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Abstract The replication and transcription activator protein, Rta, is encoded by Orf50
in Kaposi sarcoma-associated herpesvirus (KSHV) and other known gammaher-
pesviruses including Epstein-Barr virus (EBV), rhesus rhadinovirus (RRV), herpes-
virus saimiri (HVS), and murine herpesvirus 68 (MHV-68). Each Rta/Orf50 homologue
of each gammaherpesvirus plays a pivotal role in the initiation of viral lytic gene ex-
pression and lytic reactivation from latency. Here we discuss the Rta/Orf50 of KSHV
in comparison to the Rta/Orf50s of other gammaherpesviruses in an effort to identify
structural motifs, mechanisms of action, and modulating host factors.

1
Introduction

As all members of the Herpesviridae, the gammaherpesviruses can establish
either a latent or lytic life cycle within host cells. During latency, only a few
viral genes are transcribed and the virus exists as a nonintegrated circular epi-
some within the nucleus of the infected cell (Fakhari and Dittmer 2002; Jenner
et al. 2001; Paulose-Murphy et al. 2001; Sarid et al. 1998; Zhong et al. 1996).
B cell latency can be disrupted by host cell signaling, such as B cell receptor
cross-linking, which leads to the sequential expression of several subsets of
lytic genes: immediate-early genes (IE) that encode viral transcriptional reg-
ulators; delayed-early genes (DE) that encode proteins involved in viral DNA
replication, and late genes (L) that encode viral structural proteins. Herpes-
virus lytic gene expression follows this temporal and sequential cascade, ulti-
mately resulting in the production of progeny virions and destruction of and
egress from the infected host cell. The Rta/Orf50 switch protein is essential
to initiate lytic reactivation of all gammaherpesviruses: Epstein-Barr virus
(EBV), Kaposi sarcoma-associated herpesvirus (KSHV), rhesus rhadinovirus
(RRV), herpesvirus saimiri (HVS), and murid herpesvirus 68 (MHV-68).

2
Immediate-Early Genes

Immediate-early genes define mRNAs that are transcribed in the presence of
protein synthesis inhibitors, such as cycloheximide. This applies to herpes-
virus genes after de novo infection of permissive cells (Roizman 1996) but also
to cellular genes after serum stimulation. Lau and Nathans identified cellular
immediate-early genes (jun / fos) because they constituted the first wave of
mRNAs after serum stimulation of mouse fibroblasts (Lau and Nathans 1985,
1987). jun/fos mRNA levels were induced within 10 min after addition of serum
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and declined shortly thereafter. By comparison, the induction of c-myc, a cel-
lular early mRNA, was delayed. c-Myc mRNA peaked at 20–45 min, after the
wave of immediate-early mRNAs subsided, and stayed induced for longer
periods of time. The definition of early genes for herpesviruses is more strict:
Early gene transcription is dependent on immediate-early transactivators in-
dependent of the time frame. Herpesvirus immediate-early transactivators
are necessary and sufficient to initiate viral replication (McKnight et al. 1987;
Triezenberg et al. 1988).

Rta/Orf50 is an immediate-early protein of rhadinoviruses. It is necessary
and sufficient to drive lytic replication for KSHV, HVS, RRV, and MHV-68.
Ectopic expression of Rta/Orf50 will reactivate virus from latency (sufficient);
deletion of Rta/Orf50 or inhibition by a dominant-negative mutant will pre-
vent lytic reactivation and replication (necessary). Although other rhadi-
novirus mRNAs are transcribed in the presence of cycloheximide (CHX)
(Orf57/Mta, K8/Zta, Orf45) and are therefore considered immediate-early
genes, their gene products are not sufficient to reactivate virus from latency.
Whether any of these are necessary for lytic replication remains to be estab-
lished.

Figure 1 shows an array analysis of RRV transcription at 6 h after de
novo infection in the presence or absence of permissive fibroblasts (from
Dittmer et al. 2005). Here, the levels for each viral mRNA were measured by
quantitative real-time RT-PCR, and for each viral mRNA the number of cycles
that were required to obtain a fixed amount of product was plotted. Rta/Orf50
is the most abundant mRNA at early times after infection and is unaffected
by CHX. In contrast, the majority of RRV transcripts are not transcribed that
early in the infection process (requiring more than 40 cycles of PCR to detect
a signal under either condition) or are significantly inhibited by CHX. The
latter includes mRNAs driven by Rta/Orf50-responsive promoters. But there
are also a significant number of mRNAs that were transcribed in the presence
of the protein synthesis inhibitor. By definition these are immediate-early
genes, and their transcription is dependent only on preformed (i.e., immediate
early) cellular regulators or RRV virion transactivators. Yet at the same time
many of these genes are also Rta/Orf50-responsive. Rta/Orf50’s own promoter
falls into this class. In the case of the Rta/Orf50 promoter, transactivation by
Rta/Orf50 protein establishes a direct positive feedback loop that locks the
lytic transcription cascade into place. On the basis of extensive transcriptional
profiling, we would speculate that the gamma herpesviridae evolved a more
plastic, less ridged transcriptional control program than the alpha and beta
herpesviridae to cope with the various signaling events, cytokine exposures,
and growth stimuli in the life of a latently infected lymphocytes.
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Fig. 1 Array analysis of RRV transcription at 6 h after de novo infection in the presence
(vertical) or absence (horizontal) of cycloheximide in permissive fibroblasts (from
Dittmer et al. 2005). Shown are relative mRNA levels on a log2 scale (CT). Known
KSHV immediate-early genes are in black, known Rta targets in KSHV in gray, and all
others in open circles

3
Lytic Reactivation

All gammaherpesviruses encode an Rta/Orf50 homologue, and each has been
shown to play a pivotal role in the initiation of viral lytic gene expression and
lytic reactivation from latency. Although the gene product of Orf50, named
Rta (replication and transcription activator), is the only essential latent/lytic
switch protein for the gamma-2-herpesviruses (rhadinoviruses), two proteins,
Zta and Rta, independently can reactivate EBV, a gamma-1 or lymphocryp-
tovirus, from latency. This difference in viral lytic switch proteins between
the lymphocryptoviruses and rhadinoviruses indicates a marked difference
in the precise molecular mechanisms of virus-mediated lytic reactivation of
the two related subgroups of gammaherpesviruses.
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3.1
Lymphocryptovirus—EBV

Many excellent reviews exist that describe EBV lytic reactivation in detail.
Hence, we will only recount the basic tenets here to compare them vis-à-vis
rhadinovirus lytic reactivation. The major viral lytic switch protein of EBV
is considered to be Zta (also known as Zebra, BZLF-1, or Z protein) (Chen
et al. 1999; Cox et al. 1990; Quinlivan et al. 1993; Ragoczy et al. 1998; Zalani
et al. 1996). Zta is a bZIP-type transcriptional transactivator. The EBV Orf50
homologue, the BRLF1 gene product Rta, is also a sequence-specific DNA-
binding protein known to function as a transcriptional activator (Quinlivan
et al. 1993; Ragoczy et al. 1998; Ragoczy and Miller 2001; Russo et al. 1996).
Independently, both Zta and Rta initiate the expression of lytic genes and, in
a somewhat cell type-specific manner, Rta can lead to the activation of DE
promoters. It is believed that Zta and Rta proteins of EBV act synergistically
(although Zta can suppress the transactivation function of Rta) to induce viral
reactivation in latently infected B cells. However, EBV Rta alone can activate
a subset of lytic promoters that do not require Zta, and EBV Zta alone can
activate a subset of lytic promoters that do not require Rta (Ragoczy and Miller
1999). A deletion mutant of either Zta or Rta is defective for viral reactivation
(Feederle et al. 2000). The KSHV Rta/Orf50 is the sequence homologue of
the EBV Rta/BRLF1, whereas the KSHV KbZIP/K8 protein is the sequence
homologue of EBV Zta/BZLF1. In contrast to EBV, the KSHV Rta/Orf50 is
considered to be the only essential lytic switch protein to date. A KSHV
Rta/Orf50 deletion mutant is incapable of reactivation from latency (Xu et al.
2005), although a deletion mutant of KSHV KbZIP remains to be evaluated. In
this regard the two subclasses of gammaherpesviruses (lymphocryptovirus
and rhadinovirus) differ in their molecular mechanisms of reactivation in
that to date only one viral protein, Rta/Orf50, has been shown to mediate viral
reactivation and induce lytic gene expression in the rhadinoviruses (KSHV,
HVS, RRV, and MHV-68). In fact, expression of KSHV Rta/Orf50 precedes
expression of K8 (K-bZip) and transactivates the K8 promoter (Lukac et al.
1998; Sun et al. 1998). Therefore, in an effort to minimize complexity and
derive general principles for homologous molecular mechanisms, we will
only discuss the Rta/Orf50 proteins of the rhadinoviruses.
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4
Rhadinoviruses—KSHV, HVS, RRV, and MHV-68

4.1
Experimental Considerations

Before we delve into a detailed molecular description of the rhadinovirus
Rta/Orf50 transactivator, it seems prudent to highlight some experimental
constraints that affect the general conclusions we can draw from the many
studies on Rta/Orf50 and rhadinovirus reactivation. KSHV, RRV, and MHV68
establish latency in B lymphocytes and are associated with B-cell hyperplasia,
but unlike EBV and primate lymphocryptoviruses, KSHV, RRV, and MHV68
do not immortalize primary B cells with any efficiency in culture. Rta/Orf50
is sufficient to reactivate latent virus in each case, but the exact B-cell com-
partment and lineage-specific transcription factor makeup may be different
for each virus. Only RRV and MHV68 establish a robust de novo infection in
primary fibroblasts, which amplifies input virus. Hence, Rta/Orf50’s role in
primary infection under low MOI conditions can only be investigated in these
lytic model systems. KSHV infects primary and immortalized endothelial
cells, but to date only a single plaque has been published (Boshoff et al. 1995;
Ciufo et al. 2001). Although KSHV can be serially propagated, input virus is
not amplified and high MOI infection in the presence of polybrene is required
to initiate the culture (Foreman et al. 1997; Lagunoff et al. 2002; Renne et al.
1998). Reactivation from latency in response to biological signals or chemical
inducers such as phorbol ester is a low-frequency event for KSHV (Chang et al.
2000; Renne et al. 1996) and sets up an interesting paradox. In a latent culture
every single cell is infected with KSHV, carries 10–50 copies of the viral epi-
some, and expresses the latency-associated nuclear antigen (LANA/Orf73).
LANA is necessary and sufficient for latent viral replication, which is analo-
gous to Rta/Orf50’s requirement for lytic viral replication (Ballestas et al. 1999;
Godfrey et al. 2005). If a latent cell culture, for instance, BCBL-1 cells, is treated
with phorbol ester, 100% of the cells receive the drug and are subject to drug
action; however, not all cells will express Rta/Orf50, and of the cells that ex-
press Rta/Orf50 not all cells express delayed-early genes. Furthermore, within
the subset of cells that express delayed-early genes even fewer yet express true
late viral mRNAs, such as Orf29, a capsid component (Zoeteweij et al. 1999).
Therefore, we speculate that additional constraints exist that regulate viral
replication at each junction (IE, DE, E, L) in the regulatory cascade.

McAllister et al. showed that the cell cycle state influences how compe-
tent each host cell is to support viral replication (McAllister et al. 2005). At
this point it is unresolved whether the host cell cycle state simply reflects
responsiveness of the PKC downstream targets that activate the Rta/Orf50
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promoter, the effectiveness of Rta/Orf50 to function as a transactivator, or
steps dependent on viral DE genes. Alternatively, cells in S phase may remain
viable for a longer time and can, therefore, accumulate more viral mRNA
and proteins before dying because of the effects of viral capsid maturation
and egress. Many cell lines do not tolerate stable Rta/Orf50 expression, but
recently exciting new tools have become available to investigate Rta/Orf50
function and add to the existing tools of cDNA expression (Sun et al. 1998;
Lukac et al. 1998) and Rta/Orf50 dominant-negative plasmids (Lukac et al.
1998): an Orf50 k/o virus for MHV68 and KSHV, a KSHV-inducible system in
BCBL-1 and 293 cells (Nakamura et al. 2003; Xu et al. 2005), a KSHV Rta/Orf50
recombinant adenovirus (Liang et al. 2002), and novel DNA-binding mutants
of KSHV Rta/Orf50 (Chang et al. 2005). These tools will yield exciting new
insights into the molecular function of Rta/Orf50 and the biology of the rhadi-
noviruses, although they may also lead to discrepancies with existing studies
due to differences in the experimental approach.

4.2
Chemically Induced Viral Reactivation of Gammaherpesviruses

Reactivation of rhadinoviruses in latently infected cells can be achieved by
treatment with chemicals that mimic BCR signaling such as n -butyrate, 12-O-
tetradecanoylphorbol-13-acetate (TPA), or calcium ionophores. These types
of treatment lead to expression of viral lytic genes, foremost among them
Orf50. Although the entire cellular signaling cascades that lead to viral reac-
tivation in response to these chemical treatments are unknown, we do know
that induction of the KSHV Orf50 promoter by TPA involves the cellular AP1
pathway and induction by sodium butyrate (NaB) involves cellular Sp1 (Wang
et al. 2004a, 2003a, 2003b). Cannon et al. have recently shown that overexpres-
sion of the KSHV lytic protein vGPCR/orf74 indirectly resulted in a decreased
efficiency of chemical induction of the ORF50 transcript (Cannon et al. 2006).
Because the KSHV vGPCR/orf74 is known to modulate cellular signaling
pathways, which, in extreme instances, can lead to transformation (Bais et al.
1998; Polson et al. 2002) this adds credence to a model of multilayered cross
talk between KSHV and the host. In RRV, the histone deacetylase inhibitor
trichostatin A (TSA) is also capable of reactivating RRV from latently infected
cells, presumably by de-repressing the Orf50 promoter (DeWire et al. 2002).
Like TSA and butyrate, valproic acid (2-propylpentanoic acid) also has potent
histone deacetylase activity. At the same time it is FDA approved as antiseizure
medication. Treatment of KSHV-infected primary effusion lymphoma (PEL)
cells with valproate induced lytic reactivation in culture (Shaw 2000; Klass et al.
2005) and is currently in clinical trials for the treatment of Kaposi sarcoma.
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4.3
Viral Induction of Lytic Reactivation of Rhadinoviruses

Although many viral proteins were assayed for their ability to reactivate KSHV
in PEL cells, only ectopic expression of Rta/Orf50 was sufficient to disrupt
latency and activate lytic replication, resulting in a complete productive viral
life cycle (Gradoville et al. 2000; Lukac et al. 1998; Sun et al. 1998). The
KSHV Zta and Mta homologues by themselves were not able to induce lytic
reactivation, although, as in EBV, they may transactivate some DE promoters
independently of Rta/Orf50. Expression of HVS Orf50a protein and MHV-
68 Rta/Orf50 also induces lytic reactivation and production of infectious
viral progeny in HVS and MHV-68 models of latency, respectively (Goodwin
et al. 2001; Wu et al. 2000). The RRV Rta/Orf50 and MHV-68 Rta/Orf50 can
reactivate KSHV from latency (Damania et al. 2004), and the KSHV Rta/Orf50
protein can reactivate the murine viral homologue, MHV-68, from latency
(Rickabaugh et al. 2005). These studies demonstrate a strong conservation
of function across evolution of the rhadinovirus Rta proteins. Although RRV
Orf50 has been shown to be a potent transactivator of RRV DE promoters,
it has not yet been demonstrated to reactivate RRV from latency (DeWire
et al. 2002), because lytic replication rather than latency is the default pathway
following primary RRV infection of cells in culture. Recently, a latently infected
RRV system has been established, and we can expect formal demonstration
of this in the near future (DeWire and Damania 2005).

5
Rta/Orf50 Transcription

The Orf50 transcripts from all gamma-2-herpesviruses share a similar archi-
tecture that is essentially comprised of two exons separated by one intron.
A major IE transcript is observed after reactivation of KSHV that is a 3.6-kb
tricistronic mRNA encoding the Orf50, K8, and K8.1 reading frames (Zhu
et al. 1999). The Orf50 transcript architecture of two exons separated by one
intron is a characteristic not only of KSHV, but also the other rhadinovirus.
Splicing results in the major Orf50 transcript; however, other alternatively
spliced mono-, bi-, and polycistronic Orf50-containing transcripts have been
found (Saveliev et al. 2002; Tang and Zheng 2002; Wang et al. 2004). Presently,
the significance of these isoforms is unclear. Splicing of the Orf50 transcript
is a characteristic of gamma-2-herpesviruses and is in contrast to the Orf50
cDNA of the gamma-1 herpesvirus EBV, which is identical to its genomic open
reading frame structure (Manet 1989). In the rhadinoviruses, Orf45 is located
within the Rta/Orf50 intron in opposite orientation and the rhadinovirus
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Orf45 promoter is presumably located within the Rta/Orf50 open reading
frame. Similarly in EBV, Orf45 (BRRF1/Na) is located 5′ of the Rta/Orf50 open
reading frame, also in the opposite orientation and also within the first intron
(the first exon of EBV Rta is noncoding) (Hong et al. 2004).

The major 3.6-kb Orf50 transcript is induced within 4 h of n-butyrate
treatment of latently infected PEL cells and is resistant to treatment with the
protein synthesis inhibitor, cycloheximide (CHX), thus displaying IE kinetics
(Sun et al. 1999; Zhu et al. 1999). Lukac at al. also observed expression of
Orf50 mRNA within 1 h of inducing viral reactivation in latently infected
BCBL-1 cells by treatment with the phorbol ester TPA (Lukac et al. 1998).
MHV-68 Orf50 is also an immediate-early gene, as is the RRV Orf50, fur-
ther demonstrating conservation of Orf50 transcription kinetics among the
rhadinoviruses (Rochford et al. 2001; DeWire et al. 2002; Dittmer et al. 2005).
Of the rhadinoviruses, lytic reactivation of HVS results in transcription of
two distinct Orf50 mRNA species, called Orf50a and Orf50b (Whitehouse
et al. 1997). The Orf50a transcript is identical to that described for the other
rhadinoviruses and is detected at early times during viral replication. The
HVS Orf50b transcript is expressed at later time points during replication
and is produced from a promoter within the second exon. Its function re-
mains to be elucidated. Because abolishing Rta/Orf50 function inhibits lytic
replication at IE times, it has not been possible to determine experimentally
whether Rta/Orf50 has additional functions at DE or late times in any of the
rhadinoviridae.

5.1
Regulation of the KSHV Rta/Orf50 Promoter

Because Rta/Orf50 protein is the key regulator of KSHV lytic reactivation,
much attention has focused on the promoter that regulates Rta/Orf50 ex-
pression. The KSHV Rta/Orf50 protein autoregulates its own promoter via
an indirect mechanism, because no obvious Rta/Orf50-responsive element
(RRE) or RBP-J-κ consensus binding sites are present within the Orf50 pro-
moter (these mechanisms are described in detail in later sections of this
review) (Chang and Miller 2004; Deng et al. 2000; Gradoville et al. 2000). By
comparison to other Rta/Orf50-responsive promoters, the Orf50 promoter is
only marginally activated by Rta/Orf50 protein expression. Within the Orf50
promoter, a binding sequence for the cellular transcription factor octamer-
binding protein (Oct-1) was shown to mediate autoregulation by Rta/Orf50
protein. Oct-1 bound to a specific region of DNA within the Orf50 promoter,
as demonstrated by electrophoretic mobility shift assay (EMSA) (Sakakibara
et al. 2001). In addition, both Sp1 and Sp3 cellular transcription factors appear
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to be involved in Rta/Orf50 autoactivation (Chen et al. 2000; Zhang et al. 1998).
This is similar to the EBV Rta protein, which also mediates autoregulation of
its own promoter (Rp) via a non-DNA-binding mechanism involving cellular
Sp1 and Sp3 proteins (Ragoczy and Miller 2001). KSHV Rta/Orf50 also in-
teracts with the CCAAT/enhancer binding protein α(C/EBP-α) to upregulate
Rta/Orf50 expression (Wang et al. 2003b).

The Orf50 promoter is heavily methylated in latently infected PEL cells,
and treatment with TPA leads to demethylation of the promoter (Chen et al.
2001). In vivo, several biopsies from KSHV-related diseases, including Ka-
posi sarcoma, multicentric Castleman disease (MCD), and PEL, showed de-
creased methylation of the Orf50 promoter, although this promoter was still
heavily methylated in samples obtained from a latently infected KSHV car-
rier. This evidences an additional layer of regulation of Rta/Orf50 expression
and, as such, KSHV lytic reactivation. Progressive methylation of viral lytic
promoters could skew KSHV infection of host cells toward latency. This is
consistent with the decoration of the viral episome and Rta/Orf50 promoter
with inhibitory histone complexes (Lu et al. 2003). Because much of the in-
vestigation of Rta/Orf50’s function is based on transient transfection assays
of unmethylated, histone-free promoter-reporter plasmids, we do not know
how Rta/Orf50’s general transactivation function (via TAFs and regulation of
HDACs) may work together with Rta/Orf50’s specific transactivation functions
(via direct DNA binding or RBP-J-κ binding sites).

The propensity of KSHV to establish latency on primary infection (Ciufo
et al. 2001; Grundhoff and Ganem 2004; Krishnan et al. 2004; Moses et al. 1999)
is in contrast to the propensity of RRV and MHV-68 to establish lytic infection.
The bias of KSHV toward the establishment of latency after primary infection
may be due to Rta/Orf50’s interaction with species-specific chromatin mod-
ules, because Rta/Orf50 proteins of any rhadinovirus are able to transactivate
unmethylated viral promoters in transient transfection assays. However, it is
interesting to note that both MHV-68 and RRV are impaired in their ability to
reactivate KSHV in the context of viral gene expression (Damania and Jung
2001).

Micrococcal nucleosome mapping techniques by Chen et al. reported a nu-
cleosome positioned on the Orf50 promoter that overlapped the transcription
start site and a GC-rich region bound by both Sp1 and Sp3 (Lu et al. 2003).
The Sp1/Sp3 region of the Orf50 promoter was also mapped as highly respon-
sive to two chemical compounds known to inhibit histone deacetylases, NaB
and TSA (Lu 2003). In addition, NaB treatment led to the rapid recruitment
of Ini1/Snf5, a component of the Swi/Snf family of chromatin remodeling
proteins. These data describe complex, multitiered levels of transcriptional
regulation of the Orf50 promoter within latently infected host cells.
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6
Rta/Orf50 Protein

6.1
KSHV Rta/Orf50

The KSHV Orf50 gene encodes a 691-amino acid protein that is highly phos-
phorylated and localizes to the nucleus of mammalian cells (Lukac et al. 2001,
1999; Seaman and Quinlivan 2003). All Rta homologues share a conserved
C-terminal activation domain. Deletion of 160 amino acids in the C-terminal
activation domain of the KSHV Rta/Orf50 results in production of a truncated,
but stable, Rta/Orf50 protein that forms multimers with wild-type Rta/Orf50
in PEL cells and functions as a dominant-negative inhibitor of Rta/Orf50
transactivation (Lukac et al. 1998). Expression of this truncated Rta/Orf50
protein leads to suppression of both spontaneous and chemically induced
viral reactivation. Expression of KSHV Rta/Orf50 and subsequent viral reac-
tivation can also be efficiently knocked down by expression of human RNase P
(Zhu et al. 2004). These data suggest that Rta/Orf50 is, indeed, the lytic switch
protein of KSHV. Recently, Pari and colleagues reported genetic evidence for
the Rta-lytic switch hypothesis by utilizing the KSHV genome cloned into
a bacterial artificial chromosome (BAC36) (Gao et al. 2003; Zhou et al. 2002)
and generating a deletion within the Orf50 open reading frame (Xu et al.
2005). After transfection of the Orf50-deficient BAC into HEK 293 cells, latent
genes were expressed at wild-type levels; however, the virus was unable to re-
activate on chemical treatment, unequivocally demonstrating that Rta/Orf50
is required for successful viral reactivation.

A provocative recent report showed that Rta/Orf50 was present in KSHV
virions (Bechtel et al. 2005b), which would make it a virion transactivator
much like the herpes simplex virus VP16 and thus ensure lytic replication
on primary infection. However, herpesvirus virions are notorious for captur-
ing a variety of proteins, and even mRNAs (Bechtel et al. 2005a), simply as
scaffolds during assembly or because of sloppy egress. The composition of
nonstructural proteins in the rhadinovirus virions is highly variable (Zhu and
Yuan 2003; Zhu et al. 2005; O’Connor and Kedes 2006; Trus et al. 2001) and
may not necessarily have a function in the next infection cycle.

The different functions of KSHV Rta/Orf50 are subject to posttranslational
modifications. KSHV Rta/Orf50 is highly phosphorylated, a modification that
is mediated at least in part by the ability of Rta/Orf50 to bind to and be
phosphorylated by the cellular Ste20-like kinase hKFC (Gwack et al. 2003b;
Lukac et al. 2001,, 1999). The phosphorylation of Rta/Orf50 by hKFC as well
as Rta’s poly(ADP)-ribosylation by cellular PARP-1 protein both result in
decreased ability of KSHV Rta/Orf50 to transactivate viral promoters (Gwack
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et al. 2003b). Recently, KSHV Rta/Orf50 was shown to have E3 ubiquitin ligase
activity and could direct polyubiquitination of cellular interferon regulatory
factor 7 as well as polyubiquitination of itself (Yu et al. 2005). Point mutations
in the Cys + His-rich N-terminal domain of Rta/Orf50 abolished the E3 ligase
activity, which should be independent of Rta’s transcriptional activity. Much
more still needs to be learned, but the many posttranslational modifications
of KSHV Rta/Orf50 most likely act to regulate the function, and possibly the
stability, of this key viral transactivator protein.

KSHV Rta/Orf50 has been shown to modulate transcription of host genes
as well. It has been reported to transactivate cellular interleukin 6 (IL-6)
transcription (Deng et al. 2002a). KSHV Rta/Orf50 can also modulate the
ability of cellular STAT3 to function as a transactivator, indirectly leading
to modulation of host gene expression (Gwack et al. 2002). Furthermore,
Rta/Orf50 interacts with RBP-J-κ (Chang et al. 2005) and may thereby regulate
the transcription of RBP-J-κ-dependent host mRNAs.

6.2
MHV-68 Rta/Orf50

The Rta protein encoded by Orf50 of MHV-68 is sufficient to induce lytic
reactivation in latently infected cells (Wu et al. 2000). Investigations of the
disruption of the MHV-68 Rta/Orf50 open reading frame demonstrated that
Rta/Orf50 is also necessary for viral reactivation (Liu et al. 2000; Pavlova et al.
2005, 2003). The requirement for MHV-68 Rta/Orf50 in lytic reactivation
was also demonstrated by other means, whereby a loss in viral reactivation
was observed after efficient knockdown of MHV-68 Rta/Orf50 expression by
RNAi (Jia et al. 2004). A mutant MHV-68 virus, called M50, was generated
to constitutively express MHV-68 Rta/Orf50 by insertion of a new promoter
element into the 5′-untranslated region (UTR) of the Orf50 promoter (May
et al. 2004). Constitutive expression of Rta/Orf50 by the M50 mutant MHV-
68 virus resulted in defective establishment of latency. The physiological
relevance of this mutant phenotype was demonstrated by studies in which
immunization of mice with the mutant M50 virus resulted in partial protec-
tion against challenge with wild-type virus, demonstrating the importance of
proper transcriptional regulation of Orf50 in the both the pathogenesis and
establishment of latency by MHV-68 (Boname et al. 2004; May et al. 2004).
Importantly, a Rta/ORF50-null mutant of MHV-68 established long-term la-
tency in the lungs of infected mice but failed to vaccinate against a wild-type
virus challenge, therefore implicating the necessity of lytic replication for
generation of a protective immune response (Moser et al. 2006). In addition,
gene array studies of a recombinant virus that overexpressed MHV-68 Orf50
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found that nearly every MHV-68 gene assayed was upregulated by Rta/Orf50
overexpression. This phenotype is consistent with Rta/Orf50 being the first
gene in the MHV-68 lytic transcriptional cascade and highlights the potent
transactivating ability of the protein (Martinez-Guzman et al. 2003).

6.3
HVS Rta/Orf50

Much less is known about HVS Rta/Orf50, but what has been reported sug-
gests that the properties of HVS Rta/Orf50 resemble those of the other rhadi-
noviruses. HVS Rta/Orf50 induces viral reactivation of latently infected cells
(Goodwin et al. 2001), a function conserved throughout all rhadinoviruses.
HVS Rta/Orf50 contains an AT-hook DNA binding domain that is required for
transactivation of at least two delayed early viral promoters, Orf6 and Orf57
(Walters et al. 2004). Although this report demonstrates that HVS Rta/Orf50
can transactivate certain viral promoters via direct DNA binding, this viral
transactivator most likely also works through indirect mechanisms as do the
lytic switch proteins of the other gammaherpesviruses. HVS Rta was shown
to bind TATA-binding protein (TBP) in vitro, which provides an alternative
means to influence viral and cellular transcription (Hall et al. 1999). Of note,
the amino acid sequence of both Rta/Orf50 isoforms, Orf50a and Orf50b of
HVS A11 and HVS C488 (a low-passage transforming isolate), are among the
most divergent open reading frames in these viral isolates (Ensser et al. 2003),
with only ~70% amino acid identity compared to >90% amino acid identity
for the other 60 of 75 (80%) open reading frames in the HVS genome. Whereas
the Orf50b of A11 showed decreased transactivation capability compared to
Orf50a of A11, the Orf50b of C488 demonstrated full transactivation capa-
bility. In contrast, both the A11 and C488 Orf50a proteins were capable of
reactivating lytic replication in persistently infected cells, indicating a con-
servation of function for one Rta/Orf50 isoform and not the other. The same
study reported that Rta/Orf50 allelic variation cosegregated with Stp and Tip
in their ability to transform human T cells in culture. By inference based on
this genetic data set alone, Rta/Orf50 could be considered an oncogene. On
the other hand, there is no independent evidence that Rta/Orf50 can trans-
form cells in culture or can cooperate with other oncogenes to do so. Rather,
long-term stable expression of Rta/Orf50 seems incompatible with contin-
ued cell growth. No molecular mechanism has been described to support
such classification of HVS Rta/Orf50 as an oncogene, but one can imagine
that a promiscuous transactivator like Rta/Orf50 could reset the cellular tran-
scription profile via interactions with RPB-J-κ or other via other mechanisms.
This was recently explored by Nakamura et al. using a tetracycline-inducible
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KSHV Rta/Orf50 cell line (Chang et al. 2005). Among the host genes that
were induced by Rta/Orf50 via RPB-J-κ were CD21 and CD23a, which are
involved in lymphocyte activation. KSHV Rta/Orf50 also inhibits the p53 tu-
mor suppressor protein (Gwack et al. 2001b) ,and this capability is conserved
among the primate rhadinoviruses, though not in MHV-68 (Damania et al.
2004). Overall, Rta/Orf50 is a key regulator of both viral and cellular transcrip-
tion. An in-depth analysis of the molecular mechanisms of transactivation by
Rta/Orf50 is described below.

7
Rta/Orf50 Function

7.1
Viral Promoters Transactivated by KSHV Rta/Orf50

KSHV Rta/Orf50 is a strong transactivator of many viral promoters in transient
transfection assays. A summary of these promoters is reported in Table 1.

7.2
Viral Promoters Transactivated by MHV-68 Rta/Orf50

Ectopic expression of MHV-68 Rta/Orf50 in latently infected cells leads to
expression of lytic proteins (as determined by Western blots of cell extracts
probed with immune mouse serum) and is sufficient to drive viral reactivation
of latently infected cells (Wu et al. 2001, 2000). The MHV-68 Orf57 promoter
is transactivated by Rta/Orf50. MHV-68 RREs are found within the Orf57
promoter region of the viral genome, as they are in the KSHV orf57 promoter
(Pavlova et al. 2005). In addition, the MK3 promoter was reported to contain
an MHV-68 Rta-responsive element (Coleman et al. 2003). Potential MHV-68
RREs bear significant homology to published KSHV RREs, but to date fewer
MHV-68 promoters than KSHV promoters have been investigated in detail.

7.3
Viral Promoters Transactivated by RRV Orf50

RRV Orf50 has also been shown to transactivate promoter-reporter constructs
in transient transfection assays. The R8, Orf57, and gB promoters of RRV
were highly activated and the vIRF promoter was only slightly activated by
Rta/Orf50 (DeWire et al. 2002; Lin et al. 2002). In contrast to KSHV, RRV
Rta/Orf50 did not autoactivate its own promoter.
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Table 1 Viral promoters transactivated by KSHV Rta/Orf50

KSHV viral promoter Mechanism Reference

Nut-1/PAN C/EBP-α, DNA Song et al. 2001;
Wang et al. 2003b

Kaposin (K12) DNA Lukac et al. 1998;
Song et al. 2003

K-bZip (K8) Ap-1, DNA Lukac et al. 1999;
Wang et al. 2003a, 2004

MTA (ORF57) RBP-J-κ, C/EBP-α, DNA Duan et al. 2001;
Liang et al. 2002;
Lukac et al. 1999;
Wang et al. 2003b

K6 (vMIP-1) RBP-J-κ Chang et al. 2005

K5 Unknown Haque et al. 2000

K1 Unknown Bowser et al. 2002

vIRF (K9) Sp1 Chen et al. 2000;
Ueda et al. 2002

ssDNA-binding (ORF6) RBP-J-κ Liang et al. 2002

DNA pol.-pross (ORF59) Unknown Nishimura et al. 2001

Thymidine kinase (ORF21) Sp1 Zhang et al. 1998

vOX-2 (K14) RBP-J-κ Jeong et al. 2001;
Liang and Ganem 2004

vGPCR (ORF74) RBP-J-κ Jeong et al. 2001;
Liang and Ganem 2004

vIL-6 (K2) DNA Deng et al. 2002

LANA LTi RBP-J-κ Matsumura et al. 2005;
Lan et al. 2005;
Staudt and Dittmer,
submitted

Rta (ORF50) Oct-1, Sp1, Sp3, C/EBP-α Chen et al. 2000;
Deng et al. 2000;
Gradoville et al. 2000;
Sakakibara et al. 2001;
Wang et al. 2003a;
Zhang et al. 1998

7.4
Viral Promoters Transactivated by HVS Orf50

The HVS Rta/Orf50a does transactivate its own promoter, as well as the DE
Orf6, Orf57, and Orf9 viral promoters of HVS (Whitehouse et al. 1997; Thurau
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et al. 2000; (Walters et al. 2005, 2004; Byun et al. 2002). The HVS Rta/Orf50a
contains an AT-hook DNA binding domain that is required for transactiva-
tion of the Orf6 and Orf57 promoters, and cellular C/EPB-α synergizes with
HVS Rta/Orf50a to transactivate the Orf9 DNA polymerase promoter (Walters
et al. 2004). HVS Rta/Orf50a was found to autoregulate its own promoter by
use of a 36-bp RRE that has no significant homology to previously reported
RREs of any of the gammaherpesviruses. The HVS RRE DNA sequence con-
ferred Rta/Orf50a responsiveness to an enhancer-less SV40 minimal promoter
(Walters et al. 2005).

8
Mechanisms of Rta/Orf50 Transactivation

8.1
KSHV Orf50-Responsive Elements and Direct DNA Binding

There have been many reports showing data that KSHV Rta/Orf50 protein
transactivates viral promoters by direct DNA binding to sequences found
within these promoters [termed Rta response elements (RREs) or Orf50 re-
sponse element in n promoter (50RE n )]. KSHV Rta/Orf50 can transactivate
two delayed-early (DE) promoters, Orf57 and K8 (K-bZip), by direct DNA
binding (Lukac et al. 2001; Duan et al. 2001; Song et al. 2002). The N-terminal
272 amino acids of Rta protein are sufficient to bind a 12-bp DNA sequence,
5′-AACAATAATGTT-3′, found within both DE promoters and termed the
50RE57. KSHV Rta/Orf50 also transactivates the PAN/nut-1 and K12 pro-
moters (Chang et al. 2002) and was shown to directly bind DNA within
these promoters. Intriguingly, the sequences of the 50RE found within the
Pan/nut-1 and K12 promoters (5′-AAATGGGTGGCTAACCCCTACATAA-3′,
PAN DNA sequence shown, K12 promoter sequence underlined) and the
50RE57 (5′-AACAATAATGTT-3′) share no significant homology. Yet another
Orf50-responsive element was discovered in the vIL-6 promoter that contains
a 26-bp sequence, 5′-AAACCCCGCCCCCTGGTGCTCACTTT-3′ (Deng et al.
2002b). Direct comparison of RRE-containing viral promoters revealed that
the transcription initiation rate of these promoters, as opposed to transcript
stability, is the major determinant of expression of these viral proteins (Song
et al. 2003). Liao et al. reported that KSHV Rta/Orf50 forms oligomers and
makes multiple contacts with a tandem array of phased A/T triplets in the con-
figuration of (A/T)3 (G/C)7 repeats (Liao et al. 2003a). An RRE and TATA box
was also found within the KSHV OriLyt, and this DNA region functioned as
an Rta/Orf50-responsive promoter when cloned into a reporter vector (Wang
et al. 2004b). This promoter regulated a late 1.4-kb polyadenylated mRNA that
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was sensitive to the viral DNA polymerase inhibitor foscarnet and has coding
capacity for a 75 aa open reading frame whose gene product is of unknown
function.

HMGB1 is a cellular protein belonging to the high-mobility group (HMG)
box protein subfamily that affects transactivation function of both EBV Zta
and EBV Rta (Ellwood et al. 2000; Mitsouras et al. 2002). HMG proteins are
large chromosomal proteins thought to function to promote higher-order
DNA-protein complexes by changing DNA conformation to be more easily
accessible to transcriptional machinery. HMGB1 was recently shown to en-
hance direct DNA binding of KSHV Rta/Orf50 to RREs in vitro and to enhance
transactivation functions of both KSHV and MHV-68 Rta/Orf50 proteins in
transient transfection assays (Song et al. 2004).

KSHV Rta/Orf50 was reported to contain a protein domain that seemed
to act in an autoregulatory fashion. This autoregulatory domain of KSHV
Rta/Orf50 is contained within amino acids 521–534 and functions to control
the direct DNA binding ability of the protein as well as protein stability (Chang
and Miller 2004). Deletion of amino acids 521–534 or mutation of a basic motif
(KKRK) at aa 527–530 dramatically enhanced DNA binding of Rta/Orf50. Al-
though the DNA binding ability of the KKRK mutant was enhanced, its ability
to transactivate the PAN promoter was impaired, suggesting that these two
functions do not correlate synergistically on the PAN promoter. In addition,
expression of autoregulation-domain mutants led to appearance of an alter-
native form of Rta, termed Orf50b, which showed decreased posttranslational
modifications. At this time, investigations into the structure and posttrans-
lational modifications of KSHV Rta/Orf50 are in the early stages, and we can
expect more insights in the near future.

8.2
Interaction of Rta/Orf50 with RBP-J-κ

Although KSHV Rta/Orf50 binds to DNA containing the RREs described
above, no obvious consensus sequence was found among other Rta/Orf50-res-
ponsive promoters: an observation that prompted many to look for an alter-
nate mechanism of Rta transactivation. Ganem and colleagues used a yeast-
two-hybrid approach to assay possible cellular binding proteins and found
that the cellular protein RBP-J-κ (also called CSL or CBF-1) interacted with
KSHV Rta/Orf50 (Liang et al. 2002). RBP-J-κ is a sequence-specific DNA
binding protein and is the downstream effector of Notch signal transduction
(Mumm and Kopan 2000). In uninfected cells RBP-J-κ functions as a tran-
scriptional repressor until ligand-mediated Notch signaling occurs, which
leads to the conversion of RBP-J-κ from a repressor to a transactivator of
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downstream cellular gene targets (such as HES, hair/enhancer of split genes).
KSHV can usurp the function of cellular RBP-J-κ without the requirement
for Notch-ligand interaction, as the binding of KSHV Rta/Orf50 protein to
RBP-J-κconverts RBP-J-κ from a transcriptional repressor to a transactivator.
This mechanism has been demonstrated for the KSHV MTA/Orf57, SSB/Orf6,
PAN/nut-1, vGPCR/K14, vMIP-1/K6, and LTi promoters (Liang et al. 2002;
Liang and Ganem 2003, 2004; Lan et al. 2005; Matsumura et al. 2005; Staudt
and Dittmer unpublished). Amino acids 170–400 of Rta/Orf50 mediate bind-
ing to RBP-J-κ, and there are two contiguous but distinct regions of RBP-J-κ
to which Rta/Orf50 binds: one is within the central repressor domain and
one is within the N-terminal domain of RBP-J-κ. It is striking that the central
repressor domain of RBP-J-κ to which KSHV Rta/Orf50 binds is the same
region to which Notch, the physiological effector protein of RBP-J-κ, binds as
well. This suggests that Rta/Orf50 replaces Notch during lytic reactivation in
B cells; however, this has yet to be demonstrated. Liang and Ganem propose
that KSHV may employ the repressive function of RBP-J-κ bound to lytic
promoters as a means of maintaining latency in the absence of appropriate
reactivation stimuli (Liang and Ganem 2003). The interaction between KSHV
Rta/Orf50 and cellular RBP-J-κ demonstrates an elegant mechanism the virus
has developed to hijack an essential cellular signal transduction pathway as
a means to obtain one level of control over viral latency and lytic reactivation.

8.3
Interaction of Rta/Orf50 with Other Cellular Transcription Factors

The ubiquitously expressed cellular transcription factor Sp1 plays an impor-
tant role in Rta/Orf50 transactivation of promoters, although to date there
have been no reports of direct binding between KSHV Rta/Orf50 and cellular
Sp1 protein. Sp1 binding sites within the Orf50 promoter are essential for
butyrate-induced Rta/Orf50 expression and lytic replication (Ye et al. 2005).
Sp1 is also involved in Rta/Orf50 transactivation of other viral promoters,
including vIRF/K9, thymidine kinase/Orf21, and Rta/Orf50 (Chen et al. 2000;
Ye et al. 2005; Zhang et al. 1998).

Using a proteomics approach, Wang et al. identified a novel cellular protein,
MGC2663, that stably bound to Rta/Orf50 after tandem immunoaffinity chro-
matography (Wang et al. 2001). MGC2663 was found to bind KSHV Rta/Orf50
and specifically synergized with Rta/Orf50 to activate viral transcription. The
MGC2663 protein was previously uncharacterized, but Wang et al. found that
it was expressed in every primate cell line tested and that it enhanced transac-
tivation by Rta/Orf50, hence assigning MGC2663 the name K-RBP for KHSV
Rta binding protein.
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KSHV Rta/Orf50 also binds CBP [cyclic AMP (cAMP)-responsive element
binding protein (CREB)-binding protein], which is a transcriptional coacti-
vator that contains intrinsic histone acetyltransferase (HAT) activity (Gwack
et al., 2003a, 2001a). Acetylation of histones is associated with relaxing nu-
cleosomal structures, thus rendering regions of tightly packed DNA open
and accessible to the transcriptional machinery. Binding of CBP to KSHV
Rta/Orf50 increased the ability of Rta/Orf50 to transactivate viral promoters.
Binding between these two proteins is mediated by the N-terminal basic do-
main of Rta/Orf50, which contains a conserved LxxLL CBP-binding motif, and
the C/H3 domain and C-terminal transactivation domain of CBP. In addition,
other cellular CBP-binding proteins, including CBP-BP and c-Jun, enhanced
the ability of Rta/Orf50 to transactivate viral promoters. The transactivation
function of EBV Rta is also enhanced by binding cellular CBP (Swenson et al.
2001). KSHV Rta/Orf50 also binds HDAC1, a cellular histone deacetylase, and
this binding decreases the ability of Rta/Orf50 to transactivate viral promoters
(Gwack et al. 2001a). In addition, Sp1 binding sites are involved in Rta/Orf50
transactivation of many viral promoters (see Table 1 for references). Sp1 itself
binds to the CBP/p300 coactivator complex, and the activity of Sp1 is re-
pressed by HDAC1 in the absence of viral infection (Doetzlhofer et al. 1999),
suggesting a complex interplay among these important modifiers of basal
transcription.

The development and characterization of KSHV Rta/Orf50 DNA-binding
mutants, which display either enhanced or abolished DNA binding to RREs,
has enabled classifications of Rta/Orf50-responsive promoters into either of
two subgroups: those where Rta/Orf50 directly binds promoter DNA and
those where Rta/Orf50 does not directly bind promoter DNA but rather trans-
activates by protein-protein interactions with cellular transcription factors,
including RBP-J-κ (Chang et al. 2005). These mutants will no doubt facilitate
further clarification of Rta/Orf50-responsive promoters as to which mecha-
nism Rta/Orf50 transactivates and which cellular pathways are involved.

9
Repression of Rta/Orf50 Transactivation

Rta/Orf50 interacts with the viral early protein K-bZip, encoded by the K8
open reading frame. This protein-protein interaction leads to repression of
Rta’s ability to transactivate in vitro (Liao et al. 2003a, 2003b). K-bZip is
a homologue of EBV Zta, and accumulating evidence suggests a role for K-
bZip in DNA replication and transactivation. K-bZip repressed Rta/Orf50
transactivation of the Orf57/MTA and K8/Kb-Zip promoters but had no effect
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on Rta/Orf50’s transactivation of the PAN/nut-1 promoter, demonstrating
promoter-specific repression by K-bZip. The leucine zipper domain (aa 190–
237) of K-bZip seems to be required for Rta/Orf50 binding (Liao et al. 2003b).

In addition to viral proteins, cellular interferon response factor 7 (IRF7)
was reported to decrease transactivation of the Mta/Orf57 promoter by com-
peting with Rta/Orf50 for binding to the RRE. Interferon-α was also shown to
decrease transactivation of the Mta/Orf57 promoter by Rta/Orf50, with this
process still involving IRF7 (Wang et al. 2005). This is consistent with the
observation that interferon-α inhibits KSHV reactivation in PEL (Chang et al.
2000; Zoeteweij et al. 1999; Pozharskaya et al. 2004). In contrast, Hayward and
colleagues have reported an E3 ubiquitin ligase activity of KSHV Rta/Orf50
and that Rta directs polyubiquitination of cellular IRF7 leading to proteoso-
mal degradation of IRF7 and blockage of IRF7-mediated expression of type
I interferon transcripts (Yu et al. 2005). Because Rta/orf50 is the principal
regulator of KSHV reactivation it seems logical that this protein serves as the
nexus between virus and antivirus response.

The chemical compound methotrexate was shown to downregulate KSHV
Rta/Orf50-mediated transactivation and inhibit lytic reactivation (Curreli
et al. 2002). This is consistent with the previously reported antiviral activity
of methotrexate for other herpesviruses (Lembo et al. 1999; Shanley and Debs
1989). Yet there are also reports that methotrexate induces EBV reactivation
(Feng et al. 2004). Most likely the systemic antiviral activity of methotrexate is
related to its action as an antimetabolite and dihydrofolate reductase inhibitor,
while its effects on Rta/Orf50 transactivation may be a by-product of cellular
stress signaling induced by imbalances in intracellular nucleotide pools.

Interestingly, the KSHV latency-associated nuclear antigen (LANA) pro-
tein is capable of repressing transcription of the Rta/Orf50 promoter (Lan et al.
2004). This repression is dependent on the presence of RBP-J-κ-responsive el-
ements found within the Orf50 promoter (Lan et al. 2005). Lan et al. also
showed that LANA bound Rta/Orf50 protein directly (Lan et al. 2005). RRV
LANA (R-LANA), like KSHV LANA, represses the transactivation ability of
RRV Rta/Orf50, and this repression is reversed by treatment with the histone
deacetylase inhibitor TSA (DeWire and Damania 2005). The HVS C488 LANA
also suppresses the HVS Rta/Orf50 (Schafer et al. 2003), which fits a model in
which LANA, the latent transactivator, and Rta/Orf50, the lytic transactivator,
counterbalance each other. This balance of power is evolutionarily conserved
among the rhadinoviruses, although the governing molecular mechanisms
may be different. The outcome of the Rta/Orf50–LANA/Orf73 power strug-
gle eventually determines whether the virus persists latently or reactivates,
which in turn results in a profound difference in overall viral persistence and
pathogenesis within the infected host.



The Rta/Orf50 Transactivator Proteins of the Gamma-Herpesviridae 91

Acknowledgements Work in the authors’ laboratory is supported by the NCI-des-
ignated UNC Lineberger Comprehensive Cancer Center, the NIH (Grants CA-109232,
CA-110136, DE-017084), and a translational award from the Leukemia and Lymphoma
Society. We apologize for any omissions due to space limitations and would like to
thank Drs. Blossom Damania and Matthew Walters and all members of the Dittmer
and Damania laboratories for helpful discussion.

References

Bais C, Santomasso B, Coso O, Arvanitakis L, Raaka EG, Gutkind JS, Asch AS, Cesar-
man E, Gershengorn MC, Mesri EA, Gerhengorn MC (1998). G-protein-coupled
receptor of Kaposi’s sarcoma-associated herpesvirus is a viral oncogene and an-
giogenesis activator [see comments] [published erratum appears in Nature 1998
Mar 12;392(6672):210]. Nature 391 (6662):86–9.

Ballestas ME, Chatis PA, Kaye KM (1999). Efficient persistence of extrachromoso-
mal KSHV DNA mediated by latency-associated nuclear antigen. Science 284
(5414):641–4.

Bechtel J, Grundhoff A, Ganem D (2005a). RNAs in the virion of Kaposi’s sarcoma-
associated herpesvirus. J Virol 79 (16):10138–46.

Bechtel JT, Winant RC, Ganem D (2005b). Host and viral proteins in the virion of
Kaposi’s sarcoma-associated herpesvirus. J Virol 79 (8):4952–64.

Boname JM, Coleman HM, May JS, Stevenson PG (2004). Protection against wild-type
murine gammaherpesvirus-68 latency by a latency-deficient mutant. J Gen Virol
85 (Pt 1):131–5.

Boshoff C, Schulz TF, Kennedy MM, Graham AK, Fisher C, Thomas A, McGee JO,
Weiss RA, O’Leary JJ (1995). Kaposi’s sarcoma-associated herpesvirus infects
endothelial and spindle cells. Nat Med 1 (12):1274–8.

Bowser BS, DeWire SM, Damania B (2002).
Byun H, Gwack Y, Hwang S, Choe J (2002). Kaposi’s sarcoma-associated herpesvirus

open reading frame (ORF) 50 transactivates K8 and ORF57 promoters via hetero-
geneous response elements. Mol Cells 14 (2):185–91.

Cannon et al. (2006) Blood (in press).
Chang H, Gwack Y, Kingston D, Souvlis J, Liang X, Means RE, Cesarman E, Hutt-

Fletcher L, Jung JU (2005). Activation of CD21 and CD23 gene expression by
Kaposi’s sarcoma-associated herpesvirus RTA J Virol 79 (8):4651–63.

Chang J, Renne R, Dittmer D, Ganem D (2000). Inflammatory cytokines and the re-
activation of Kaposi’s sarcoma- associated herpesvirus lytic replication. Virology
266 (1):17–25.

Chang PJ, Miller G (2004). Autoregulation of DNA binding and protein stability of
Kaposi’s sarcoma-associated herpesvirus ORF50 protein. J Virol 78 (19):10657–
73.

Chang PJ, Shedd D, Gradoville L, Cho MS, Chen LW, Chang J, Miller G (2002). Open
reading frame 50 protein of Kaposi’s sarcoma-associated herpesvirus directly
activates the viral PAN and K12 genes by binding to related response elements.
J Virol 76 (7):3168–78.

dirk
Inserted Text
Transcriptional regulation of the K1 gene product of Kaposi's sarcoma-associated herpesvirus. J.Virol 76 (24):12574-83

dirk
Cross-Out

dirk
Replacement Text
Cannon M, Cesarman E, Boshoff C. KSHV G protein-coupled receptor inhibits lytic gene transcription in primary-effusion lymphoma cells via p21-mediated inhibition of Cdk2.
Blood. 2006 Jan 1;107(1):277-84.



92 M. R. Staudt · D. P. Dittmer

Chen H, Lee JM, Wang Y, Huang DP, Ambinder RF, Hayward SD (1999). The Epstein-
Barr virus latency BamHI-Q promoter is positively regulated by STATs and Zta
interference with JAK/STAT activation leads to loss of BamHI-Q promoter activity.
Proc Natl Acad Sci USA 96 (16):9339–44.

Chen J, Ueda K, Sakakibara S, Okuno T, Parravicini C, Corbellino M, Yamanishi K
(2001). Activation of latent Kaposi’s sarcoma-associated herpesvirus by demethy-
lation of the promoter of the lytic transactivator. Proc Natl Acad Sci USA 98
(7):4119–24.

Chen J, Ueda K, Sakakibara S, Okuno T, Yamanishi K (2000). Transcriptional regulation
of the Kaposi’s sarcoma-associated herpesvirus viral interferon regulatory factor
gene. J Virol 74 (18):8623–8634.

Ciufo DM, Cannon JS, Poole LJ, Wu FY, Murray P, Ambinder RF, Hayward GS (2001).
Spindle cell conversion by Kaposi’s sarcoma-associated herpesvirus: formation
of colonies and plaques with mixed lytic and latent gene expression in infected
primary dermal microvascular endothelial cell cultures. J Virol 75 (12):5614–26.

Coleman HM, Brierley I, Stevenson PG (2003). An internal ribosome entry site directs
translation of the murine gammaherpesvirus 68 MK3 open reading frame. J Virol
77 (24):13093–105.

Cox MA, Leahy J, Hardwick JM (1990). An enhancer within the divergent promoter of
Epstein-Barr virus responds synergistically to the R and Z transactivators. J Virol
64 (1):313–21.

Curreli F, Cerimele F, Muralidhar S, Rosenthal LJ, Cesarman E, Friedman-Kien AE,
Flore O (2002). Transcriptional downregulation of ORF50/Rta by methotrexate
inhibits the switch of Kaposi’s sarcoma-associated herpesvirus/human herpes-
virus 8 from latency to lytic replication. J Virol 76 (10):5208–19.

Damania B, Jeong JH, Bowser BS, DeWire SM, Staudt MR, Dittmer DP (2004). Compar-
ison of the Rta/Orf50 transactivator proteins of gamma-2-herpesviruses. J Virol
78 (10):5491–9.

Damania B, Jung JU (2001). Comparative analysis of the transforming mechanisms of
Epstein-Barr virus Kaposi’s sarcoma-associated herpesvirus, herpesvirus saimiri.
Adv Cancer Res 80, 51–82.

Deng H, Chu JT, Rettig MB, Martinez-Maza O, Sun R (2002a). Rta of the human herpes-
virus 8/Kaposi sarcoma-associated herpesvirus up-regulates human interleukin-6
gene expression. Blood 100 (5):1919–21.

Deng H, Song MJ, Chu JT, Sun R (2002b). Transcriptional regulation of the interleu-
kin-6 gene of human herpesvirus 8 (Kaposi’s sarcoma-associated herpesvirus).
J Virol 76 (16):8252–64.

Deng H, Young A, Sun R (2000). Auto-activation of the rta gene of human herpesvirus-
8/Kaposi’s sarcoma-associated herpesvirus. J Gen Virol 81 (Pt 12):3043–8.

DeWire SM, Damania B (2005). The latency-associated nuclear antigen of rhesus
monkey rhadinovirus inhibits viral replication through repression of Orf50/Rta
transcriptional activation. J Virol 79 (5):3127–38.

DeWire SM, McVoy MA, Damania B (2002). Kinetics of expression of rhesus monkey
rhadinovirus (RRV) and identification and characterization of a polycistronic
transcript encoding the RRV Orf50/Rta RRV R8, and R8.1 genes. J Virol 76
(19):9819–31.



The Rta/Orf50 Transactivator Proteins of the Gamma-Herpesviridae 93

Dittmer DP, Gonzalez CM, Vahrson W, DeWire SM, Hines-Boykin R, Damania B
(2005). Whole-genome transcription profiling of rhesus monkey rhadinovirus
(RRV). Journal Virology (in press).

Doetzlhofer A, Rotheneder H, Lagger G, Koranda M, Kurtev V, Brosch G, Winters-
berger E, Seiser C (1999). Histone deacetylase 1 can repress transcription by
binding to Sp1. Mol Cell Biol 19 (8):5504–11.

Duan W, Wang S, Liu S, Wood C (2001). Characterization of Kaposi’s sarcoma-
associated herpesvirus/human herpesvirus-8 ORF57 promoter. Arch Virol 146
(2):403–13.

Ellwood KB, Yen YM, Johnson RC, Carey M (2000). Mechanism for specificity by
HMG-1 in enhanceosome assembly. Mol Cell Biol 20 (12):4359–70.

Ensser A, Thurau M, Wittmann S, Fickenscher H (2003). The genome of herpesvirus
saimiri C488 which is capable of transforming human T cells. Virology 314 (2):471–
87.

Fakhari FD, Dittmer DP (2002). Charting latency transcripts in Kaposi’s sarcoma-
associated herpesvirus by whole-genome real-time quantitative PCR J Virol 76
(12):6213–23.

Feederle R, Kost M, Baumann M, Janz A, Drouet E, Hammerschmidt W, Delecluse HJ
(2000). The Epstein-Barr virus lytic program is controlled by the co-operative
functions of two transactivators. EMBO J 19 (12):3080–9.

Feng WH, Cohen JI, Fischer S, Li L, Sneller M, Goldbach-Mansky R, Raab-Traub N,
Delecluse HJ, Kenney SC (2004). Reactivation of latent Epstein-Barr virus by
methotrexate: a potential contributor to methotrexate-associated lymphomas.
J Natl Cancer Inst 96 (22):1691–702.

Foreman KE, Friborg J, Jr., Kong WP, Woffendin C, Polverini PJ, Nickoloff BJ, Nabel GJ
(1997). Propagation of a human herpesvirus from AIDS-associated Kaposi’s sar-
coma [see comments]. N Engl J Med 336 (3):163–71.

Gao SJ, Deng JH, Zhou FC (2003). Productive lytic replication of a recombinant Kaposi’s
sarcoma-associated herpesvirus in efficient primary infection of primary human
endothelial cells. J Virol 77 (18):9738–49.

Godfrey A, Anderson J, Papanastasiou A, Takeuchi Y, Boshoff C (2005). Inhibiting
primary effusion lymphoma by lentiviral vectors encoding short hairpin RNA
Blood 105 (6):2510–8.

Goodwin DJ, Walters MS, Smith PG, Thurau M, Fickenscher H, Whitehouse A (2001).
Herpesvirus saimiri open reading frame 50 (Rta) protein reactivates the lytic
replication cycle in a persistently infected A549 cell line. J Virol 75 (8):4008–4013.

Gradoville L, Gerlach J, Grogan E, Shedd D, Nikiforow S, Metroka C, Miller G (2000).
Kaposi’s sarcoma-associated herpesvirus open reading frame 50/Rta protein ac-
tivates the entire viral lytic cycle in the HH-B2 primary effusion lymphoma cell
line. J Virol 74 (13):6207–6212.

Grundhoff A, Ganem D (2004). Inefficient establishment of KSHV latency suggests an
additional role for continued lytic replication in Kaposi sarcoma pathogenesis.
J Clin Invest 113 (1):124–36.

Gwack Y, Baek HJ, Nakamura H, Lee SH, Meisterernst M, Roeder RG, Jung JU (2003a).
Principal role of TRAP/mediator and SWI/SNF complexes in Kaposi’s sarcoma-
associated herpesvirus RTA-mediated lytic reactivation. Mol Cell Biol 23 (6):2055–
67.

dirk
Cross-Out

dirk
Replacement Text
J Virol. 79(13):8637-50.



94 M. R. Staudt · D. P. Dittmer

Gwack Y, Byun H, Hwang S, Lim C, Choe J (2001a). CREB-binding protein and histone
deacetylase regulate the transcriptional activity of Kaposi’s sarcoma-associated
herpesvirus open reading frame 50. J Virol 75 (4):1909–17.

Gwack Y, Hwang S, Byun H, Lim C, Kim JW, Choi EJ, Choe J (2001b). Kaposi’s sarcoma-
associated herpesvirus open reading frame 50 represses p53-induced transcrip-
tional activity and apoptosis. J Virol 75 (13):6245–8.

Gwack Y, Hwang S, Lim C, Won YS, Lee CH, Choe J (2002). Kaposi’s Sarcoma-associated
herpesvirus open reading frame 50 stimulates the transcriptional activity of
STAT3. J Biol Chem 277 (8):6438–42.

Gwack Y, Nakamura H, Lee SH, Souvlis J, Yustein JT, Gygi S, Kung HJ, Jung JU (2003b).
Poly(ADP-ribose) polymerase 1 and Ste20-like kinase hKFC act as transcriptional
repressors for gamma-2 herpesvirus lytic replication. Mol Cell Biol 23 (22):8282–
94.

Hall KT, Stevenson AJ, Goodwin DJ, Gibson PC, Markham AF, Whitehouse A (1999).
The activation domain of herpesvirus saimiri R protein interacts with the TATA-
binding protein. J Virol 73 (12):9756–7337.

Hong GK, Delecluse HJ, Gruffat H, Morrison TE, Feng WH, Sergeant A, Kenney SC
(2004). The BRRF1 early gene of Epstein-Barr virus encodes a transcription factor
that enhances induction of lytic infection by BRLF1. J Virol 78 (10):4983–92.

Jenner RG, Alba MM, Boshoff C, Kellam P (2001). Kaposi’s sarcoma-associated herpes-
virus latent and lytic gene expression as revealed by DNA arrays. J Virol 75
(2):891–902.

Jeong Papin, and Dittmer. (2001)
Jia Q, Wu TT, Liao HI, Chernishof V, Sun R (2004). Murine gammaherpesvirus 68 open

reading frame 31 is required for viral replication. J Virol 78 (12):6610–20.
Klass CM, Krug LT, Pozharskaya VP, Offermann MK (2005). The targeting of primary

effusion lymphoma cells for apoptosis by inducing lytic replication of human
herpesvirus 8 while blocking virus production. Blood 105 (10):4028–34.

Krishnan HH, Naranatt PP, Smith MS, Zeng L, Bloomer C, Chandran B (2004). Concur-
rent expression of latent and a limited number of lytic genes with immune mod-
ulation and antiapoptotic function by Kaposi’s sarcoma-associated herpesvirus
early during infection of primary endothelial and fibroblast cells and subsequent
decline of lytic gene expression. J Virol 78 (7):3601–20.

Lagunoff M, Bechtel J, Venetsanakos E, Roy A-M, Abbey N, Herndier B, McMahon M,
Ganem D (2002). De novo infection and serial transmission of Kaposi’s sarcoma-
associated herpesvirus in cultured endothelial cells. J Virol 76 (5):2440–2448.

Lan K, Kuppers DA, Robertson ES (2005). Kaposi’s sarcoma-associated herpesvirus
reactivation is regulated by interaction of latency-associated nuclear antigen with
recombination signal sequence-binding protein Jκ, the major downstream effec-
tor of the Notch signaling pathway. J Virol 79 (6):3468–78.

Lan K, Kuppers DA, Verma SC, Robertson ES (2004). Kaposi’s sarcoma-associated
herpesvirus-encoded latency-associated nuclear antigen inhibits lytic replication
by targeting Rta: a potential mechanism for virus-mediated control of latency.
J Virol 78 (12):6585–94.

dirk
Cross-Out

dirk
Replacement Text
Jeong J, Papin J, Dittmer D. (2001) Differential regulation of the overlapping Kaposi's sarcoma-associated herpesvirus vGCR (orf74) and LANA (orf73) promoters. J Virol. 75(4):1798-807. 



The Rta/Orf50 Transactivator Proteins of the Gamma-Herpesviridae 95

Lan K, Kuppers DA, Verma SC, Sharma N, Murakami M, Robertson ES (2005). In-
duction of Kaposi’s sarcoma-associated herpesvirus latency-associated nuclear
antigen by the lytic transactivator RTA: a novel mechanism for establishment of
latency. J Virol 79 (12):7453–65.

Lau LF, Nathans D (1985). Identification of a set of genes expressed during the G0/G1
transition of cultured mouse cells. EMBO J 4 (12):3145–51.

Lau LF, Nathans D (1987). Expression of a set of growth-related immediate early genes
in BALB/c 3T3 cells: coordinate regulation with c-fos or c-myc. Proc Natl Acad Sci
USA 84 (5):1182–6.

Lembo D, Cavallo R, Cornaglia M, Mondo A, Hertel L, Angeretti A, Landolfo S
(1999). Overexpression of cellular dihydrofolate reductase abolishes the anti-
cytomegaloviral activity of methotrexate. Arch Virol 144 (7):1397–403.

Liang Y, Chang J, Lynch SJ, Lukac DM, Ganem D (2002). The lytic switch protein of
KSHV activates gene expression via functional interaction with RBP-Jκ (CSL), the
target of the Notch signaling pathway. Genes Dev 16 (15):1977–89.

Liang Y, Ganem D (2003). Lytic but not latent infection by Kaposi’s sarcoma-associated
herpesvirus requires host CSL protein, the mediator of Notch signaling. Proc Natl
Acad Sci USA 100 (14):8490–5.

Liang Y, Ganem D (2004). RBP-J (CSL) is essential for activation of the K14/vGPCR
promoter of Kaposi’s sarcoma-associated herpesvirus by the lytic switch protein
RTA J Virol 78 (13):6818–26.

Liao W, Tang Y, Kuo YL, Liu BY, Xu CJ, Giam CZ (2003a). Kaposi’s sarcoma-asso-
ciated herpesvirus/human herpesvirus 8 transcriptional activator Rta is an oligo-
meric DNA-binding protein that interacts with tandem arrays of phased A/T-tri-
nucleotide motifs. J Virol 77 (17):9399–411.

Liao W, Tang Y, Lin SF, Kung HJ, Giam CZ (2003b). K-bZIP of Kaposi’s sarcoma-
associated herpesvirus/human herpesvirus 8 (KSHV/HHV-8) binds KSHV/HHV-
8 Rta and represses Rta-mediated transactivation. J Virol 77 (6):3809–15.

Lin SF, Robinson DR, Oh J, Jung JU, Luciw PA, Kung HJ (2002). Identification of the bZIP
and Rta homologues in the genome of rhesus monkey rhadinovirus. Virology 298
(2):181–8.

Liu S, Pavlova IV, Virgin HWt., and Speck SH (2000). Characterization of gamma-
herpesvirus 68 gene 50 transcription. J Virol 74 (4):2029–37.

Lu F, Zhou J, Wiedmer A, Madden K, Yuan Y, Lieberman PM (2003). Chromatin remod-
eling of the Kaposi’s sarcoma-associated herpesvirus ORF50 promoter correlates
with reactivation from latency. J Virol 77 (21):11425–35.

Lukac DM, Garibyan L, Kirshner JR, Palmeri D, Ganem D (2001). DNA binding by Ka-
posi’s sarcoma-associated herpesvirus lytic switch protein is necessary for tran-
scriptional activation of two viral delayed early promoters. J Virol 75 (15):6786–99.

Lukac DM, Kirshner JR, Ganem D (1999). Transcriptional activation by the product
of open reading frame 50 of Kaposi’s sarcoma-associated herpesvirus is required
for lytic viral reactivation in B cells. J Virol 73 (11):9348–61.

Lukac DM, Renne R, Kirshner JR, Ganem D (1998). Reactivation of Kaposi’s sarcoma-
associated herpesvirus infection from latency by expression of the ORF 50 trans-
activator, a homolog of the EBV R protein. Virology 252 (2):304–12.



96 M. R. Staudt · D. P. Dittmer

Martinez-Guzman D, Rickabaugh T, Wu TT, Brown H, Cole S, Song MJ, Tong L,
Sun R (2003). Transcription program of murine gammaherpesvirus 68. J Virol 77
(19):10488–503.

Matsumura S, Fujita Y, Gomez E, Tanese N, Wilson AC (2005). Activation of the Kaposi’s
sarcoma-associated herpesvirus major latency locus by the lytic switch protein
RTA (ORF50). J Virol 79 (13):8493–505.

May JS, Coleman HM, Smillie B, Efstathiou S, Stevenson PG (2004). Forced lytic
replication impairs host colonization by a latency-deficient mutant of murine
gammaherpesvirus-68. J Gen Virol 85 (Pt 1):137–46.

McAllister SC, Hansen SG, Messaoudi I, Nikolich-Zugich J, Moses AV (2005). In-
creased efficiency of phorbol ester-induced lytic reactivation of Kaposi’s sarcoma-
associated herpesvirus during S phase. J Virol 79 (4):2626–30.

McKnight JL, Pellett PE, Jenkins FJ, Roizman B (1987). Characterization and nucleotide
sequence of two herpes simplex virus 1 genes whose products modulate alpha-
trans-inducing factor-dependent activation of alpha genes. J Virol 61 (4):992–1001.

Mitsouras K, Wong B, Arayata C, Johnson RC, Carey M (2002). The DNA architectural
protein HMGB1 displays two distinct modes of action that promote enhanceo-
some assembly. Mol Cell Biol 22 (12):4390–401.

Moses AV, Fish KN, Ruhl R, Smith PP, Strussenberg JG, Zhu L, Chandran B, Nel-
son JA (1999). Long-term infection and transformation of dermal microvascular
endothelial cells by human herpesvirus 8. J Virol 73 (8):6892–902.

Mumm JS, Kopan R (2000). Notch signaling: from the outside in. Dev Biol 228 (2):151–
65.

Nakamura H, Lu M, Gwack Y, Souvlis J, Zeichner SL, Jung JU (2003). Global changes in
Kaposi’s sarcoma-associated virus gene expression patterns following expression
of a tetracycline-inducible Rta transactivator. J Virol 77 (7):4205–20.

O’Connor C, M, Kedes DH (2006). Mass spectrometric analyses of purified rhesus
monkey rhadinovirus reveal 33 virion-associated proteins. J Virol 80 (3):1574–83.

Paulose-Murphy M, Ha N-K, Xiang C, Chen Y, Gillim L, Yarchoan R, Meltzer P,
Bittner M, Trent J, Zeichner S (2001). Transcription program of human herpes-
virus 8 (Kaposi’s sarcoma-associated herpesvirus). J Virol 75 (10):4843–4853.

Pavlova I, Lin CY, Speck SH (2005). Murine gammaherpesvirus 68 Rta-dependent
activation of the gene 57 promoter. Virology 333 (1):169–79.

Pavlova IV, Virgin HWt., and Speck SH (2003). Disruption of gammaherpesvirus
68 gene 50 demonstrates that Rta is essential for virus replication. J Virol 77
(10):5731–9.

Polson AG, Wang D, DeRisi J, Ganem D (2002). Modulation of host gene expres-
sion by the constitutively active G protein-coupled receptor of Kaposi’s sarcoma-
associated herpesvirus. Cancer Res 62 (15):4525–30.

Pozharskaya VP, Weakland LL, Offermann MK (2004). Inhibition of infectious human
herpesvirus 8 production by gamma interferon and alpha interferon in BCBL-1
cells. J Gen Virol 85 (Pt 10):2779–87.

Quinlivan EB, Holley-Guthrie EA, Norris M, Gutsch D, Bachenheimer SL, Kenney SC
(1993). Direct BRLF1 binding is required for cooperative BZLF1/BRLF1 activation
of the Epstein-Barr virus early promoter BMRF1. Nucleic Acids Res 21 (14):1999–
2007.



The Rta/Orf50 Transactivator Proteins of the Gamma-Herpesviridae 97

Ragoczy T, Heston L, Miller G (1998). The Epstein-Barr virus Rta protein activates lytic
cycle genes and can disrupt latency in B lymphocytes. J Virol 72 (10):7978–84.

Ragoczy T, Miller G (1999). Role of the epstein-barr virus RTA protein in activation of
distinct classes of viral lytic cycle genes. J Virol 73 (12):9858–66.

Ragoczy T, Miller G (2001). Autostimulation of the Epstein-Barr virus BRLF1 promoter
is mediated through consensus Sp1 and Sp3 binding sites. J Virol 75 (11):5240–51.

Renne R, Blackbourn D, Whitby D, Levy J, Ganem D (1998). Limited transmission of
Kaposi’s sarcoma-associated herpesvirus in cultured cells. J Virol 72 (6):5182–8.

Renne R, Zhong W, Herndier B, McGrath M, Abbey N, Kedes D, Ganem D (1996).
Lytic growth of Kaposi’s sarcoma-associated herpesvirus (human herpesvirus 8)
in culture. Nat Med 2 (3):342–6.

Rickabaugh TM, Brown HJ, Wu TT, Song MJ, Hwang S, Deng H, Mitsouras K, Sun R
(2005). Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8 RTA reac-
tivates murine gammaherpesvirus 68 from latency. J Virol 79 (5):3217–22.

Rochford R, Lutzke ML, Alfinito RS, Clavo A, Cardin RD (2001). Kinetics of murine
gammaherpesvirus 68 gene expression following infection of murine cells in
culture and in mice. J Virol 75 (11):4955–63.

Roizman B (1996). Herpesviridae. In “Virology” (BNFields DMKnipe, and PMHow-
ley Eds.), Vol. 2, pp. 2221–2230. 2 vols. Lippincott-Raven Philadelphia.

Russo James J, Bohenzky Roy A, Chien M-C, Chen J, Yan M, Maddalena D, Parry JP,
Peruzzi D, Edelman Isidore S, Chang Y, Moore Patrick S (1996). Nucleotide se-
quence of the Kaposi sarcoma-associated herpesvirus (HHV8). Proc Natl Acad
Sci USA 93 (25):14862–14867.

Sakakibara S, Ueda K, Chen J, Okuno T, Yamanishi K (2001). Octamer-binding se-
quence is a key element for the autoregulation of Kaposi’s sarcoma-associated
herpesvirus ORF50/Lyta gene expression. J Virol 75 (15):6894–900.

Sarid R, Flore O, Bohenzky RA, Chang Y, Moore PS (1998). Transcription mapping of
the Kaposi’s sarcoma-associated herpesvirus (human herpesvirus 8) genome in
a body cavity-based lymphoma cell line (BC-1). J Virol 72 (2):1005–12.

Saveliev A, Zhu F, Yuan Y (2002). Transcription mapping and expression patterns
of genes in the major immediate-early region of Kaposi’s sarcoma-associated
herpesvirus. Virology 299 (2):301–14.

Schafer A, Lengenfelder D, Grillhosl C, Wieser C, Fleckenstein B, Ensser A (2003). The
latency-associated nuclear antigen homolog of herpesvirus saimiri inhibits lytic
virus replication. J Virol 77 (10):5911–25.

Seaman WT, Quinlivan EB (2003). Lytic switch protein (ORF50) response element in
the Kaposi’s sarcoma-associated herpesvirus K8 promoter is located within but
does not require a palindromic structure. Virology 310 (1):72–84.

Shanley JD, Debs RJ (1989). The folate antagonist, methotrexate, is a potent inhibitor
of murine and human cytomegalovirus in vitro. Antiviral Res 11 (2):99–106.

Shaw RN (2000) AIDS.
Song MJ, Deng H, Sun R (2003). Comparative study of regulation of RTA-responsive

genes in Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8. J Virol
77 (17):9451–62.

dirk
Cross-Out

dirk
Replacement Text
Shaw RN, Arbiser JL, Offermann MK (2000) Valproic acid induces human herpesvirus 8 lytic gene expression in BCBL-1 cells. AIDS 14(7):899-902



98 M. R. Staudt · D. P. Dittmer

Song MJ, Hwang S, Wong W, Round J, Martinez-Guzman D, Turpaz Y, Liang J, Wong B,
Johnson RC, Carey M, Sun R (2004). The DNA architectural protein HMGB1
facilitates RTA-mediated viral gene expression in gamma-2 herpesviruses. J Virol
78 (23):12940–50.

Song MJ, Li X, Brown HJ, Sun R (2002). Characterization of interactions between RTA
and the promoter of polyadenylated nuclear RNA in Kaposi’s sarcoma-associated
herpesvirus/human herpesvirus 8. J Virol 76 (10):5000–13.

Sun R, Lin SF, Gradoville L, Yuan Y, Zhu F, Miller G (1998). A viral gene that activates
lytic cycle expression of Kaposi’s sarcoma-associated herpesvirus. Proc Natl Acad
Sci USA 95 (18):10866–71.

Sun R, Lin SF, Staskus K, Gradoville L, Grogan E, Haase A, Miller G (1999). Kinetics of
Kaposi’s sarcoma-associated herpesvirus gene expression. J Virol 73 (3):2232–42.

Swenson JJ, Holley-Guthrie E, Kenney SC (2001). Epstein-Barr virus immediate-early
protein BRLF1 interacts with CBP, promoting enhanced BRLF1 transactivation.
J Virol 75 (13):6228–34.

Tang S, Zheng ZM (2002). Kaposi’s sarcoma-associated herpesvirus K8 exon 3 contains
three 5′-splice sites and harbors a K8.1 transcription start site. J Biol Chem 277
(17):14547–56.

Thurau M, Whitehouse A, Wittmann S, Meredith D, Fickenscher H (2000). Distinct
transcriptional and functional properties of the R transactivator gene orf50 of the
transforming herpesvirus saimiri strain C488. Virology 268 (1):167–77.

Triezenberg SJ, LaMarco KL, McKnight SL (1988). Evidence of DNA: protein interac-
tions that mediate HSV-1 immediate early gene activation by VP16. Genes Dev 2
(6):730–42.

Trus BL, Heymann JB, Nealon K, Cheng N, Newcomb WW, Brown JC, Kedes DH,
Steven AC (2001). Capsid structure of Kaposi’s sarcoma-associated herpesvirus,
a gammaherpesvirus, compared to those of an alphaherpesvirus, herpes simplex
virus type 1, and a betaherpesvirus, cytomegalovirus. J Virol 75 (6):2879–90.

Ueda et al. (2002).
Walters MS, Hall KT, Whitehouse A (2004). The herpesvirus saimiri open reading

frame (ORF) 50 (Rta) protein contains an AT hook required for binding to the
ORF 50 response element in delayed-early promoters. J Virol 78 (9):4936–42.

Walters MS, Hall KT, Whitehouse A (2005). The herpesvirus saimiri Rta gene
autostimulates via binding to a non-consensus response element. J Gen Virol 86
(Pt 3):581–7.

Wang J, Zhang J, Zhang L, Harrington W, Jr., West JT, Wood C (2005). Modulation of
human herpesvirus 8/Kaposi’s sarcoma-associated herpesvirus replication and
transcription activator transactivation by interferon regulatory factor 7. J Virol
79 (4):2420–31.

Wang S, Liu S, Wu MH, Geng Y, Wood C (2001). Identification of a cellular protein
that interacts and synergizes with the RTA (ORF50) protein of Kaposi’s sarcoma-
associated herpesvirus in transcriptional activation. J Virol 75 (24):11961–73.

Wang SE, Wu FY, Chen H, Shamay M, Zheng Q, Hayward GS (2004a). Early activation
of the Kaposi’s sarcoma-associated herpesvirus RTA, RAP, MTA promoters by the
tetradecanoyl phorbol acetate-induced AP1 pathway. J Virol 78 (8):4248–67.

dirk
Cross-Out

dirk
Replacement Text
Ueda K, Ishikawa K, Nishimura K, Sakakibara S, Do E, Yamanishi K. (2002) Kaposi's sarcoma-associated herpesvirus (human herpesvirus 8) replication and transcription factor activates the K9 (vIRF) gene through two distinct cis elements by a non-DNA-binding mechanism.J Virol. 76(23):12044-54.



The Rta/Orf50 Transactivator Proteins of the Gamma-Herpesviridae 99

Wang SE, Wu FY, Fujimuro M, Zong J, Hayward SD, Hayward GS (2003a). Role
of CCAAT/enhancer-binding protein α (C/EBPα) in activation of the Kaposi’s
sarcoma-associated herpesvirus (KSHV) lytic-cycle replication-associated pro-
tein (RAP) promoter in cooperation with the KSHV replication and transcription
activator (RTA) and RAP J Virol 77 (1):600–23.

Wang SE, Wu FY, Yu Y, Hayward GS (2003b). CCAAT/enhancer-binding protein-α
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 stimulates the viral RTA, MTA, PAN
promoters. J Virol 77 (17):9590–612.

Wang Y, Chong OT, Yuan Y (2004). Differential regulation of K8 gene expression in
immediate-early and delayed-early stages of Kaposi’s sarcoma-associated herpes-
virus. Virology 325 (1):149–63.

Wang Y, Li H, Chan MY, Zhu FX, Lukac DM, Yuan Y (2004b). Kaposi’s sarcoma-
associated herpesvirus ori-Lyt-dependent DNA replication: cis-acting require-
ments for replication and ori-Lyt-associated RNA transcription. J Virol 78
(16):8615–29.

Whitehouse A, Carr IM, Griffiths JC, Meredith DM (1997). The herpesvirus saimiri
ORF50 gene, encoding a transcriptional activator homologous to the Epstein-Barr
virus R protein, is transcribed from two distinct promoters of different temporal
phases. J Virol 71 (3):2550–4.

Wu TT, Tong L, Rickabaugh T, Speck S, Sun R (2001). Function of Rta is essential for
lytic replication of murine gammaherpesvirus 68. J Virol 75 (19):9262–73.

Wu TT, Usherwood EJ, Stewart JP, Nash AA, Sun R (2000). Rta of murine gammaher-
pesvirus 68 reactivates the complete lytic cycle from latency. J Virol 74 (8):3659–67.

Xu Y, AuCoin DP, Huete AR, Cei SA, Hanson LJ, Pari GS (2005). A Kaposi’s sarcoma-
associated herpesvirus/human herpesvirus 8 ORF50 deletion mutant is defective
for reactivation of latent virus and DNA replication. J Virol 79 (6):3479–87.

Ye J, Shedd D, Miller G (2005). An Sp1 response element in the Kaposi’s sarcoma-
associated herpesvirus open reading frame 50 promoter mediates lytic cycle
induction by butyrate. J Virol 79 (3):1397–408.

Yu Y, Wang SE, Hayward GS (2005). The KSHV immediate-early transcription fac-
tor RTA encodes ubiquitin E3 ligase activity that targets IRF7 for proteosome-
mediated degradation. Immunity 22 (1):59–70.

Zalani S, Holley-Guthrie E, Kenney S (1996). Epstein-Barr viral latency is disrupted by
the immediate-early BRLF1 protein through a cell-specific mechanism. Proc Natl
Acad Sci USA 93 (17):9194–9.

Zhang L, Chiu J, Lin JC (1998). Activation of human herpesvirus 8 (HHV-8) thymi-
dine kinase (TK) TATAA-less promoter by HHV-8 ORF50 gene product is SP1
dependent. DNA Cell Biol 17 (9):735–42.

Zhong W, Wang H, Herndier B, Ganem D (1996). Restricted expression of Kaposi
sarcoma-associated herpesvirus (human herpesvirus 8) genes in Kaposi sarcoma.
Proc Natl Acad Sci USA 93 (13):6641–6.

Zhou FC, Zhang YJ, Deng JH, Wang XP, Pan HY, Hettler E, Gao SJ (2002). Efficient
infection by a recombinant Kaposi’s sarcoma-associated herpesvirus cloned in
a bacterial artificial chromosome: application for genetic analysis. J Virol 76
(12):6185–96.



100 M. R. Staudt · D. P. Dittmer

Zhu FX, Chong JM, Wu L, Yuan Y (2005). Virion proteins of Kaposi’s sarcoma-
associated herpesvirus. J Virol 79 (2):800–11.

Zhu FX, Cusano T, Yuan Y (1999). Identification of the immediate-early transcripts of
Kaposi’s sarcoma-associated herpesvirus. J Virol 73 (7):5556–67.

Zhu FX, Yuan Y (2003). The ORF45 protein of Kaposi’s sarcoma-associated herpesvirus
is associated with purified virions. J Virol 77 (7):4221–30.

Zhu J, Trang P, Kim K, Zhou T, Deng H, Liu F (2004). Effective inhibition of Rta
expression and lytic replication of Kaposi’s sarcoma-associated herpesvirus by
human RNase P Proc Natl Acad Sci USA 101 (24):9073–8.

Zoeteweij JP, Eyes ST, Orenstein JM, Kawamura T, Wu L, Chandran B, Forghani B,
Blauvelt A (1999). Identification and rapid quantification of early- and late-lytic
human herpesvirus 8 infection in single cells by flow cytometric analysis: char-
acterization of antiherpesvirus agents. J Virol 73 (7):5894–902.

dirk
Inserted Text
.


