrophoresis and the relative concen-
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trations of the proteins in each spot are determined with a laser
scanner. Although limited in resolution, 2D-DIGE is a powerful
approach in order to identify the most strongly differentially ex-
pressed proteins between two samples. Using this approach, we
compared the protein signals of primary human endothelial cells
stably transduced with a retroviral vector encoding K13
(K13-EC) versus control vector transduced endothelial cells
(Ctrl-EC). In total, 14 proteins were identified to be upregulated
more than four-fold in K13-EC as compared to Ctrl-EC. Only the
strongest up-regulated protein was isolated and identified by
mass spectrometry. Thereby, we identified manganese super-
oxide dismutase (MnSOD), a mitochondrial antioxidant and an
important antiapoptotic enzyme as the most strongly up-regu-
lated protein by vFLIP/K13 in primary human endothelial cells.
MnSOD expression was also up-regulated in endothelial cells
upon infection with KSHV. The induction of MnSOD expression
was dependent on vFLIP/K13-mediated activation of NF-xB,
occurred in a cell-intrinsic manner, and correlated with de-
creased intracellular superoxide accumulation and increased re-
sistance of endothelial cells against superoxide-induced death.
MnSOD was also found to be up-regulated by vFLIP/K13 in en-
dothelial cells at the RNA level in the two transcriptome analyses
described above (69, 70). However, the transcriptional increase
was only at intermediate strength. This clearly demonstrated that
proteome analyses improve the insight into the effects of KSHV
infection in endothelial cells. The up-regulation of MnSOD ex-
pression by VFLIP/K13 clearly may support survival of KSHV-
infected cells in the inflammatory microenvironment in KS.

Systematic analyses of KSHV gene functions

Only very recently systematic approaches have been carried out
in order to investigate the functions of all KSHV-encoded genes
in eukaryotic cells. These studies provided the complete interac-
tion network and the intracellular localisation map of all KSHV
proteins. In addition, systematic analyses of all binding sites of
the KSHV-8-encoded transcriptional activator RTA/orf50 in the
viral genome and of NF-xB activation by all KSHV-encoded
proteins have been reported.

KSHYV protein interaction

In a comprehensive study Uetz et al. (83) analysed the genome-
wide protein interaction map of KSHV. In yeast-two-hybrid ana-
lyses more than 12,000 pairwise interactions of KSHV proteins
and subfragments of these proteins were tested. One hundred
twenty-three non-redundant interacting protein pairs have been
identified by this work. As yeast-two-hybrid analyses provide a
high rate of false positive hits, confirmation experiments by al-
ternative methods were performed. Using beta-galactosidase
and co-immunoprecipitation assays, about 50% of the protein in-
teractions could be confirmed. The KSHV interactome exhibited
distinct features as compared to cellular interaction networks.
Specifically cellular interaction networks are dominated by
single interactions, whereas KSHV interaction nodes commonly
presented three neighbours. In this framework, the nuclear K10
protein was identified as a major interacting protein of HHV-§,
which can bind to at least 15 different KSHV proteins (83). This
may reflect that the viral particle is evolutionarily adapted to
form a compact structure which may require multifunctional

proteins and interactions between many different proteins. How-
ever, simulation of the interplay between the viral and the cellu-
lar proteomes showed that under these conditions the KSHV net-
work changed completely from a highly coupled module to a
more typical scale-free network of interacting submodules. This
confirmed that viral proteins are involved in multiple inter-
actions with host proteins and warrants further studies to deter-
mine those that are most relevant in the context of pathogenesis.
Considering that most of the viral proteins are present only in
lytic stages and that cellular proteins are subject to a significant
shut-off mediated by SOX/orf37, it is clear that the effect of virus
infection on the cellular proteome will be a key issue to address
in the future.

Identification of RTA/orf50 binding sites in the KSHV genome
Recently, two studies used ChIP-on-chip analyses to investigate
systematically the presence of RTA/orf50 binding sites in the
KSHV genome (84, 85). RTA/orf50 is necessary and sufficient
for the activation of the lytic replication cycle of KSHV and can
activate its target genes through binding to RTA/orf50-respon-
sive elements in the viral genome. ChIP-on-chip analysis com-
bines chromatin immunoprecipitation with microarray technol-
ogy and enables the identification of genome-wide interactions
between transcription factors and DNA.

Both studies used BCBL-1 cells in which RTA/orf50 was ec-
topically over-expressed. In the first study, the immuno-
precipited RTA/orf50-associated DNA was hybridised with
microarrays covering the whole KSHV genomic sequences (84).
This approach identified in total 19 direct RTA/orf50 binding
sites located in the promoters, introns or exons of the KSHV
genes K4.1, K5, K8, K10.1, K12 (containing two RTA/orf50
binding sites), K14/orf74, K15, PAN RNAs, orf8, orf16, orf29,
orfd5, orf50, orf59, orf71/72, the two origins of lytic replication
(OriLyts) OriLyt-L and OriLyt-R, and the microRNA cluster.
The authors confirmed all of the identified putative RTA/orf50
binding sites by performing conventional ChIP analysis with
quantitative real-time PCR. Of note, six direct RTA/orf50 bind-
ing sites were located in the latent locus, suggesting that RTA/
orf50 might also be involved in the regulation of latent gene ex-
pression. Finally, by performing sequence alignments, the au-
thors identified the RTA/orf50 consensus binding sequence
(5’-TTCCAGGAT(N),_;s TTCCTGGGA-3’), which contains
two imperfect tandem repeats, similar to that of p53 consensus
binding elements.

The second study investigated binding and transcriptional ef-
fects of RTA/orf50 on 83 putative KSHV promoters (85).
Through this approach 22 promoters were identified, which were
bound directly by RTA/orf50. Of these, eight promoters were ac-
tivated by RTA/orf50 in subsequent transfection studies: K2,
K12, K15, K8, orf57, orf59, PAN, and Ori-R. Only 36% of the
identified RTA/orf50 binding promoters were concordantly ob-
served in the study of Chen et al. (84). The discrepancy in the
identified target genes may reflect differences in the mode of re-
cruitment of RTA/orf50 to promoters (either direct or indirect)
and in the employed methodology.
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Figure |: Gene map and nuclear localisation of KSHV proteins. Protein coding regions are indicated by arrows, and gene names are given
(orfs: homologous to herpesvirus saimiri; K-genes: unique at time of sequencing). Orientations of the arrows indicate transcriptional orientations.
Genes encoding proteins with exclusively nuclear localisation are labelled in red. Figure adopted with modifications from (86).

Intracellular localisation of KSHV proteins
A study by Sander et al. (86) presented a localisation map of all
KSHYV proteins in HeLa cells. To this end all individual viral
open reading frames were expressed with an immunological tag
(Myc tag) fused in frame at the 3’ end of the coding sequences in
HeLa cells. Classification of the proteins showed that 51% of all
proteins localised in the cytoplasm, 22% in the nucleus, and 27%
both in the nucleus and cytoplasm. It is of interest that 22% of the
KSHV-encoded proteins were detected exclusively in the nu-
cleus, whereas only 12% of randomly selected cellular proteins
showed an exclusive nuclear localisation (87). Graphical depic-
tion showed that proteins with exclusively nuclear localisation
were mainly encoded by genes in the second half of the viral ge-
nome (Fig. 1, red). Comparing protein localisation with the ex-
pression state during the viral life cycle, it was noticed that all la-
tency-associated proteins showed a nuclear or nucleo-cytoplas-
mic staining pattern whereas this was observed only for 47% of
primary lytic, 43% of secondary lytic, and 43% of tertiary lytic
proteins (86). A similar study investigated the localisation map
of Epstein-Barr virus (EBV) and confirmed the nuclear prepon-
derance (31%) of herpesviral proteins (88). This is in good
agreement with the viral life cycle, which is preferentially as-
sociated with the nucleus. This argument specifically applies to
the latent infection, which represents a regulatory state depend-
ing on the control of host cell and viral transcription in the nu-
cleus.

Among the most surprising findings of the KSHV protein lo-
calisation study was the detection of vFLIP/K13 in the nucleus.
Nuclear localisation is not observed for cellular FLIPs, which are

resident exclusively in the cytoplasm (89, 90). This indicated that
KSHV-encoded vFLIP/K13 may exert different and/or addi-
tional functions compared to cellular FLIPs. In fact, subsequent
work confirmed the nuclear localisation and demonstrated that
nuclear localisation of VFLIP/K13 correlates with its ability to
activate NF-xB (91).

In reference to the study of (83), in which the nuclear K10
protein was identified as a major interacting protein of KSHYV, it
was surprising that only 33% (5 of 15) of the potential binding
factors of K10 were also detected in the nucleus when expressed
on their own (86). However, when K10 was co-expressed with its
putative binding factors, co-localisation was observed in 87%.
These findings confirmed that K10 is a major interacting protein
of KSHV and demonstrated that mutual protein interactions in
an infected cell affect subcellular localisation. In agreement with
this, other investigators have described significant relocations of
KSHYV proteins in latently rather than lytically infected primary
effusion lymphoma cells (92, 93). The localisation map of indi-
vidually expressed KSHV proteins provides a useful reference to
detect positional effects on KSHV proteins in virus-infected
cells.

Activation of signal transduction pathways by KSHV

The first systems biology approach to investigate the effect of
KSHYV on cellular signal transduction was published just re-
cently (66). Infection with KSHV constitutively activates the
transcription factor NF-kB in endothelial cells and lymphocytes
(94, 95). Activation of NF-xB is crucial for the development and
progression of KSHV-associated diseases. It protects KSHV-in-

5

Infections of the Endothelium



Infections of the Endothelium

Stiirzl et al. Systems biology and reverse genetics in KSHV research

fected cells against spontaneous apoptosis (94) and maintains
the latent viral life cycle (96, 97). The latter is mandatory for the
establishment of viral persistence. In agreement with this, the in-
hibition of NF-kB signalling delays the growth of KSH V-associ-
ated lymphomas in a mouse model (98). Paradoxically, NF-xB
signalling has been reported to both inhibit y-herpesvirus lytic
replication (96) and to be required for the production of repli-
cation-competent KSHV virions (99).

Only a few KSHV-encoded genes have been studied for their
impact on NF-kB signalling. The genes vFLIP/K13 (63), K15
(100) and orf74 (101) were described as activators and K10.5
(102) as an inhibitor of NF-kB, whereas conflicting results were
obtained on the activity of K1 (103, 104). However, it was not
known whether these KSHV proteins are the only ones to act on
NF-xB, or whether different KSHV proteins cooperate posi-
tively or negatively in the regulation of this important signalling
pathway. A systematic analysis of all single and pairwise com-
bination effects of KSHV genes on NF-kB requires almost 4,000
transfection experiments. Therefore, this approach demanded
high throughput transfection technology, which has only re-
cently become available.

In 2001 Ziauddin and Sabatini succeeded in scaling down
high throughput gene function analysis to the microarray level
(17). Different cDNA expression plasmids were spotted onto
slides using a microarray robot. The dried slides were exposed to
a transfection reagent, placed in a culture dish and covered with
adherent mammalian cells in medium. Alternatively, DNA and
transfection reagent can be mixed at once and applied onto the
slide (17). Both methods create microarrays of simultaneously
transfected cell clusters with different plasmids in distinct and
defined areas in a lawn of cells. The process of creating a micro-
array of clusters of transfected cells was called transfected cell
microarrays. The transfection method was named reverse trans-
fection, because, in contrast to conventional transfection proto-
cols, DNA was “seeded” first and the cells were added sub-
sequently. Reversely transfected cell microarrays (RTCM), also
called “cell chip analyses™, allow the carrying out of several
hundred to thousand transfection experiments in parallel in eu-
karyotic cells on a single glass slide. Cotransfections of appro-
priate reporter plasmids can be used to establish quantitative
measures of gene effects on signalling pathways (Fig. 2, for re-
view see Stiirzl et al. [105]).

RTCM was used to analyse systematically the effects of
KSHYV genes on the NF-kB signalling pathway (66). All KSHV-
encoded genes were investigated individually (n=86) and addi-
tionally all K- and latent genes were examined in pairwise com-
binations (n=231). Statistical analyses of more than 14,000
transfections identified orf75 as a novel, and confirmed
vFLIP/K13 as a known KSHV-encoded activator of NF-xB.
vFLIP/K13 and orf75 showed cooperative NF-kB activation.
siRNA-mediated knockdown of orf75 expression demonstrated
that this gene significantly contributes to NF-kB activation in
KSHV-infected cells. Furthermore, the approach confirmed
K10.5 as an NF-xB inhibitor and identified K1 as an inhibitor of
both vFLIP/K 13- and orf75-mediated NF-kB activation. All re-
sults obtained with RTCM could be confirmed with classical
transfection experiments. This work described the first success-
ful application of RTCM for the systematic functional analysis

of genes encoded by an infectious agent. The finding that KSHV
encodes several activators of the NF-xB signal transduction
pathway supports the importance of this pathway in the viral life
cycle. It has to be investigated in further studies, whether these
genes may cooperate or act in different phases of the viral life
cycle in order to regulate the fine-tuning of the balance between
latency and lytic replication since this depends critically on the
state of NF-kB activity.

Model systems to study the role of KSHV in
endothelial cell pathology

Non-transgenic animal models

A variety of animal models have so far been tried for KSHV. In
the course of attempting to infect different mammalian species
with KSHV it has been found that KSHV infects macaques
(106), NOD-SCID mice (107) and humanised SCID mice (108,
109). None of these infection experiments led to the appearance
of KS-like tumours. Recently, engraftment into mice of a murine
endothelial cell line that had previously been transfected with a
recombinant KSHV genome in a bacterial artificial chromo-
some (BAC) vector was reported to induce the growth of a vascu-
larised spindle cell sarcoma; this appeared to involve the viral
G-protein coupled receptor homologue (orf74), as siRNA-me-
diated suppression of this gene inhibited the appearance of these
tumours (110).

Many mammalian species harbour KSHV-related viruses.
Thus, virtually all Old World primates harbour at least one, if not
two, KSHV-like rhadinovirus. Phylogenetically, these fall into
two lineages, RV1 and RV2, and many Old World primates are
hosts to both lineages (111, 112). The majority of these primate
viruses have not yet been isolated in culture but have been dis-
covered using degenerate consensus oligonucleotide primers of
conserved genomic regions, such as the herpesviral DNA
polymerase (111-118). KSHYV is a representative of the RV1 lin-
eage, while Rhesus Rhadinovirus (RRV), which has been iso-
lated in culture, fully sequenced, and is amenable to experimen-
tation (113, 119, 120), belongs to the RV2 lineage. No KS-like
disease has so far been published in primates infected either with
KSHYV or RRY, even in animals that had been previously or sim-
ultaneously infected with SIV (simian immunodeficiency
virus). However, cases of MCD-like lymphoproliferations and
endothelial cell hyperplasia have been reported in RRV/SIV co-
infected macaques (121, 122).

Murine herpesvirus-68 (MHV-68), originally isolated from
bank voles, is also, like KSHYV, a y,-herpesvirus, although more
distantly related to KSHV than the primate rhadinoviruses. It has
been widely used to study the immune response to a y,-herpesvi-
rus in a small animal model and to analyse the function of indi-
vidual viral genes in vivo. However, its value as a model for the
role of KSHV in the pathogenesis of KS is limited, as no KS-like
disease has been seen in MHV-68 infected mice.

Multiple tumour graft models of KS and PEL have been es-
tablished (110, 123-126).
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Transgenic mice expressing individual KSHV genes
Several KSHV genes have been engineered into transgenic mice,
often under the control of endothelial or B-cell specific pro-
moters, to study the role of individual KSHV proteins in an in
vivo model of tumourigenesis. These models are limited in sev-
eral respects: (i) whereas lymphoproliferative lesions and lymp-
homas in mice are easily classified on the basis of histology and
marker gene expression, this is not the case for endothelial cell
tumours, which are often reported as KS-like lesions, but may
represent fibrosarcomas with a spindle cell morphology; (ii) by
definition, they examine the impact of individual viral genes out-
with the context of the entire viral genome. As discussed else-
where in this chapter, the impact of individually expressed viral
proteins, in particular those expressed during the lytic viral repli-
cation cycle, on the cellular gene expression profile may differ
from their role in the context of the entire viral genome because
of the effect of the viral SOX homologue on the stability of cel-
lular mRNAs. However, the latter concern does not apply to the
latent viral proteins that are known to be expressed in tumour
cells. It may also not apply to viral genes that, beyond their lytic
gene expression pattern in induced PEL cells (24-26) may be ex-
pressed in substantial proportion of tumour cells in vivo (e.g. K1,
vIL-6/K2).

Mice transgenic for KSHV latent genes
LANA-1/0rf73. The KSHYV latent promoter (LANA-1p) showed
B-cell lineage specificity in transgenic mice (127). KSHV
LANA-1 expression in transgenic mice resulted in 100% B-cell
hyperplasia, and lymphomas at about twice the rate of back-
ground in the C57/BL6 strain of mice (128).

vCYC/orf72. Whereas vCYC single transgenic mice did not
develop tumours, lymphomas developed rapidly in a p53null
background (129, 130). Presumably, loss of p53 counteracted the
proapoptotic signals that are associated with forced vCYC ex-
pression.

vFLIP/K13. The vFLIP/K13 transgenic mice exhibited in-
creased incidence of lymphoma (131).

Mice transgenic for KSHV lytic genes.
vGPCR/orf74. vGPCR transgenic mice activated the same sig-
nalling pathways as predicted from human culture studies and
exhibited KS-like lesions (132—136). The vGPCR was required
for lesion initiation, though it was not essential once a fully ma-
lignant tumour had formed (132).

K1. K1 transgenic mice also exhibited KS-like lesions and
lymphoma (104, 137)].

Reverse genetics approaches to KSHV
pathogenesis

Since the discovery of KSHV in 1994 (1), a substantial body of
evidence on the biochemical and cell biology function of indi-
vidual viral proteins and their role in the pathogenesis of one of
the three KSHV-associated tumours (KS, PEL and the plasma
cell variant of MCD) has accumulated. However, given the
known interactions of different viral proteins, as well as the in-
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Figure 2: Reversely transfected cell array to determine signal-
ling activity of over-expressed KSHYV proteins. A) Transfection
mixtures containing a reporter plasmid expressing GFP under the con-
trol of signal transduction pathway sensitive promoters (e.g. NF-xB) in
combination with one or two different plasmids expressing the HHV-
8-encoded genes are spotted onto a microarray slide. B) Subsequently
the slide is overlayed with HEK 293T cells, which leads to transfection
of the cells over the application spots. GFP-expression indicates acti-
vation of the respective signalling pathway. C) Phase contrast pictures of
the transfection spot without cells (left) and 48 h after cell seeding
(middle). Epifluorescence detection of GFP expression in the cells on
the respective transfection spot (right). D) Representative laser scanning
photograph of a reversely transfected cell array with 371 transfection
spots.

volvement of several viral proteins in the same cellular path-
ways, an important task will be to investigate their functional
role in the context of the entire viral genome/proteome. The
availability of a viral genome cloned into a BAC vector (138) has
enabled KSHV researchers to approach this issue. Several viral
genes have since been deleted from the viral genome and the re-
sulting phenotype studied, mostly in stable cell lines transfected
with the wild-type and mutant viral genome. Because of the tech-
nical difficulties in rescuing infective KSHV from cloned viral
genomes, only a few studies have so far analysed the phenotype
associated with cell-free infection, of e.g. endothelial cells with
mutant viruses. Table 3 summarises the results obtained so far.
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Table 3: Phenotypes associated with in-
Deleted viral gene | Test system Phenotype Reference fection with mutant KSHV.
Kl Stable HEK 293 trans- | Essential for virus production; Hartmann et al.
fectants alteration of pAKT levels (in prep.)
vIL-6/K2 Stable transfectants No effect on virus production [154]
Orf45 Stable HEK 293 trans- | Reduced virus production, lytic [156]
fectants gene expression maintained
RTA/orf50 Stable HEK 293 trans- | Essential for activation of the lytic | [166]
fectants replication cycle
K-bZIP/K8 Stable Vero transfec- Essential for induction of the lytic | [172]
tants cycle by TPA or sodium buyrate;
not required for steps down-
stream ofRTA/orf50
VvFLIP/K13 Stable HEK 293 trans- | Increased lytic replication, loss of | [97]
fectants; infection of spindle cell formation in primary | Al-Kharsah et al.
endothelial cells with | endothelial cells, decreased virus | (in prep.)
free virus persistence in endothelial cells;
changes in virus-induced cellular
transcriptome pattern
LANA-1/orf73 Transient and stable Loss of viral episome persistence; | [199, 200];
transfectants increased lytic replication Al-Kharsah et al.
(in prep.)
LANA-| promoter Stable transfectants Deregulation of vGPCR/orf74, [202, 203]
(cohesin binding vOX2/K14 expression
element)
Orf57 Stable HEK 293 trans- | Inhibition of lytic gene expression | [175]
fectants
K15 Stable HEK 293 trans- | Decreased migration/ invasion of | Hillenbrand et al.
fectants; infection of KSHV-infected cells, changes in (in prep.)
endothelial cells with | virus-induced cellular transcrip-
free virus tome pattern

Deletion of K1
K1 is a viral type I transmembrane protein, featuring two hyper-
variable domains in its extracellular region, and an ITAM motif
in its carboxyterminal, cytoplasmic region (139, 140). The K1
protein is expressed during the lytic (productive) replication
cycle (24-26). Wang et al. (141) reported that, while expression
of K1 is not a consistent feature of KS tumours, some KS
biopsies show marked K1 expression both at the transcript and
protein level. In MCD, K1 expression was documented by immu-
nohistochemistry on a small subpopulation of mantle zone lym-
phocytes of KSHV-positive MCD (142). K1 transfectants in ro-
dent fibroblasts showed focus formation and tumour formation
in nude mice (140) and K1 transgenic mice develop sarcomatoid
tumours and plasmablastic lymphoma (104). Retroviral trans-
duction of primary endothelial cells extends their life span (141).
Biochemically, K1 activates several intracellular signalling cas-
cades, leading to increased Ca-influx, increased phosphory-
lation of syk, vav, cbl, and the p85 subunit of PI3K, activation of
NFAT, AP1 (143, 144). Activation of PI3K leads to activation of
AKT by K1 (145). K1 induces the expression of angiogenic cy-
tokines, including VEGF, and may therefore play a paracrine role
in the pathogenesis of KS or PEL (141, 146).

In addition to these findings, suggesting a contribution of K1
to KSHV-induced tumourigenesis, K1 has also been reported to be
involved in the regulation of the lytic replication cycle. Depending

on the induction model and cell line employed, K1 appeared to
either support or repress the activation of the lytic replication cycle
(103, 144). This may be due to the variable effect of K1 on NF-xB
activation, which is a matter of ongoing debate (103, 104)

Deletion of K1 from a recombinant KSHV genome com-
pletely abolished the reactivation of KSHV from stably trans-
fected HEK 293 cells and altered the levels of pAKT, thus sup-
porting arole for K1 in the activation of the lytic replication cycle
(Hartmann et al., in preparation).

Deletion of vIL-6/K2

The viral IL-6 homologue, vIL-6, is expressed in a subpopu-
lation of PEL cells in vivo and in many KSHV-infected B cells in
MCD lymphoid follicles (92, 147, 148). It induces proliferation,
angiogenesis and haematopoesis in IL-6-dependent cell lineages
(147,149, 150) and serves as an essential autocrine factor in PEL
cell lines (151); it also induces vascular endothelial growth fac-
tor (VEGF), which has been implicated in the pathogenesis of
PEL and KS (152). A single chain antibody to vIL-6 blocking its
interaction with the IL-6 receptor complex was found to inhibit
the proliferation of a PEL cell line and to inhibit vIL-6-induced
signal transducer activator of transcription 3 (STAT3) phos-
phorylation in vIL-6-transfected cells (153). Therefore, vIL-6
may contribute to PEL cell proliferation and to the angiogenesis
noted in patients with this lymphoma.

8



Stiirzl et al. Systems biology and reverse genetics in KSHV research

A KSHV gene deletion mutant lacking vIL-6 has been re-
ported to reactivate normally and to improve the growth of a
human lymphoma cell line (BJAB) in low serum to the same ex-
tent as a KSHV wild-type genome (154).

Deletion of orf45

Orf45 encodes a KSHV tegument protein, which interacts with
KIF3A, a kinesin-2 motor protein that transports cargo along
microtubules (155). An orf45 deletion mutant showed a defect in
virus production and infectivity, suggesting a role for orf45 in
viral egress and possibly entry (156). Interestingly, the stability
of orf45 protein is controlled by ubiquitination mediated by the
E3 ligase family seven in absentia homologue (SIAH) (157). In
addition, the orf45 protein interacts with, and inhibits phos-
phorylation of IRF-7, thus inhibiting its nuclear translocation
and the IRF-7-mediated induction of the type I interferon re-
sponse (158).

Deletion of RTA/orf50

The viral immediate-early transactivator RTA, encoded by orf50,
is the key element in the activation cascade. Ectopic expression
of RTA/orf50 in PEL cells triggers the lytic cycle, leading to the
production of infectious virus (159, 160). RTA/orf50 acts
through binding to specific DNA sequences (161), and by inter-
acting with cellular transcription factors (162—164). RTA/orf50
can also activate its own promoter (165) and cellular genes (163).
The suppression of p53-mediated apoptosis and the interaction
with STAT3 leading to transcription of STAT-responsive genes
suggest the implication of RTA/orf50 in promoting cell prolifer-
ation (162).

Deletion of the RTA/orf50 gene from a recombinant KSHV
genome leads to a complete suppression of lytic cycle reacti-
vation, confirming the essential role of RTA/orf50 in the acti-
vation of the lytic replication cycle (166).

Deletion of K-bZIP/K8

The product of KSHV gene K8, K-bZIP (167), represses or en-
hances RTA/orf50-mediated gene activation (168, 169). K-bZIP
also binds to p53, thereby repressing p53-mediated apoptosis,
promotes both CCAAT/enhancer binding protein alpha
(C/EBPa) and p21/CIP-1 expression and, through interaction
with C/EBPa, is able to promote p21/CIP-1-mediated inhibition
of entry into S phase (170, 171). Together, these features of
K-bZIP probably contribute to the creation of a suitable environ-
ment for lytic viral replication by antagonising apoptosis and
preventing competition with host-cell DNA synthesis for limited
resources. Deletion of K-bZIP from the viral genome eliminated
the activation of the lytic replication cycle by treatment with so-
dium butyrate or TPA; however, overexpression of RTA/orf50 in
cells carrying the K-bZIP deletion mutant resulted in increased
lytic gene expression (172). In the absence of K-bZIP, over-
expressed RTA/orf50 binds to the lytic origin of replication, ori
lyt, suggesting that K-bZIP may serve to modulate the inter-
action of RTA/orf50 with ori Iyt (172).

Deletion of orf57
The orf57 protein of KSHV promotes viral gene expression by
mediating the nuclear export of viral RNAs in an exportin-

1/chromosomal region maintenance-1 (CRM1) independent
manner, most likely through its interaction with the cellular ex-
port factor Aly/REF (173, 174). A transposon mutant of the orf57
gene, which also affected expression of the neighbouring orf56
gene, showed a defect in the expression of early and late lytic
genes (K8, K8.1, orf59) (175).

Deletion of K8.1

Orf K8.1 is alternatively spliced and encodes two highly glyco-
sylated type I transmembrane proteins that interact with cell sur-
face heparan sulfate. Inhibition studies using soluble extracellu-
lar domains of the K8.1 protein have been reported to inhibit, or
not to inhibit, viral infectivity (176, 177). After deleting the K8.1
gene from a recombinant viral genome in BAC vectors the mu-
tant virus was still infectious for HEK 293 cells, suggesting that
K8.1 is not required for infection of at least this cell line or, more
broadly, epithelial cells (178).

Deletion of the lytic replication origins

The KSHV genome contains three origins of DNA replication.
One, located in the terminal repeat subunits, is used for the repli-
cation of the viral episome, while two others, oriLyt-L and
oriLyt-R, are used during the lytic replication cycle. OriLyt-L is lo-
cated between orfs K4.2 and K5, while oriLyt-R is located between
orf69 and vFLIP/K13. Deletion of one or the other oriLyt reveal-
ed that oriLyt-L is sufficient for lytic viral replication while or-
iLyt-R on its own is not able to propagate the viral genome (179).

Deletion of vFLIP/KI13

vFLIP/K13 is expressed on the same bi-cistronic transcript as
vCYC (29, 180, 181). It can block Fas-induced and superoxide-
induced apoptosis and has been postulated to act as a tumour pro-
gression factor by counteracting apoptotic signals induced by
virus-specific T killer cells (64, 70, 182). It has also been pro-
posed to contribute to the continuous NF-«xB activation observed
in PEL cells (183). Inhibition of NF-kB and down-modulation of
vFLIP/K13 by RNA interference induces apoptosis in PEL cell
lines, indicating that vFLIP/K 13-induced NF-xB activation may
be important for their survival (184). Transduction of vFLIP into
primary endothelial cell cultures induces spindling, suggesting
that the vFLIP/K13-induced NF-xB activation may also play an
important role in the formation of spindle cells, the histological
hallmark of KS lesions (185).

Deletion of vFLIP/K13 from the viral genome leads to an in-
crease in lytic reactivation (97) (Al-Kharsah et al., in prepara-
tion), due to the fact that the strong induction of the NF-xB path-
way by VFLIP/K13 represses lytic reactivation (97). In addition,
loss of VFLIP/K13 from the viral genome leads to a more rapid
clearance of latently infected primary endothelial cells and a loss
of spindle cell formation in primary endothelial cell cultures in-
fected at low m.o.i. (Al-Kharsah et al., in preparation). In pri-
mary endothelial cells, infection with a VFLIP/K13 deletion
mutant of KSHV leads to a reduced increase in the expression of
several interferon-regulated cellular genes that have been re-
ported to be activated by over-expressed vFLIP/K13 (see above),
confirming that, in the context of the entire viral genome,
vFLIP/K13 plays a role in the activation of interferon-regulated
cellular genes (Al-Kharsah et al., in preparation). Together, these
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observations suggest that vFLIP/K 13, which is expressed at very
low levels in the context of its physiological bi-cistronic mRNA
also containing the vCYC gene, plays an important role in the
maintenance of latency and survival of latently infected cells.

Deletion of LANA-1/orf73 and control elements in the
LANA-I promoter

Among the KSHV proteins expressed during latent infection,
only LANA-1 has been detected in virtually all KSHV-infected
cells by immunofluorescence or immunohistochemical analyses
(92, 148, 181). LANA-1 is required for the persistence of the
KSHYV episomal genome (186, 187). LANA-1 binds to mitotic
chromosomes through its aminoterminal region and to two short
motifs of 16 nucleotides (LANA-1-binding sites, LBS-1 and -2)
in the terminal repeat subunit (TR) of the KSHV genome via its
carboxyterminal region (188—191). In this way, LANA-1 tethers
viral episomes to mitotic chromosomes and it is assumed that
this ensures the distribution of KSHV genomes to daughter cells
upon mitosis. LANA-1 also mediates the replication of TR-con-
taining plasmid DNA in transfected cells, thus illustrating its role
in the replication of latent episomes (160, 187, 189). Among the
many cellular proteins interacting with LANA-1 are the p53 and
retinoblastoma (pRb) proteins, which results, respectively, in the
inhibition of p53-dependent transcription, the activation of
E2F-dependent genes and the transformation of rodent fibro-
blasts in cooperation with oncogenic H-ras (192, 193). Fur-
thermore LANA-1 acts as a transcriptional activator and/or re-
pressor, associates with the mSin3 repressor complex as well as
cellular factors involved in the methylation of DNA (DNMT3a)
and interaction with methylated DNA (MeCP2) (194-196).
Further cellular interaction partners of LANA-1 include brd2
(RING3), brd3, brd4 (HUNK), members of the BET protein
family involved in transcriptional regulation (197, 198). In addi-
tion, LANA-1 acts as a transcriptional repressor of the viral TR
promoter/enhancer and represses the activation of the lytic repli-
cation cycle (189, 191).

Deletion of orf73, the viral gene encoding LANA-1, from the
viral genome results in a complete loss of episomal maintenance,
i.e. no stable cell clones containing the KSHV genome can be es-
tablished (199). Upon transient transfection, a KSHV genome
lacking LANA-1 shows increased lytic reactivation (200). These
results confirm two important roles of LANA-1 during viral la-
tency, i.e. its requirement for episomal persistence and its role in
maintaining latency by inhibiting the activation of the lytic repli-
cation cycle.

The viral promoter directing the expression of LANA-
1/0rf73 during latency is located in the immediate vicinity of a
promoter directing the expression of the bi-cistronic mRNA for
vGPCR/orf74 and vOX2/K14 (201). Functional separation of
these two promoters is ensured by a CTCF/cohesin binding site
(202). Deletion of this CTCF/cohesin binding site from a com-
plete viral genome results in instability of cell clones carrying
the mutated KSHV genome and increased expression of lytic
cycle gene products; in addition, the cell cycle dependent ex-
pression of the vVGPCR/orf74 and vOX2/K14 genes is deregu-
lated in the absence of the CTCF/cohesin binding site, suggest-
ing a critical role for the CTCF/cohesin complex in regulating
cell cycle control of viral gene expression during latency (203).

Deletion of KI5

The K15 gene encodes, through alternative splicing, a family of
transmembrane proteins with up to 12 transmembrane domains
and a c-terminal cytoplasmic domain (204, 205). The longest of
these proteins activates several intracellular signalling pathways,
including NF-xB, Mek/Erk and JNK and induces the expression
of inflammatory and angiogenic cytokines (100, 206). Deletion
of the K15 gene from the KSHV genome reduces the invasion
into matrigel and migration of KSHV-infected cells, suggesting
that K15 may contribute to the migration and/or invasion of
KSHV-expressing cells into surrounding tissue (Hillenbrand et
al., in preparation).

Conclusion

A systematic analysis of viral gene expression patterns indicated
consistently that, following cell entry, predominantly immuno-
modulatory and antiapoptotic genes are increased. Analyses of
the cellular transcriptome of KSHV-infected cells were con-
nected with several pitfalls which impaired the consistence of re-
sults: (i) use of none overlapping probe sets, (ii) different con-
ditions of infection (time points after infection, control of infec-
tion) and cell stimulation (absence and presence of lytic stimu-
lation), (iii) differential responses of different cell types to infec-
tion, and (iv) shut-off of cellular gene expression by SOX/orf37
in lytically infected cells. Lack of concordance of results likely is
not due to technical problems of the microarray analyses, which
showed high reproducibility in studies investigating vFLIP/K13
regulated gene expression in endothelial cells by two different
independent laboratories. As yet the most concordant findings
reported from the majority of transcriptome analyses are that
viral infection is associated with a strong IFN-associated cell re-
sponse and induces transdifferentiation of endothelial cells to a
phenotype in between lymphatic and blood vessel endothelial
cells. Interestingly, the induction of an IFN-response was often
associated with the induction of members of the GBP family, of
which GBP-1 has been shown to act antiangiogenic in endothe-
lial cells. In addition, the paracrinely active angiogenic factor
Ang-2 was commonly observed to be up-regulated in KSHV-in-
fected cells, both in latent and also lytic infection. Both findings
togther may indicate that the major proliferative capability in KS
may not be due to the KSHV-infected cells but due to paracrine
activation of non-infected cells in the vicinity. At first glance this
suggests an unusual pathogenesis of KS. However, these obser-
vations may simply point to the importance of tumour cell
(KSH V-infected endothelial cell) and stromal cell (non-infected
endothelial cells) interactions, which generally are regarded to
be key in the development of many other tumours.

Proteomics studies are still few and due to low numbers
require confirmation by independent laboratories. However, it is
clear that these approaches are closer to the functional under-
standing of KSHV pathogenicity as compared to transcriptome
analyses. In addition, complete expression libraries of all KSHV-
encoded genes and high throughput transfection technologies
are available which will help to decipher the complex interaction
of KSHV with eukaryotic cells.

Also reverse genetic studies using recombinant KSHV mu-
tants are at the very beginning. First results confirmed RTA/

113



Stiirzl et al. Systems biology and reverse genetics in KSHV research

orf50 as the major regulator of viral reactivation and lytic repli-
cation and also showed that the effect of this molecule is modu-
lated at least by two co-activators (K1, K8/K-bZIP), and by

tissue.

vFLIP/K13 and LANA-1 which are acting adversely and regu-

late the manifestation of latency. In the context of the viral ge-
nome, VFLIP/K 13 also appears to play a role in the regulation of
interferon-regulated genes and K15 makes a major contribution

References

1. Chang Y, et al. Identification of herpesvirus-like
DNA sequences in AIDS-associated Kaposi's sarcoma.
Science 1994; 266: 1865-1869.

2. Buonaguro FM, et al. Herpesvirus-like DNA se-
quences detected in endemic, classic, iatrogenic and
epidemic Kaposi's sarcoma (KS) biopsies. Int J Cancer
1996; 65: 25-28.

3. Carbone A, Gaidano G. HHV-8-positive body-cav-
ity-based lymphoma: a novel lymphoma entity. Br J
Haematol 1997; 97: 515-522.

4. Moore PS, Chang Y. Detection of herpesvirus-like
DNA sequences in Kaposi's sarcoma in patients with
and without HIV infection. N Engl J Med 1995; 332:
1181-1185.

5. Strauchen JA, et al. Body cavity-based malignant
lymphoma containing Kaposi sarcoma-associated her-
pesvirus in an HIV-negative man with previous Kaposi
sarcoma. Ann Intern Med 1996; 125: 822-825.

6. Stiirzl M, et al. Human herpesvirus-8 and Kaposi's
sarcoma: relationship with the multistep concept of tu-
morigenesis. Adv Cancer Res 2001; 81: 125-159.

7. GillJ, et al. Prospective study of the effects of anti-
retroviral therapy on Kaposi sarcoma--associated her-
pesvirus infection in patients with and without Kaposi
sarcoma. J Acquir Immune Defic Syndr 2002; 31:
384-390.

8. Dittmer DP, Krown SE. Targeted therapy for Kapo-
si's sarcoma and Kaposi's sarcoma-associated herpes-
virus. Curr Opin Oncol 2007; 19: 452-457.

9. Trattner A, etal. The appearance of Kaposi sarcoma
during corticosteroid therapy. Cancer 1993; 72:
1779-1783.

10. Schena M, et al. Quantitative monitoring of gene
expression patterns with a complementary DNA
microarray. Science 1995; 270: 467-470.

11. Smith RD, et al. Rapid quantitative measurements
of proteomes by Fourier transform ion cyclotron reson-
ance mass spectrometry. Electrophoresis 2001; 22:
1652-1668.

12. Unlu M, et al. Difference gel electrophoresis: a
single gel method for detecting changes in protein
extracts. Electrophoresis 1997; 18: 2071-2077.

13. Gavin AC, et al. Functional organization of the
yeast proteome by systematic analysis of protein com-
plexes. Nature 2002; 415: 141-147.

14. LuoY, et al. Mammalian two-hybrid system: a com-
plementary approach to the yeast two-hybrid system.
Biotechniques 1997; 22: 350-352.

15. Rigaut G, et al. A generic protein purification
method for protein complex characterization and pro-
teome exploration. Nat Biotechnol 1999; 17:
1030-1032.

16. Uetz P, et al. A comprehensive analysis of protein-
protein interactions in Saccharomyces cerevisiae. Na-
ture 2000; 403: 623-627.

17. Ziauddin J, Sabatini DM. Microarrays of cells ex-
pressing defined cDNAs. Nature 2001;411: 107-110.
18. Renne R, et al. Lytic growth of Kaposi's sarcoma-
associated herpesvirus (human herpesvirus 8) in cul-
ture. Nat Med 1996; 2: 342-346.

19. Zhong W, et al. Restricted expression of Kaposi sar-
coma-associated herpesvirus (human herpesvirus 8)
genes in Kaposi sarcoma. Proc Natl Acad Sci USA
1996; 93: 6641-6646.

20. Song MJ, et al. Transcription activation of poly-
adenylated nuclear rna by rta in human herpesvirus
8/Kaposi's sarcoma-associated herpesvirus. J Virol
2001; 75: 3129-3140.

21. Staskus KA, et al. Kaposi's sarcoma-associated
herpesvirus gene expression in endothelial (spindle)
tumor cells. J Virol 1997; 71: 715-719.

22, Stiirzl M, et al. Expression of HHV-8 latency-as-
sociated T0.7 RNA in spindle cells and endothelial
cells of AIDS-associated, classical and African Kapo-
si's sarcoma. Int J Cancer 1997; 72: 68-71.

23. Sarid R, et al. Transcription mapping of the Kapo-
si's sarcoma-associated herpesvirus (human herpesvi-
rus 8) genome in a body cavity-based lymphoma cell
line (BC-1). J Virol 1998; 72: 1005-1012.

24. Jenner RG, et al. Kaposi's sarcoma-associated her-
pesvirus latent and lytic gene expression as revealed by
DNA arrays. J Virol 2001; 75: 891-902.

25. Paulose-Murphy M, et al. Transcription program of
human herpesvirus 8 (kaposi's sarcoma-associated her-
pesvirus). J Virol 2001; 75: 4843-4853.

26. Nakamura H, et al. Global changes in Kaposi's sar-
coma-associated virus gene expression patterns fol-
lowing expression of a tetracycline-inducible Rta trans-
activator. J Virol 2003; 77: 4205-4220.

27. Krishnan HH, et al. Concurrent expression of latent
and a limited number of lytic genes with immune
modulation and antiapoptotic function by Kaposi's sar-
coma-associated herpesvirus early during infection of
primary endothelial and fibroblast cells and subsequent
decline of lytic gene expression. J Virol 2004; 78:
3601-3620.

28. Ishido S, et al. Inhibition of natural killer cell-me-
diated cytotoxicity by Kaposi's sarcoma-associated
herpesvirus K5 protein. Immunity 2000; 13:365-374.
29. Stiirzl M, et al. Expression of K13/v-FLIP gene of
human herpesvirus 8 and apoptosis in Kaposi's sarco-
ma spindle cells. J Natl Cancer Inst 1999; 91:
1725-1733.

30. Poole LJ, et al. Altered patterns of cellular gene ex-
pression in dermal microvascular endothelial cells in-
fected with Kaposi's sarcoma-associated herpesvirus. J
Virol 2002; 76: 3395-3420.

31. Moses AV, et al. Long-term infection and trans-
formation of dermal microvascular endothelial cells by
human herpesvirus 8. J Virol 1999; 73: 6892-6902.
32. Moses AV, et al. Kaposi's sarcoma-associated her-
pesvirus-induced upregulation of the c-kit proto-onco-
gene, as identified by gene expression profiling, is es-
sential for the transformation of endothelial cells. J
Virol 2002; 76: 8383-8399.

33. Raggo C, et al. Novel cellular genes essential for
transformation of endothelial cells by Kaposi's sarco-
ma-associated herpesvirus. Cancer Res 2005; 65:
5084-5095.

1131

Acknowledgement

We apologise to those whose valuable contributions to the KSHV field
could not be included into this review due to space restrictions.

to the release of inflammatory and angiogenic cytokines released
from KSH V-infected cells and their ability to invade surrounding

34. Akula SM, et al. Integrin alpha3betal (CD 49¢/29)
is a cellular receptor for Kaposi's sarcoma-associated
herpesvirus (KSHV/HHV-8) entry into the target cells.
Cell 2002; 108: 407-419.

35. Naranatt PP, et al. Kaposi's sarcoma-associated her-
pesvirus induces the phosphatidylinositol 3-kinase-
PKC-zeta-MEK-ERK signaling pathway in target cells
early during infection: implications for infectivity. J
Virol 2003; 77: 1524-1539.

36. Naranatt PP, et al. Host gene induction and tran-
scriptional reprogramming in Kaposi's sarcoma-as-
sociated herpesvirus (KSHV/HHV-8)-infected en-
dothelial, fibroblast, and B cells: insights into modu-
lation events early during infection. Cancer Res 2004;
64: 72-84.

37. Naschberger E, et al. Nuclear factor-kappaB motif
and interferon-alpha-stimulated response element co-
operate in the activation of guanylate-binding protein-1
expression by inflammatory cytokines in endothelial
cells. Biochem J 2004; 379: 409-420.

38. Guenzi E, et al. The guanylate binding protein-1
GTPase controls the invasive and angiogenic capability
of endothelial cells through inhibition of MMP-1 ex-
pression. Embo J 2003; 22: 3772-3782.

39. Guenzi E, et al. The helical domain of GBP-1 me-
diates the inhibition of endothelial cell proliferation by
inflammatory cytokines. Embo J 2001; 20: 5568-5577.
40. Weinlénder K, et al. Guanylate binding protein-1
inhibits spreading and migration of endothelial cells
through induction of integrin alpha4 expression.
FASEB J 2008; 22: 4168—4178.

41. Naschberger E, et al. Angiostatic immune reaction
in colorectal carcinoma: Impact on survival and per-
spectives for antiangiogenic therapy. Int ] Cancer 2008;
123:2120-2129.

42. Cornali E, et al. Vascular endothelial growth factor
regulates angiogenesis and vascular permeability in
Kaposi's sarcoma. Am J Pathol 1996; 149: 1851-1869.
43. Thewes M, et al. The urokinase plasminogen acti-
vator system in angiosarcoma, Kaposi's sarcoma, gra-
nuloma pyogenicum, and angioma: an immunohisto-
chemical study. Int ] Dermatol 2000; 39: 188-191.
44. Babon JJ, et al. The structure of SOCS3 reveals the
basis of the extended SH2 domain function and ident-
ifies an unstructured insertion that regulates stability.
Mol Cell 2006; 22: 205-216.

45. Croker BA, et al. SOCS3 negatively regulates IL-6
signaling in vivo. Nat Immunol 2003; 4: 540-545.

46. Croker BA, et al. SOCS3 is a critical physiological
negative regulator of G-CSF signaling and emergency
granulopoiesis. Immunity 2004; 20: 153-165.

47. Dupin N, et al. Distribution of human herpesvi-
rus-8 latently infected cells in Kaposi's sarcoma, multi-
centric Castleman's disease, and primary effusion
lymphoma. Proc Natl Acad Sci USA 1999; 96:
4546-4551.

48. Stiirzl M, et al. Kaposi's sarcoma: a review of gene
expression and ultrastructure of KS spindle cells in
vivo. AIDS Res Hum Retroviruses 1992; 8:
1753-1763.

Infections of the Endothelium



Infections of the Endothelium

Stiirzl et al. Systems biology and reverse genetics in KSHV research

49. Weninger W, et al. Expression of vascular endothe-
lial growth factor receptor-3 and podoplanin suggests a
lymphatic endothelial cell origin of Kaposi's sarcoma
tumor cells. Lab Invest 1999; 79: 243-251.

50. Wang HW, et al. Kaposi sarcoma herpesvirus-in-
duced cellular reprogramming contributes to the lym-
phatic endothelial gene expression in Kaposi sarcoma.
Nat Genet 2004; 36: 687-693.

51. Petrova TV, et al. Lymphatic endothelial reprogram-
ming of vascular endothelial cells by the Prox-1 home-
obox transcription factor. EMBO J 2002; 21:
4593-4599.

52.Hong YK, et al. Lymphatic reprogramming of
blood vascular endothelium by Kaposi sarcoma-associ-
ated herpesvirus. Nat Genet 2004; 36: 683—685.

53. Vart RJ, et al. Kaposi's sarcoma-associated herpes-
virus-encoded interleukin-6 and G-protein-coupled re-
ceptor regulate angiopoietin-2 expression in lymphatic
endothelial cells. Cancer Res 2007; 67: 4042-4051.
54. Gale NW, et al. Angiopoietin-2 is required for post-
natal angiogenesis and lymphatic patterning, and only
the latter role is rescued by Angiopoietin-1. Dev Cell
2002; 3: 411-423.

55. Fiedler U, et al. Angiopoietin-2 sensitizes endothe-
lial cells to TNF-alpha and has a crucial role in the in-
duction of inflammation. Nat Med 2006; 12: 235-239.
56. Makinen T, et al. Inhibition of lymphangiogenesis
with resulting lymphedema in transgenic mice express-
ing soluble VEGF receptor-3. Nat Med 2001; 7:
199-205.

57. Veikkola T, et al. Signalling via vascular endothe-
lial growth factor receptor-3 is sufficient for lymphan-
giogenesis in transgenic mice. EMBO J 2001; 20:
1223-1231.

58. Glaunsinger BA, Ganem DE. Messenger RNA
turnover and its regulation in herpesviral infection. Adv
Virus Res 2006; 66: 337-394.

59. Chandriani S, Ganem D. Host transcript accumu-
lation during lytic KSHV infection reveals several
classes of host responses. PLoS ONE 2007; 2: e811.
60. Polson AG, et al. Modulation of host gene ex-
pression by the constitutively active G protein-coupled
receptor of Kaposi's sarcoma-associated herpesvirus.
Cancer Res 2002; 62: 4525-4530.

61. Herndier BG, et al. Characterization of a human
Kaposi's sarcoma cell line that induces angiogenic tu-
mors in animals. Aids 1994; 8: 575-581.

62. Glaunsinger B, Ganem D. Highly selective escape
from KSHV-mediated host mRNA shutoff and its im-
plications for viral pathogenesis. J Exp Med 2004; 200:
391-398.

63. Chaudhary PM, et al. Modulation of the NF-kappa
B pathway by virally encoded death effector domains-
containing proteins. Oncogene 1999; 18: 5738-5746.
64. Djerbi M, et al. The inhibitor of death receptor sig-
naling, FLICE-inhibitory protein defines a new class of
tumor progression factors. J Exp Med 1999; 190:
1025-1032.

65. Efklidou S, et al. vFLIP from KSHYV inhibits anoi-
kis of primary endothelial cells. J Cell Sci 2008; 121:
450-457.

66. Konrad A, et al. A systems biology approach to
identify the combination effects of human herpesvirus
8 genes on NF-kappaB activation. J Virol 2009; 83:
2563-2574.

67. Sun Q, et al. The human herpes virus 8-encoded
viral FLICE inhibitory protein protects against growth
factor withdrawal-induced apoptosis via NF-kappa B
activation. Blood 2003; 101: 1956-1961.

68. Mehrad B, et al. Chemokines as mediators of angio-
genesis. Thromb Haemost 2007; 97: 755-762.

69. Sakakibara S, et al. Gene regulation and functional
alterations induced by Kaposi's sarcoma-associated

herpesvirus-encoded ORFK13/vFLIP in endothelial
cells. J Virol 2009; 83: 2140-2153.

70. Thurau M, et al. Viral inhibitor of apoptosis
VvFLIP/K13 protects endothelial cells against super-
oxide-induced cell death. J Virol 2009; 83: 598-611.
71. Cocchi F, et al. Identification of RANTES, MIP-1
alpha, and MIP-1 beta as the major HIV-suppressive
factors produced by CD8+ T cells. Science 1995; 270:
1811-1815.

72. Blasig C, et al. Monocytes in Kaposi's sarcoma
lesions are productively infected by human herpesvirus
8. I Virol 1997; 71: 7963-7968.

73. Stiirzl M, et al. Expression of platelet-derived
growth factor and its receptor in AIDS-related Kaposi
sarcoma in vivo suggests paracrine and autocrine
mechanisms of tumor maintenance. Proc Natl Acad Sci
USA 1992; 89: 7046-7050.

74. Zhu FX, et al. Virion proteins of Kaposi's sarcoma-
associated herpesvirus. J Virol 2005; 79: 800-811.
75. Nealon K, et al. Lytic replication of Kaposi's sarco-
ma-associated herpesvirus results in the formation of
multiple capsid species: isolation and molecular char-
acterization of A, B, and C capsids from a gammaher-
pesvirus. J Virol 2001; 75: 2866-2878.

76. Russo JJ, et al. Nucleotide sequence of the Kaposi
sarcoma-associated herpesvirus (HHVS). Proc Natl
Acad Sci USA 1996; 93: 14862-14867.

77. Rozen R, et al. Virion-wide protein interactions of
Kaposi's sarcoma-associated herpesvirus. J Virol 2008;
82: 4742-4750.

78. Si H, et al. Proteomic analysis of the Kaposi's sar-
coma-associated herpesvirus terminal repeat element
binding proteins. J Virol 2006; 80: 9017-9030.

79. Ballestas ME, Kaye KM. Kaposi's sarcoma-associ-
ated herpesvirus latency-associated nuclear antigen 1
mediates episome persistence through cis-acting ter-
minal repeat (TR) sequence and specifically binds TR
DNA. J Virol 2001; 75: 3250-3258.

80. Si H, et al. Kaposi's sarcoma-associated herpesvi-
rus-encoded LANA can interact with the nuclear mi-
totic apparatus protein to regulate genome maintenance
and segregation. J Virol 2008; 82: 6734-6746.

81. Kaul R, et al. Protein complexes associated with the
Kaposi's sarcoma-associated herpesvirus-encoded
LANA. Virology 2007; 364: 317-329.

82. Ma L, et al. Mitosin/CENP-F in mitosis, transcrip-
tional control, and differentiation. J Biomed Sci 2006;
13:205-213.

83. Uetz P, et al. Herpesviral protein networks and their
interaction with the human proteome. Science 2006;
311:239-242.

84. Chen J, et al. Genome-wide identification of bind-
ing sites for Kaposi's sarcoma-associated herpesvirus
lytic switch protein, RTA. Virology 2009; 386:
290-302.

85. Ellison TJ, et al. A comprehensive analysis of re-
cruitment and transactivation potential of K-Rta and
K-bZIP during reactivation of Kaposi's sarcoma-as-
sociated herpesvirus. Virology 2009; 387: 76-88.

86. Sander G, et al. Intracellular Localization Map of
HHV-8 Proteins. J Virol 2008; 82: 1908-1922.

87. Simpson JC, et al. Systematic subcellular localiz-
ation of novel proteins identified by large-scale cDNA
sequencing. EMBO Rep 2000; 1: 287-292.

88. Salsman J, et al. Genome-wide screen of three her-
pesviruses for protein subcellular localization and al-
teration of PML nuclear bodies. PLoS Pathog 2008; 4:
¢1000100.

89. Mathas S, et al. ¢c-FLIP mediates resistance of
Hodgkin/Reed-Sternberg cells to death receptor-in-
duced apoptosis. ] Exp Med 2004; 199: 1041-1052.
90. Niikura Y, et al. Monitoring of caspase-8/FLICE
processing and activation upon Fas stimulation with
novel antibodies directed against a cleavage site for

1132

caspase-8 and its substrate, FLICE-like inhibitory pro-
tein (FLIP). J Biochem (Tokyo) 2002; 132: 53-62.
91. Matta H, et al. A nuclear role for Kaposi's sarcoma-
associated herpesvirus-encoded K13 protein in gene
regulation. Oncogene 2008; 27: 5243-5253.

92. Katano H, et al. Expression and localization of
human herpesvirus 8-encoded proteins in primary effu-
sion lymphoma, Kaposi's sarcoma, and multicentric
Castleman's disease. Virology 2000; 269: 335-344.
93. Wu FY, et al. Origin-independent assembly of Ka-
posi's sarcoma-associated herpesvirus DNA repli-
cation compartments in transient cotransfection assays
and association with the ORF-K8 protein and cellular
PML. J Virol 2001; 75: 1487-1506.

94, Keller SA, et al. Inhibition of NF-kappaB induces
apoptosis of KSHV-infected primary effusion lympho-
ma cells. Blood 2000; 96: 2537-2542.

95. Sadagopan S, et al. Kaposi's sarcoma-associated
herpesvirus induces sustained NF-kappaB activation
during de novo infection of primary human dermal
microvascular endothelial cells that is essential for viral
gene expression. J Virol 2007; 81: 3949-3968.

96. Brown HJ, et al. NF-kappaB inhibits gammaher-
pesvirus lytic replication. J Virol 2003; 77: 8532-8540.
97. Ye FC, et al. Kaposi's sarcoma-associated herpesvi-
rus latent gene VFLIP inhibits viral lytic replication
through NF-kappaB-mediated suppression of the AP-1
pathway: a novel mechanism of virus control of latency.
] Virol 2008; 82: 4235-4249.

98. Keller SA, et al. NF-kappaB is essential for the pro-
gression of KSHV- and EBV-infected lymphomas in
vivo. Blood 2006; 107: 3295-3302.

99. Sgarbanti M, et al. A requirement for NF-kappaB
induction in the production of replication-competent
HHV-8 virions. Oncogene 2004; 23: 5770-5780.

100. Brinkmann MM, et al. Activation of mitogen-acti-
vated protein kinase and NF-kappaB pathways by a Ka-
posi's sarcoma-associated herpesvirus K15 membrane
protein. J Virol 2003; 77: 9346-9358.

101. Schwarz M, Murphy PM. Kaposi's sarcoma-as-
sociated herpesvirus G protein-coupled receptor con-
stitutively activates NF-kappa B and induces proin-
flammatory cytokine and chemokine production via a
C-terminal signaling determinant. J Immunol 2001;
167: 505-513.

102. Seo T, et al. Inhibition of nuclear factor kappaB
activity by viral interferon regulatory factor 3 of Kapo-
si's sarcoma-associated herpesvirus. Oncogene 2004;
23:6146-6155.

103. Lee BS, et al. Suppression of tetradecanoyl phor-
bol acetate-induced lytic reactivation of Kaposi's sarco-
ma-associated herpesvirus by K1 signal transduction. J
Virol 2002; 76: 12185-12199.

104. Prakash O, et al. Activation of Src kinase Lyn by
the Kaposi sarcoma-associated herpesvirus K1 protein:
implications for lymphomagenesis. Blood 2005; 105:
3987-3994.

105. Stiirzl M, et al. High throughput screening of gene
functions in Mammalian cells using reversely trans-
fected cell arrays: review and protocol. Comb Chem
High Throughput Screen 2008; 11: 159-172.

106. Renne R, et al. Experimental transmission of Ka-
posi's  sarcoma-associated herpesvirus (KSHV/
HHV-8) to SIV-positive and SIV-negative rhesus ma-
caques. J Med Primatol 2004; 33: 1-9.

107. Parsons CH, et al. KSHV targets multiple leuko-
cyte lineages during long-term productive infection in
NOD/SCID mice. J Clin Invest 2006; 116: 1963-1973.
108. Dittmer D, et al. Experimental transmission of
Kaposi's sarcoma-associated herpesvirus (KSHV/
HHV-8) to SCID-hu Thy/Liv mice. J Exp Med 1999;
190: 1857-1868.

109. Foreman KE, et al. Injection of human herpesvi-
rus-8 in human skin engrafted on SCID mice induces



Stiirzl et al. Systems biology and reverse genetics in KSHV research

Kaposi's sarcoma-like lesions. J Dermatol Sci 2001;
26: 182-193.

110. Mutlu AD, et al. In vivo-restricted and reversible
malignancy induced by human herpesvirus-8 KSHV: a
cell and animal model of virally induced Kaposi's sar-
coma. Cancer Cell 2007; 11: 245-258.

111. Schultz ER, et al. Characterization of two diver-
gent lineages of macaque rhadinoviruses related to Ka-
posi's sarcoma-associated herpesvirus. J Virol 2000;
74: 4919-4928.

112. Greensill J, Schulz TE  Rhadinoviruses
(gamma2-herpesviruses) of Old World primates: mod-
els for KSHV/HHV8-associated disease? AIDS 2000;
14 (Suppl 3): S11-19.

113. Desrosiers RC, et al. A herpesvirus of rhesus
monkeys related to the human Kaposi's sarcoma-as-
sociated herpesvirus. J Virol 1997; 71: 9764-9769.
114. Rose TM, et al. Identification of two homologs of
the Kaposi's sarcoma-associated herpesvirus (human
herpesvirus 8) in retroperitoneal fibromatosis of differ-
ent macaque species. J Virol 1997; 71: 4138-4144.
115. Greensill J, et al. A chimpanzee rhadinovirus se-
quence related to Kaposi's sarcoma-associated herpes-
virus’/human herpesvirus 8: increased detection after
HIV-1 infection in the absence of disease. Aids 2000;
14: F129-135.

116. Greensill J, et al. Two distinct gamma-2 herpesvi-
ruses in African green monkeys: a second gamma-2
herpesvirus lineage among old world primates? J Virol
2000; 74: 1572-1577.

117. Lacoste V, et al. KSHV-like herpesviruses in
chimps and gorillas. Nature 2000; 407: 151-152.

118. Lacoste V, et al. Simian homologues of human
gamma-2 and betaherpesviruses in mandrill and drill
monkeys. J Virol 2000; 74: 11993-11999.

119. Alexander L, et al. The primary sequence of rhe-
sus monkey rhadinovirus isolate 26-95: sequence sim-
ilarities to Kaposi's sarcoma-associated herpesvirus
and rhesus monkey rhadinovirus isolate 17577. J Virol
2000; 74: 3388-3398.

120. Searles RP, et al. Sequence and genomic analysis
of a Rhesus macaque rhadinovirus with similarity to
Kaposi's sarcoma-associated herpesvirus/human her-
pesvirus 8. J Virol 1999; 73: 3040-3053.

121. Mansfield KG, et al. Experimental infection of
rhesus and pig-tailed macaques with macaque rhadi-
noviruses. J Virol 1999; 73: 10320-10328.

122. Wong SW, et al. Induction of B cell hyperplasia in
simian immunodeficiency virus- infected rhesus ma-
caques with the simian homologue of Kaposi's sarco-
ma- associated herpesvirus [In Process Citation]. ] Exp
Med 1999; 190: 827-840.

123. An FQ, et al. Long-term-infected telomerase-im-
mortalized endothelial cells: a model for Kaposi's sar-
coma-associated herpesvirus latency in vitro and in
vivo. J Virol 2006; 80: 4833-4846.

124. Boshoff C, et al. Establishing a KSHV+ cell line
(BCP-1) from peripheral blood and characterizing its
growth in Nod/SCID mice. Blood 1998; 91:
1671-1679.

125. Staudt MR, et al. The tumor microenvironment
controls primary effusion lymphoma growth in vivo.
Cancer Res 2004; 64: 4790—4799.

126. Wu W, et al. Inhibition of HHV-8/KSHYV infected
primary effusion lymphomas in NOD/SCID mice by
azidothymidine and interferon-alpha. Leuk Res 2005;
29: 545-555.

127. Jeong JH, et al. Tissue specificity of the Kaposi’s
sarcoma-associated Herpesvirus latent nuclear antigen
(LANA/orf73) promoter in transgenic mice. J Virology
2002; 76: 11024-11032.

128. Fakhari FD, et al. The latency-associated nuclear
antigen of Kaposi sarcoma-associated herpesvirus in-

duces B cell hyperplasia and lymphoma. J Clin Invest
2006; 116: 735-742.

129. Verschuren EW, et al. The role of p53 in suppres-
sion of KSHV cyclin-induced lymphomagenesis.
Cancer Res 2004; 64: 581-589.

130. Verschuren EW, et al. The oncogenic potential of
Kaposi's sarcoma-associated herpesvirus cyclin is ex-
posed by p53 loss in vitro and in vivo. Cancer Cell
2002; 2: 229-241.

131. Chugh P, et al. Constitutive NF-{kappa}B acti-
vation, normal Fas-induced apoptosis, and increased
incidence of lymphoma in human herpes virus 8 K13
transgenic mice. Proc Natl Acad Sci USA 2005; 102:
12885-12890.

132. Grisotto MG, et al. The human herpesvirus 8 che-
mokine receptor vGPCR triggers autonomous prolifer-
ation of endothelial cells. J Clin Invest 2006; 116:
1264-1273.

133. Guo HG, et al. Kaposi's sarcoma-like tumors in a
human herpesvirus § ORF74 transgenic mouse. J Virol
2003; 77: 2631-2639.

134. Jensen KK, et al. The human herpes virus 8-en-
coded chemokine receptor is required for angioprolife-
ration in a murine model of Kaposi's sarcoma. J Immu-
nol 2005; 174: 3686-3694.

135. Montaner S, et al. Endothelial infection with
KSHYV genes in vivo reveals that vGPCR initiates Ka-
posi's sarcomagenesis and can promote the tumori-
genic potential of viral latent genes. Cancer Cell 2003;
3:23-36.

136. Yang TY, et al. Transgenic expression of the che-
mokine receptor encoded by human herpesvirus 8 in-
duces an angioproliferative disease resembling Kapo-
si's sarcoma. J Exp Med 2000; 191: 445-454.

137. Prakash O, et al. Tumorigenesis and aberrant sig-
naling in transgenic mice expressing the human herpes-
virus-8 K1 gene. J Natl Cancer Inst 2002; 94: 926-935.
138. Zhou FC, et al. Efficient infection by a recom-
binant Kaposi's sarcoma-associated herpesvirus
cloned in a bacterial artificial chromosome: appli-
cation for genetic analysis. J Virol 2002; 76:
6185-6196.

139. Lee H, et al. Identification of an immunoreceptor
tyrosine-based activation motif of K1 transforming
protein of Kaposi's sarcoma-associated herpesvirus.
Mol Cell Biol 1998; 18: 5219-5228.

140. Lee H, etal. Deregulation of cell growth by the K1
gene of Kaposi's sarcoma-associated herpesvirus. Nat
Med 1998; 4: 435-440.

141. Wang L, et al. Immortalization of primary en-
dothelial cells by the K1 protein of Kaposi's sarcoma-
associated herpesvirus. Cancer Res 2006; 66:
3658-3666.

142. Lee BS, et al. Structural analysis of the Kaposi's
sarcoma-associated herpesvirus K1 protein. J Virol
2003; 77: 8072-8086.

143. Lagunoff M, et al. Immunoreceptor tyrosine-
based activation motif-dependent signaling by Kaposi's
sarcoma-associated herpesvirus K1 protein: effects on
Iytic viral replication. J Virol 2001; 75: 5891-5898.
144. Lagunoff M, et al. Deregulated signal transduc-
tion by the K1 gene product of Kaposi's sarcoma-as-
sociated herpesvirus. Proc Natl Acad Sci USA 1999;
96: 5704-5709.

145. Tomlinson CC, Damania B. The K1 protein of Ka-
posi's sarcoma-associated herpesvirus activates the Akt
signaling pathway. J Virol 2004; 78: 1918-1927.

146. Wang L, et al. The Kaposi's sarcoma-associated
herpesvirus (KSHV/HHV-8) K1 protein induces ex-
pression of angiogenic and invasion factors. Cancer
Res 2004; 64: 2774-2781.

147. Moore PS, et al. Molecular mimicry of human cy-
tokine and cytokine response pathway genes by KSHV.
Science 1996; 274: 1739-1744.

1133

148. Parravicini C, et al. Differential viral protein ex-
pression in Kaposi's sarcoma-associated herpesvirus-
infected diseases: Kaposi's sarcoma, primary effusion
lymphoma, and multicentric Castleman's disease. Am J
Pathol 2000; 156: 743-749.

149. Burger R, et al. Human herpesvirus type 8 inter-
leukin-6 homologue is functionally active on human
myeloma cells. Blood 1998; 91: 1858—-1863.

150. Hoischen SH, et al. Human herpes virus 8 inter-
leukin-6 homologue triggers gp130 on neuronal and
hematopoietic cells. Eur J Biochem 2000; 267:
3604-3612.

151. Jones KD, et al. Involvement of interleukin-10
(IL-10) and viral IL-6 in the spontaneous growth of Ka-
posi's sarcoma herpesvirus-associated infected pri-
mary effusion lymphoma cells. Blood 1999; 94:
2871-2879.

152. Aoki Y, Tosato G. Role of vascular endothelial
growth factor/vascular permeability factor in the pa-
thogenesis of Kaposi's sarcoma-associated herpesvi-
rus-infected primary effusion lymphomas. Blood
1999; 94: 4247-4254.

153. Kovaleva M, et al. Abrogation of viral interleu-
kin-6 (vIL-6)-induced signaling by intracellular reten-
tion and neutralization of vIL-6 with an anti-vIL-6
single-chain antibody selected by phage display. J Virol
2006; 80: 8510-8520.

154. Chen L, Lagunoff M. The KSHV viral interleu-
kin-6 is not essential for latency or lytic replication in
BJAB cells. Virology 2007; 359: 425-435.

155. Sathish N, et al. Kaposi's sarcoma-associated her-
pesvirus ORF45 interacts with kinesin-2 transporting
viral capsid-tegument complexes along microtubules.
PLoS Pathog 2009; 5: €1000332.

156. Zhu FX, et al. Functional characterization of Ka-
posi's sarcoma-associated herpesvirus ORF45 by bac-
terial artificial chromosome-based mutagenesis. J
Virol 2006; 80: 12187-12196.

157. AbadaR, etal. STAH-1 interacts with the Kaposi's
sarcoma-associated herpesvirus-encoded ORF45 pro-
tein and promotes its ubiquitylation and proteasomal
degradation. J Virol 2008; 82: 2230-2240.

158. Zhu FX, King SM, Smith EJ, et al. A Kaposi's sar-
coma-associated herpesviral protein inhibits virus-me-
diated induction of type I interferon by blocking IRF-7
phosphorylation and nuclear accumulation. Proc Natl
Acad Sci USA 2002; 99: 5573-5578.

159. Sun R, et al. A viral gene that activates lytic cycle
expression of Kaposi's sarcoma-associated herpesvi-
rus. Proc Natl Acad Sci USA 1998; 95: 10866-10871.
160. Viejo-Borbolla A, Schulz TF. Kaposi's sarcoma-
associated herpesvirus (KSHV/HHVS): key aspects of
epidemiology and pathogenesis. AIDS Rev 2003; 5:
222-229.

161. Chang PJ, et al. Open reading frame 50 protein of
Kaposi's sarcoma-associated herpesvirus directly acti-
vates the viral PAN and K12 genes by binding to related
response elements. J Virol 2002; 76: 3168-3178.

162. Gwack Y, et al. Kaposi's Sarcoma-associated her-
pesvirus open reading frame 50 stimulates the tran-
scriptional activity of STAT3. J Biol Chem 2002; 277:
6438-6442.

163. Liang Y, et al. The lytic switch protein of KSHV
activates gene expression via functional interaction
with RBP-Jkappa (CSL), the target of the Notch signal-
ing pathway. Genes Dev 2002; 16: 1977-1989.

164. Wang SE, et al. CCAAT/enhancer-binding pro-
tein-alpha is induced during the early stages of Kaposi's
sarcoma-associated herpesvirus (KSHV) lytic cycle
reactivation and together with the KSHV replication
and transcription activator (RTA) cooperatively stimu-
lates the viral RTA, MTA, and PAN promoters. J Virol
2003; 77: 9590-9612.

Infections of the Endothelium



Infections of the Endothelium

Stiirzl et al. Systems biology and reverse genetics in KSHV research

165. Deng H, et al. Auto-activation of the rta gene of
human herpesvirus-8/Kaposi's sarcoma-associated
herpesvirus. J Gen Virol 2000; 81: 3043-3048.

166. Xu Y, et al. A Kaposi's sarcoma-associated her-
pesvirus/human herpesvirus 8§ ORF50 deletion mutant
is defective for reactivation of latent virus and DNA re-
plication. J Virol 2005; 79: 3479-3487.

167. Gruffat H, et al. Kaposi's sarcoma-associated her-
pesvirus (human herpesvirus-8) encodes a homologue
of the Epstein-Barr virus bZip protein EB1. J Gen Virol
1999; 80: 557-561.

168. [zumiya, et al. Kaposi's sarcoma-associated her-
pesvirus K-bZIP is a coregulator of K-Rta: physical as-
sociation and promoter-dependent transcriptional re-
pression. J Virol 2003; 77: 1441-1451.

169. Wang SE, et al. Role of CCAAT/enhancer-bind-
ing protein alpha (C/EBPalpha) in activation of the Ka-
posi's sarcoma-associated herpesvirus (KSHV) lytic-
cycle replication-associated protein (RAP) promoter in
cooperation with the KSHV replication and transcrip-
tion activator (RTA) and RAP. J Virol 2003; 77:
600—623.

170. Park J, et al. The K-bZIP protein from Kaposi's
sarcoma-associated herpesvirus interacts with pS3 and
represses its transcriptional activity. J Virol 2000; 74:
11977-11982.

171. Wu FY, et al. Lytic replication-associated protein
(RAP) encoded by Kaposi sarcoma-associated herpes-
virus causes p21CIP-1-mediated G1 cell cycle arrest
through CCA AT/enhancer-binding protein-alpha. Proc
Natl Acad Sci USA 2002; 99: 10683-10688.

172. Kato-Noah T, et al. Overexpression of the kaposi's
sarcoma-associated herpesvirus transactivator K-Rta
can complement a K-bZIP deletion BACmid and yields
an enhanced growth phenotype. J Virol 2007; 81:
13519-13532.

173. Boyne JR, Colgan KJ, Whitehouse A. Recruit-
ment of the complete hTREX complex is required for
Kaposi's sarcoma-associated herpesvirus intronless
mRNA nuclear export and virus replication. PLoS Pa-
thog 2008; 4: ¢1000194.

174. Malik P, et al. The evolutionarily conserved Kapo-
si's sarcoma-associated herpesvirus ORF57 protein in-
teracts with REF protein and acts as an RNA export fac-
tor. J Biol Chem 2004; 279: 33001-33011.

175. Majerciak V, et al. Targeted disruption of Kaposi's
sarcoma-associated herpesvirus ORF57 in the viral ge-
nome is detrimental for the expression of ORF59,
K8alpha, and K8.1 and the production of infectious
virus. J Virol 2007; 81: 1062-1071.

176. Birkmann A, et al. Cell surface heparan sulfate is
a receptor for human herpesvirus 8 and interacts with
envelope glycoprotein K8.1. J Virol 2001; 75:
11583-11593.

177. Wang FZ, et al. Human herpesvirus 8 envelope
glycoprotein K8.1A interaction with the target cells in-
volves heparan sulfate. J Virol 2001; 75: 7517-7527.

178. Luna RE, et al. Kaposi's sarcoma-associated her-
pesvirus glycoprotein K8.1 is dispensable for virus
entry. J Virol 2004; 78: 6389—6398.

179. Xu, et al. Evaluation of the lytic origins of repli-
cation of Kaposi's sarcoma-associated virus/human
herpesvirus 8 in the context of the viral genome. J Virol
2006; 80: 9905-9909.

180. Davis MA, et al. Expression of human herpesvi-
rus 8-encoded cyclin D in Kaposi's sarcoma spindle
cells. J Natl Cancer Inst 1997; 89: 1868-1874.

181. Rainbow L, et al. The 222— to 234-kilodalton
latent nuclear protein (LNA) of Kaposi's sarcoma-as-
sociated herpesvirus (human herpesvirus 8) is encoded
by orf73 and is a component of the latency-associated
nuclear antigen. J Virol 1997; 71: 5915-5921.

182. Thome M, et al. Viral FLICE-inhibitory proteins
(FLIPs) prevent apoptosis induced by death receptors.
Nature 1997; 386: 517-521.

183. Liu L, et al. The human herpes virus 8-encoded
viral FLICE inhibitory protein physically associates
with and persistently activates the Ikappa B kinase
complex. J Biol Chem 2002; 277: 13745-13751.

184. Guasparri [, et al. KSHV vFLIP is essential for the
survival of infected lymphoma cells. ] Exp Med 2004;
199: 993-1003.

185. Grossmann C, et al. Activation of NF-kappaB by
the latent VFLIP gene of Kaposi's sarcoma-associated
herpesvirus is required for the spindle shape of virus-
infected endothelial cells and contributes to their proin-
flammatory phenotype. J Virol 2006; 80: 7179-7185.
186. Ballestas ME, et al. Efficient persistence of extra-
chromosomal KSHV DNA mediated by latency-as-
sociated nuclear antigen. Science 1999; 284: 641-644.
187. Hu J, et al. The latency-associated nuclear antigen
of Kaposi's sarcoma-associated herpesvirus supports
latent DNA replication in dividing cells. J Virol 2002;
76: 11677-11687.

188. Barbera AJ, et al. The nucleosomal surface as a
docking station for Kaposi's sarcoma herpesvirus
LANA. Science 2006; 311: 856-861.

189. Garber AC, et al. DNA binding and modulation of
gene expression by the latency-associated nuclear
antigen of Kaposi's sarcoma-associated herpesvirus. J
Virol 2001; 75: 7882-7892.

190. Piolot T, et al. Close but distinct regions of human
herpesvirus 8 latency-associated nuclear antigen 1 are
responsible for nuclear targeting and binding to human
mitotic chromosomes. J Virol 2001; 75: 3948-3959.
191. Viejo-Borbolla A, et al. A Domain in the C-ter-
minal region of latency-associated nuclear antigen 1 of
Kaposi's sarcoma-associated Herpesvirus affects tran-
scriptional activation and binding to nuclear hetero-
chromatin. J Virol 2003; 77: 7093-7100.

192. Friborg J, Jr.,, et al. p53 inhibition by the LANA
protein of KSHV protects against cell death. Nature
1999; 402: 889-894.

1134

193. Radkov SA, et al. The latent nuclear antigen of
Kaposi sarcoma-associated herpesvirus targets the re-
tinoblastoma-E2F pathway and with the oncogene Hras
transforms primary rat cells. Nat Med 2000; 6:
1121-1127.

194. Krithivas A, et al. Protein interactions targeting
the latency-associated nuclear antigen of Kaposi's sar-
coma-associated herpesvirus to cell chromosomes. J
Virol 2002; 76: 11596—-11604.

195. Krithivas A, Young DB, Liao G, et al. Human her-
pesvirus 8 LANA interacts with proteins of the mSin3
corepressor complex and negatively regulates Epstein-
Barr virus gene expression in dually infected PEL cells.
I 'Virol 2000; 74: 9637-9645.

196. Shamay M, et al. Recruitment of the de novo DNA
methyltransferase Dnmt3a by Kaposi's sarcoma-as-
sociated herpesvirus LANA. Proc Natl Acad Sci USA
2006; 103: 14554-14559.

197. Ottinger M, et al. Kaposi's sarcoma-associated
herpesvirus LANA-1 interacts with the short variant of
BRD4 and releases cells from a BRD4- and
BRD2/RING3-induced G1 cell cycle arrest. J Virol
2006; 80: 10772—-10786.

198. Platt GM, et al. Latent nuclear antigen of Kaposi's
sarcoma-associated herpesvirus interacts with RING3,
a homolog of the Drosophila female sterile homeotic
(fsh) gene. J Virol 1999; 73: 9789-9795.

199. Ye FC, et al. Disruption of Kaposi's sarcoma-as-
sociated herpesvirus latent nuclear antigen leads to
abortive episome persistence. J Virol 2004; 78:
11121-11129.

200. Li Q, et al. Genetic disruption of KSHV major
latent nuclear antigen LANA enhances viral lytic tran-
scriptional program. Virology 2008; 379: 234-244.
201. Staudt MR, Dittmer DP. Promoter switching
allows simultaneous transcription of LANA and
K14/vGPCR of Kaposi's sarcoma-associated herpesvi-
rus. Virology 2006; 350: 192-205.

202. Stedman W, et al. Cohesins localize with CTCF at
the KSHV latency control region and at cellular c-myc
and H19/1gf2 insulators. Embo J 2008; 27: 654—666.
203. Kang H, Lieberman PM. Cell cycle control of Ka-
posi's sarcoma-associated herpesvirus latency tran-
scription by CTCF-cohesin interactions. J Virol 2009;
83:6199-6210.

204. Choi JK, et al. Identification of the novel K15
gene at the rightmost end of the Kaposi's sarcoma-as-
sociated herpesvirus genome. J Virol 2000; 74:
436-446.

205. Glenn M, et al. Identification of a spliced gene
from Kaposi's sarcoma-associated herpesvirus en-
coding a protein with similarities to latent membrane
proteins 1 and 2A of Epstein-Barr virus. J Virol 1999;
73:6953-6963.

206. Brinkmann MM, et al. Modulation of host gene
expression by the K15 protein of Kaposi's sarcoma-as-
sociated herpesvirus. J Virol 2007; 81: 42-58.



