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Viruses are obligate intracellular pathogens whose biological success depends upon replica-
tion and packaging of viral genomes, and transmission of progeny viruses to new hosts.The
biological success of herpesviruses is enhanced by their ability to reproduce their genomes
without producing progeny viruses or killing the host cells, a process called latency. Latency
permits a herpesvirus to remain undetected in its animal host for decades while maintain-
ing the potential to reactivate, or switch, to a productive life cycle when host conditions
are conducive to generating viral progeny. Direct interactions between many host and viral
molecules are implicated in controlling herpesviral reactivation, suggesting complex bio-
logical networks that control the decision. One viral protein that is necessary and sufficient
to switch latent Kaposi’s sarcoma-associated herpesvirus (KSHV) into the lytic infection
cycle is called K-Rta. K-Rta is a transcriptional activator that specifies promoters by binding
DNA directly and interacting with cellular proteins. Among these cellular proteins, binding
of K-Rta to RBP-Jk is essential for viral reactivation. In contrast to the canonical model
for Notch signaling, RBP-Jk is not uniformly and constitutively bound to the latent KSHV
genome, but rather is recruited to DNA by interactions with K-Rta. Stimulation of RBP-Jk
DNA binding requires high affinity binding of Rta to repetitive and palindromic “CANT DNA
repeats” in promoters, and formation of ternary complexes with RBP-Jk. However, while
K-Rta expression is necessary for initiating KSHV reactivation, K-Rta’s role as the switch is
inefficient. Many factors modulate K-Rta’s function, suggesting that KSHV reactivation can
be significantly regulated post-Rta expression and challenging the notion that herpesviral
reactivation is bistable. This review analyzes rapidly evolving research on KSHV K-Rta to
consider the role of K-Rta promoter specification in regulating the progression of KSHV
reactivation.
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INTRODUCTION
Kaposi’s sarcoma-associated herpesvirus (KSHV) is one of five
DNA tumor viruses implicated in the etiology of human cancers.
The study of small DNA tumor viruses has established a paradigm
for viral cancers, which result from non-productive, dead-end
infections. For example, in human papillomavirus (HPV) infec-
tion, extrachromosomal genomes replicate to produce mature
progeny viruses (a productive infection), leading to the forma-
tion of benign warts. However, if HPV integrates into the host
genome, it chronically expresses its oncogenic early proteins,
fails to replicate (a non-productive infection), and elicits cervi-
cal cancer (Moody and Laimins, 2010). This binary relationship
between alternative outcomes of infection and cell transformation
in human infections has received further support as a fundamen-
tal oncogenesis mechanism from studies of the recently discovered
Merkel cell polyomavirus (Chang and Moore, 2011).

A basic difference between the small and large DNA tumor
viruses is the relationship between productive and non-productive
infections. While the small DNA tumor viruses transform
human cells due to non-productive, inescapably dead-end infec-
tions, large DNA tumor viruses establish non-productive infec-
tions that are reversible. These large DNA tumor viruses,

KSHV and Epstein–Barr virus (EBV), belong to the family
Herpesviridae, and both replicate with latent/reactivating (i.e.,
non-productive/productive) patterns of infection. In natural
infections of humans, both KSHV and EBV establish latency in
B cells and are associated with B lymphoid hyperproliferations
and cancers (Ganem, 2007; Rickinson and Kieff, 2007). Reactiva-
tion of KSHV from latency leads to increased risk of developing
Kaposi’s sarcoma (KS) and primary effusion lymphoma (PEL). KS
tumors develop following KSHV reactivation; in the KS tumors,
the virus is found in endothelial cells.

Dramatic advances in understanding the relationship between
EBV infection and mechanisms of pathogenesis have been facili-
tated by the ease with which EBV infects primary B cells de novo.
In that model, genetic studies established a strict interdependence
between EBV latency and B cell transformation, and led to defin-
ition of the minimal EBV genome sufficient for that effect (Kieff
and Rickinson, 2007). Similar progress in understanding KSHV
biology has been hampered by the difficulty in establishing robust
models of de novo infection that support long-lived viral persis-
tence and transformation. Nonetheless, the models that have been
most revealing suggest a remarkable contribution of productive
cycle genes to cellular survival and growth control. Most of these
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viral genes are homologous to human genes (Russo et al., 1996).
Mechanisms that control expression of the productive cycle genes
and progression of the viral reactivation program are thus keys to
understanding cellular growth control during KSHV infection.

PEL CELL MODEL OF KSHV LATENCY AND REACTIVATION
Although long-term latency in tissue culture is not established
following de novo KSHV infection (Renne et al., 1998; Grund-
hoff and Ganem, 2004), latently infected B cells can be explanted
and cultured from human afflicted with PEL (Cesarman et al.,
1995; Moore et al., 1996; Renne et al., 1996; Boshoff et al., 1998;
Drexler et al., 1998). These PEL cell lines maintain KSHV latency
for multiple passages, supporting very limited viral gene expres-
sion and little virus production (Renne et al., 1996). Treatment of
these cells with the protein kinase C-activator 12-O-tetradecanoyl
phorbol-13-acetate (TPA) induces a dramatic increase in the num-
ber of viral genes transcribed, and release of viral progeny (Renne
et al., 1996). Since most of the TPA-induced transcripts encode
homologs of productive cycle genes from other herpesviruses
(Sarid et al., 1998), these data established PEL cells as authentic
models for KSHV latency and reactivation.

Samples derived from KS tissue show transcription patterns
similar to un-treated PEL cells (Zhong et al., 1996; Sun et al., 1999)
most infected endothelial cells express latent stage transcripts, but
1–10% of cells express productive cycle transcripts (Staskus et al.,
1997, 1999; Sun et al., 1999). Most of the viral homologs of cellular
genes are expressed with a productive cycle transcription pattern
(reviewed in Mesri et al., 2010).

The development of KSHV microarrays permitted initial
kinetic classification of the viral transcriptome. Less than 10 KSHV
genes are expressed during latency in PEL cells, but most viral
genes are induced following reactivation. With a few exceptions,
the viral mRNAs that encode homologs of cellular proteins are
expressed with kinetics similar to that of the viral transcripts for
DNA replication proteins (Jenner et al., 2001; Paulose-Murphy
et al., 2001). Most of the viral transcripts that encode structural
proteins are expressed following the transcripts for the replication
proteins (Jenner et al., 2001; Paulose-Murphy et al., 2001).

Formal definition of stage-specific transcription was estab-
lished using microarrays and approaches validated for other her-
pesviruses. Four of the latent transcripts are expressed constitu-
tively in both latency and reactivation, while all other transcripts
are induced during reactivation (Fakhari and Dittmer, 2002).
Eighteen miRNAs are also expressed during KSHV latency, and
further induced during reactivation (Cai et al., 2005; Samols et al.,
2005). Nine transcripts were defined as immediate early (IE) based
on their expression in the absence of de novo protein synthesis (Zhu
et al., 1999; Rimessi et al., 2001). Twenty-seven transcripts were
defined as late (L) based on their sensitivity to treatment with a
viral replication inhibitor (Lu et al., 2004). By default classification,
42 transcripts were expressed with delayed early (DE) kinetics, fill-
ing the temporal class that follows IE expression but precedes viral
DNA replication. As in the other herpesviruses, the existence of
distinct classes of transcription in KSHV implies the existence of
mechanisms that regulate gene-specific transactivation.

Recent studies used tiling microarrays and limiting dilution
quantitative-reverse-transcription (qRT)-PCR to further define

stage-specific transcription. These studies showed that a few
transcripts commonly classified as lytic are latently expressed in
selected cells or conditions (Chandriani and Ganem, 2010). Fol-
lowing reactivation, nearly the entire KSHV genome, including
both DNA strands, is transcribed to high levels (Chandriani et al.,
2010; Xu and Ganem, 2010). These analyses identified a com-
plex set of previously un-appreciated and abundant productive
cycle transcripts. Many of these transcripts are very large, and are
expressed in the anti-sense orientation to coding transcripts and
miRNAs.

Rta IS THE KSHV LYTIC SWITCH PROTEIN
Rta IS SUFFICIENT TO REACTIVATE KSHV FROM LATENCY
A series of studies established that a single KSHV gene called Rta
encoded the only viral protein both necessary and sufficient to
reactivate the virus from latency.

Publication of the complete KSHV genome sequence and the
demonstration of its extensive homology and collinearity with
EBV (Russo et al., 1996) permitted identification of candidate
KSHV lytic switch proteins. KSHV encodes two homologs of the
EBV transactivating switches Rta (“E-Rta”) and Zta in open read-
ing frames (ORFs) 50 and K8, respectively (Sun et al., 1998). In
KSHV, these proteins are called K-Rta and K-bZIP. Transient trans-
fection of vectors that expressed K-Rta in BC-1 PEL cells induced
the lytic cycle transcripts PAN (also known as nut-1), K-bZIP, small
viral capsid antigen (sVCA), viral interleukin (vIL)-6, and viral
macrophage inflammatory protein (vMIP)-II (Sun et al., 1998).
Conversely, transfection of a K-bZIP expression vector failed to
induce PAN and vIL-6, demonstrating that K-bZIP is not a func-
tional equivalent of EBV Zta (Sun et al., 1998). The amount of PAN
expressed was dependent on the input dose of the K-Rta expression
vector. vIL-6 and PAN were induced by K-Rta with DE kinetics,
similar to induction by reactivating chemicals (Sun et al., 1998).
As sVCA expression required viral genome replication (i.e., sVCA
is a true late gene), its induction by Rta suggested that Rta could
drive the lytic gene expression cascade to completion. Interest-
ingly, sVCA was induced in only 20% of the Rta vector-transfected
cells.

Transcription of K-Rta was induced by reactivating chemicals
prior to detection of the vIL-6 and K-bZIP transcripts, proving
that K-Rta was upstream of those genes in the reactivation cascade
(Sun et al., 1998). Truncation at amino acid (aa) 134 eliminated
K-Rta’s ability to induce lytic cycle gene expression.

Candidate lytic switch proteins were also selected based on early
expression during KSHV reactivation in BCBL-1 PEL cells and
by homology to EBV transactivators (Lukac et al., 1998). KSHV
ORFs 50 (K-Rta), 57, K1, K3, and K5 were transcribed within
6 h following TPA treatment of BCBL-1 cells, prior to expression
of suspected DE genes. Moreover, ORF 57 encoded a homolog
of the EBV transactivator Mta. Transfection of a vector express-
ing K-Rta, but not vectors expressing ORF 57, K1, K3, or K5,
induced expression of the ORF 59 and K8.1 proteins from the
latent viral genome in BCBL-1 cells (Lukac et al., 1998). Induction
of these productive cycle proteins by ectopic K-Rta was quanti-
tatively similar to reactivation stimulated by TPA. Induction of
the late protein K8.1 by K-Rta was sensitive to a viral replication
inhibitor, agreeing with the conclusion that Rta expression was
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sufficient to reactivate the complete lytic cycle of KSHV. Remark-
ably, K8.1 expression occurred in only 6.9% of Rta expressing cells
(Lukac et al., 1998).

Despite the identification of K-Rta as the KSHV lytic switch
protein, two characteristics of PEL cell lines have hampered mol-
ecular studies of KSHV reactivation: PEL cells are poorly trans-
fectable, and undergo low-level spontaneous reactivation under
normal culture conditions. Isolation of the HH-B2 PEL cell
line overcame these obstacles by permitting demonstration that
ectopic expression of K-Rta induced release of encapsidated viral
DNA to the culture supernatant (Gradoville et al., 2000). These
data formally proved that K-Rta could activate the entire KSHV
productive reactivation cycle (Gradoville et al., 2000). More recent
studies showed that K-Rta is also sufficient to reactivate the com-
plete productive cycle of KSHV in infected endothelial, CV-1,
human fibroblastic, and 293 cells (Bechtel et al., 2003; An et al.,
2006).

Rta IS A PHOSPHORYLATED, TRANSCRIPTIONAL TRANSACTIVATOR
Analyses of ORF 50’s RNA and protein products enhanced under-
standing of K-Rta’s role in viral reactivation. K-Rta’s aa sequence
suggested that it was a transcription factor, since it contains an
N-terminal basic domain and a C-terminal acidic domain con-
served with E-Rta (Figure 1; Lukac et al., 1998). In E-Rta, the
domains mediate DNA binding and dimerization, and transac-
tivation, respectively. K-Rta also contained two putative nuclear
localization sequences (NLSs; Figure 1), and a K-Rta-specific
polyclonal antiserum confirmed that K-Rta was localized to the
nuclei of TPA-treated BCBL-1 cells and transfected CV-1 cells
(Lukac et al., 1998). Co-transfection of uninfected CV-1 cells with
the K-Rta expression vector and reporter plasmids demonstrated
that Rta transactivated the promoters for PAN, thymidine kinase
(TK), kaposin, single stranded DNA binding protein (DBP), and
DNA polymerase, but not the assembly protein (AP; Lukac et al.,
1998). K-Rta transactivated the PAN, TK, and DBP promoters in

FIGURE 1 | K-Rta structure/function map. A linear representation of the
amino acid content and predicted structural motifs of the ORF 50/Rta
protein. Numbers refer to amino acid (AA) positions. Positions of each
functional domain are shown by the colored bars, with amino acid
boundaries indicated by numbers, corresponding to the function shown in
the column on the right. Color codes for bars are: black, core functional

domain; red, inhibitor of K-Rta; green, stimulator of K-Rta. Citations are
listed in parentheses, and described in the text. +++, basic amino acid
rich; LR, leucine heptapeptide repeat; ST, serine/threonine-rich;
hyd/DE/hyd, repeats of hydrophobic and acidic amino acids, comprising
K-Rta’s transcriptional activation domain; NLS, nuclear localization
sequence; Dom. Neg., dominant negative.
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both B cells and endothelial cells (Lukac et al., 1999). These data
established that Rta was a direct transactivator of specific viral
promoters in the absence of any other viral genes (Lukac et al.,
1999).

Northern blotting more clearly distinguished the relative kinet-
ics of K-Rta transcription and that of other early proteins. Abun-
dant Rta expression was detectable within 1 h post-TPA addition
to PEL cells, and preceded detection of transcripts for Mta, K-bZIP,
K3, K5, and DBP (Lukac et al., 1999). The ORF 50 locus expresses
multiple, divergent transcripts, but only a single, 3,402 nt tran-
script encodes the sense K-Rta sequence (Lukac et al., 1999). This
major transcript initiates upstream of ORF 49, is spliced to an
acceptor site upstream of ORF 50, and then continues un-spliced
through ORF 50. Downstream of ORF 50, the transcript is spliced
three additional times, and encodes K-bZIP and K8.1. The major
protein expressed from ORF 50 during reactivation is approxi-
mately 110 kDa,about 36 kDa greater than the predicted molecular
mass of 73.7 kDa (Lukac et al., 1999). The 110-kDa protein is also
detected in Cos cells transfected with an ORF 50 expression vec-
tor. A second, minor protein of 90 kDa is also detected by the
K-Rta antiserum in TPA-induced PEL cell extracts, and migrates
identically to the protein produced by programming rabbit retic-
ulocyte lysates (RRL) with the ORF 50 cDNA (Lukac et al., 1999).
Phosphatase treatment of the 110-kDa K-Rta protein decreased
its abundance and increased accumulation of the 90-kDa species,
suggesting that 20 kDa of K-Rta’s apparent MW is attributable to
phosphorylation (Lukac et al., 1999). Thus, K-Rta has the potential
to be regulated by post-translational modification.

Rta IS NECESSARY FOR KSHV REACTIVATION
Ectopic expression of K-Rta in PEL cells had established that K-Rta
was sufficient to induce the full lytic cycle of KSHV gene expres-
sion. Structure-function studies of K-Rta led to experiments that
proved that K-Rta was also necessary for KSHV reactivation. K-
Rta’s transcriptional activation domain was identified by fusing
full-length and truncated mutants of K-Rta to the DNA binding
domain of the yeast protein Gal4. Among these truncations, only
K-Rta aa 486–691 were sufficient to activate transcription of a
reporter gene containing binding sites specific for Gal4, in B and
endothelial cells (Lukac et al., 1999). These data indicated that
K-Rta’s activation domain is contained within its C-terminal 206
aa (Figure 1; Lukac et al., 1998; Seaman et al., 1999; Wang et al.,
2001a). This sequence is homologous to the activation domains
of many cellular and viral transcription factors (Lukac et al.,
1999). Deletion of the C-terminal 162 aa from wild type, cog-
nate K-Rta generated a mutant called RtaΔSTAD (also known as
ORF50ΔSTAD; Figure 1), that was unable to transactivate KSHV
promoters or reactivate the virus from latency in PEL cells (Lukac
et al., 1999). These data proved that transcriptional activation
by K-Rta was required for KSHV reactivation. Furthermore, this
RtaΔSTAD bound to WT K-Rta and specifically inhibited K-Rta-
mediated transactivation. Proving that K-Rta was necessary for
KSHV reactivation, RtaΔSTAD blocked viral reactivation that was
either spontaneous or induced by TPA or sodium butyrate in PEL
cells (Lukac et al., 1999).

Formal genetic proof that K-Rta is required for KSHV reac-
tivation came from studies of a bacmid clone of KSHV in which

ORF 50 was deleted (called BAC36Δ50). Viral infection was estab-
lished by transfecting 293 cells with BAC36Δ50 DNA and selecting
with hygromycin. TPA failed to reactivate BAC36Δ50, as measured
by DNA replication, production of infectious virus in cell super-
natants, or expression of K-bZIP, ORF 40/41, K8.1, ORF 57, or ORF
59 (Xu et al., 2005). Expression of K-Rta in trans rescued reactiva-
tion of BAC36Δ50, implying the deletion of ORF 50 was the only
mutation that contributed to the reactivation defect. In addition,
a bacmid clone constitutively expressing Rta (called “KSHV-lyt”)
entered the productive replication cycle by default upon infecting
epithelial, endothelial, and Vero cells (Budt et al., 2011).

Rta FUNCTIONS AS A TETRAMER
The ability of the Rta mutant RtaΔSTAD to inhibit KSHV reac-
tivation suggested that Rta must form multimers to reactivate
KSHV from latency. Blue Native Polyacrylamide electrophore-
sis (BN-PAGE) and size exclusion chromatography showed that
full-length Rta formed tetramers and decamers in solution (Bu
et al., 2007). Deletion of Rta’s N-terminal leucine heptapeptide
repeat (RtaΔLR; aa 244–275; Figure 1) inhibited it’s transacti-
vation of the K-bZIP and PAN promoters without affecting its
nuclear localization. The ΔLR mutation also did not inhibit DNA
binding of K-Rta, but altered the pattern of K-Rta/DNA complexes
observed in EMSA. In the context of the dominant negative mutant
RtaΔSTAD, deletion of the LR (RtaΔSTADΔLR) inhibited its abil-
ity to interact with full-length K-Rta and to block K-Rta-mediated
transactivation and reactivation. However, the LR alone was not
sufficient for K-Rta self-interaction, but required the entire central
portion of K-Rta (aa 245–414; Figure 1; Bu et al., 2007).

Despite encoding four leucines spaced at 7 aa intervals, K-Rta’s
LR is not predicted to form leucine-zipper coiled-coils because it
also contains five proline residues (Bu et al., 2007). In fact, the
proline content, but not the leucine content, of the LR is criti-
cal for determining the oligomeric state of Rta. Mutation of three
leucines to prolines in the center of the LR generated a K-Rta
mutant (Rta-L3P) that exclusively formed tetramers and retained
the ability to transactivate and reactivate the virus (Bu et al., 2007).
Mutants of Rta that were unable to form tetramers but retained the
ability to form higher-order multimers were reduced in function
or were non-functional (Bu et al., 2007). Monomers were never
detected with WT or mutant K-Rta. In the context of RtaΔSTAD,
the L3P mutant (RtaΔSTAD-L3P) retained the ability to bind and
dominant-negatively inhibit WT K-Rta (Bu et al., 2007). As differ-
ences in Rta multimerization had dramatic effects on its function,
the data suggested that Rta’s multimerization state is a prime can-
didate for regulating KSHV reactivation. The data also suggest
that many phenotypes attributed to K-Rta LR mutations could
affect both interactions with heterologous proteins and K-Rta
homo-oligomerization.

Rta SPECIFIES PROMOTERS FOR TRANSACTIVATION BY
BINDING DNA DIRECTLY AND INTERACTING WITH
CELLULAR DNA BINDING PROTEINS
The molecular interactions between host and virus that determine
transactivation specificity are critical for understanding DNA virus
persistence and replication. Identification of K-Rta as KSHV’s lytic
switch (Lukac et al., 1998; Sun et al., 1998), and demonstration of
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K-Rta’s promoter selectivity (Lukac et al., 1998), led immediately
to the question of how Rta specified promoters for transactiva-
tion. Intense investigations of Rta specificity have focused on the
PAN and Mta promoters as models. Experimental approaches have
followed the classic strategy of comparing K-Rta DNA binding
specificity with K-Rta transactivation specificity. Studies of PAN
have revealed a largely concordant relationship between K-Rta
DNA binding and transactivation. Studies of Mta have revealed
a more complex relationship between K-Rta DNA binding and
interactions with cellular DBPs. Taken together, the PAN and Mta
models support the existence of two apparently distinct mecha-
nisms for K-Rta promoter specification. These mechanisms are
distinguished by K-Rta’s relative dependence on the cellular pro-
tein RBP-Jk, and the relative lengths of K-Rta’s binding sites. K-Rta
promoter specification is further influenced by cell type. Contro-
versies regarding K-Rta promoter specification might be attribut-
able to variations in experimental systems, and are discussed in
the Section “Conclusion and Perspectives.”

RBP-Jk INDEPENDENT PROMOTERS
PAN is a non-coding, poly-adenylated nuclear RNA that is the
most abundant transcript expressed by reactivating KSHV (Sun
et al., 1996; Zhong et al., 1996); recent data shows PAN RNA is
essential for viral late gene expression (Borah et al., 2011). The PAN
locus from −2974 to +1136 was cloned into a pBluescript vector
and transfected into COS-1 and 293T cells (Song et al., 2001). The
PAN RNA was undetectable by Northern blotting unless a K-Rta
expression vector was co-transfected (Song et al., 2001). Deletion
of the promoter to −69 had little effect on K-Rta transactivation,
while further deletion to −38 eliminated transactivation (Song
et al., 2001). Deletion of the element in the cognate PAN promoter
eliminated K-Rta transactivation (Kirshner et al., 2000; Song et al.,
2001), and the sequence from −69 to −38 conferred orienta-
tion independent Rta responsiveness on a heterologous promoter
(Song et al., 2001).

Recombinant, FLAG-tagged, full-length K-Rta, expressed and
purified from E. coli, bound to PAN promoter DNA −70/−42 in
EMSA, providing a direct correspondence between DNA binding
and transactivation (Song et al., 2001). Truncated K-Rta (aa 1–320;
Figure 1), expressed and purified from bacteria, bound to the PAN
−78/−37 element with high affinity [a dissociation constant (K D)
of 7.9–8.6 nM; Song et al., 2002]. The minimal DNA sequence for
detectable K-Rta binding was −74/−45, and methylation between
positions −67/−52 interfered with DNA binding (Figure 2; Song
et al., 2002). The extra 14 bp flanking the methylation sensitive
sequences were A/T-rich. K-Rta made in RRL, requires aa 11–112
and 151–167 to bind the PAN promoter (Figure 1; Wang et al.,
2003a).

Analyses of an extensive set of mutations across positions
−75/−38 of the PAN promoter showed a general correspondence
between K-Rta binding and transactivation, with some discrepan-
cies (i.e., incomplete concordance between a mutation’s effect on
binding with its effect on transactivation; Song et al., 2002). Due
to Rta’s high binding affinity to the relatively short segment of the
PAN promoter, it was concluded that Rta binding to the promoter
is necessary and sufficient to activate transcription of PAN (Song
et al., 2002).

FIGURE 2 | Comparison of RBP-Jk independent and dependent K-Rta

responsive elements. Vertical lines indicate homologous bases. Numbers
indicate positions relative to transcriptional start sites. The green box
indicates position of RBP-Jk binding site.

Comparison of the K-Rta responsive element from PAN to
other KSHV promoters revealed a 26-bp element from the
kaposin (K12) promoter that contained 20 bp homologous to PAN
(Figure 2; Song et al., 2002; Chang et al., 2005c). Recombinant
K-Rta, cloned as a fusion of aa 1–490 to the VP16 activation
domain and expressed in cultured cells, bound to the PAN and
kaposin promoters (Chang et al., 2002). The same fusion pro-
tein was competent to activate transcription of PAN and kaposin
from the latent viral genome in PEL cells (Chang et al., 2002).
Mutations in the kaposin element also demonstrated a strict
correlation between DNA binding by the K-Rta1-490/VP16 and
transactivation (Chang et al., 2002). Further C-terminal trun-
cation of K-Rta to aa 390 was sufficient to bind and trans-
activate the PAN and kaposin promoters (Chang and Miller,
2004).

The K-Rta binding site from kaposin is also homologous to
K-Rta binding sites in the lytic origins of replication (ori-Lyt;
Figure 2). K-Rta activates transcription from those sites to par-
ticipate in lytic replication (AuCoin et al., 2004; Wang et al.,
2004b).

RBP-Jk-DEPENDENT PROMOTERS
In transient transfections of CV-1 cells with a series of KSHV pro-
moters, K-Rta most robustly transactivated those from the ORF
57 and K-bZIP genes (Lukac et al., 1998). Deletion analysis of the
ORF 57 promoter revealed that the element critical for Rta trans-
activation was located between bps −106 and −54 relative to Mta’s
transcriptional start site (Lukac et al., 2001). While not required for
K-Rta transactivation, the promoter sequence between −218 and
−106 also contributed positively to transactivation (Lukac et al.,
2001). Fusion of the −106/−54 element to a heterologous TATA
box conferred K-Rta responsiveness in an orientation independent
manner (Lukac et al., 2001).

Initial studies of K-Rta’s interaction with the Mta promoter uti-
lized recombinant K-Rta protein that was partially purified from
Sf9 cells that were infected with a K-Rta expressing baculovirus.
This protein preparation formed three K-Rta-containing com-
plexes with short, overlapping DNAs that spanned the −106/−54
element (Lukac et al., 2001). The DNAs were cloned as dimers
in a heterologous reporter vector, and tested for transactivation
by K-Rta in CV-1 cells. K-Rta transactivation corresponded with
formation of two of the three K-Rta-containing protein/DNA
complexes (Lukac et al., 2001). A 26-bp sequence, called Mta
5D (−100/−76; Figure 2), was optimal for K-Rta complex DNA
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binding and transactivation (Lukac et al., 2001). Mta 5D con-
tains a 12-bp, partially palindromic sequence that is conserved
with the TATA proximal promoter of the K-bZIP gene. Muta-
tions that inhibited DNA binding of the two K-Rta-containing
complexes also eliminated K-Rta transactivation of the Mta and
K-bZIP promoters (Lukac et al., 2001).

Site-directed mutagenesis of the Mta 5D element revealed
nucleotide-specific variability in K-Rta transactivation and DNA
binding (Lukac et al., 2001). Mutations in the upstream side
of the 5D palindrome reduced K-Rta transactivation 50–80%
and reduced, but did not eliminate, DNA binding of the K-Rta-
containing complexes. Mutations in the downstream side of the
palindrome eliminated K-Rta transactivation and DNA binding.
Later studies suggested that the downstream side of the 5D element
was a binding site for K-Rta complexed with the cellular pro-
tein Recombination Signal Binding Protein (RBP)-Jk (Figure 2),
which co-purified from Sf9 cells (see next paragraph). Truncations
of K-Rta, expressed and fully purified from E. coli, demonstrated
that K-Rta bound directly to the 5D element, and that K-Rta’s
DNA binding domain is encoded within aa 1–272 (Lukac et al.,
2001).

A two-hybrid screen identified RBP-Jk as a binding partner
for K-Rta, and provided a crucial insight into how K-Rta’s spec-
ifies a sub-set of promoters for transactivation (Liang et al.,
2002). RBP-Jk is a nuclear, DBP that specifies Notch-responsive
promoters in the canonical model for the Notch signal trans-
duction pathway (Tanigaki and Honjo, 2010). RBP-Jk is essen-
tial for KSHV reactivation (Liang and Ganem, 2003). K-Rta
and RBP-Jk co-immunoprecipitated from reactivating PEL cells
and from cells co-transfected with expression vectors for both
proteins (Liang et al., 2002). K-Rta and RBP-Jk also interacted
in GST pull-down assays, which identified two independent
K-Rta-interacting domains in RBP-Jk, aa 1–180 and 179–360
(Liang et al., 2002). Similar experiments identified the smallest
fragment of K-Rta that interacted with RBP-Jk as aa 170–400
(Figure 1).

The significance of RBP-Jk in K-Rta promoter specification
was shown by transient transfection-reporter assays. K-Rta trans-
activated artificial promoters containing multimerized WT, but
not mutant, RBP-Jk binding sites, in an orientation independent
manner (Liang et al., 2002). K-Rta failed to transactivate these
promoters in transfected mouse embryonic fibroblasts (MEFs)
that were genetically RBP-Jk null (OT-11 cells), unless RBP-Jk was
ectopically co-expressed (Liang et al., 2002).

Similar to the right side of the Mta promoter 5D element
(Figure 2), the KSHV DBP promoter also contains a consensus
RBP-Jk site (Liang et al., 2002). However, the PAN promoter does
not contain an obvious RBP-Jk site. Rta transactivation of the
Mta and DBP promoters, but not the PAN promoter, was elim-
inated in OT-11 cells, but rescued by ectopic RBP-Jk expression.
Mutation of the RBP-Jk sites eliminated K-Rta transactivation of
the Mta and DBP promoters in cells genetically intact for RBP-Jk
(Liang et al., 2002). K-Rta and RBP-Jk formed a complex with
an RBP-Jk site in EMSA assays. Together with studies of the PAN
promoter, these data suggested that K-Rta responsive promoters
fall into two classes, differentiated by their dependence on RBP-Jk
for specification (Liang et al., 2002).

Rta STIMULATES DNA BINDING OF RBP-Jk
While it was firmly established that K-Rta transactivation of the
Mta promoter is RBP-Jk-dependent, mutations upstream of the
RBP-Jk site in the Mta 5D promoter also reduced K-Rta trans-
activation, suggesting additional complexity in the K-Rta/RBP-
Jk/DNA model for promoter specification (Lukac et al., 2001).
Two complementary approaches revealed that the unexplained
mutations affected Rta DNA binding (Carroll et al., 2006): (1)
analyses of constitutive activators of the Notch pathway, and (2)
comparison of DNA binding specificity of fully pure K-Rta and
RBP-Jk.

The canonical model for Notch signal transduction holds that
RBP-Jk is constitutively bound to DNA as a transcriptional repres-
sor, but provides a nucleation site for activated Notch1 (NICD1)
to activate transcription (Tanigaki and Honjo, 2010). The RBP-Jk
site in the Mta promoter (Figure 2) is a perfect match to the con-
sensus sequence (Liang et al., 2002). Therefore, it was surprising
that both NICD1 and transcriptionally active RBP-Jk (WT RBP-Jk
fused to the HSV VP16 transcriptional activation domain, called
“RBP-Jk/VP16”) failed to transactivate the native Mta promoter,
nor the dimerized Mta 5D element (Carroll et al., 2006). As a posi-
tive control, both proteins activated the dimerized RBP-Jk element
from the EBV Latency C promoter (Cp). These data suggested that
RBP-Jk did not constitutively bind to the Mta promoter in vivo, an
exception to the canonical model for Notch regulation.

Remarkably, co-expression of the K-Rta transcriptional mutant
RtaΔSTAD, which contained K-Rta’s domains for DNA binding,
RBP-Jk interaction, and oligomerization (Figure 1), dramatically
rescued the ability of RBP-Jk/VP16 to activate transcription of the
native Mta promoter and the dimerized Mta 5D element (Carroll
et al., 2006). These data suggested that RtaΔSTAD stimulated DNA
binding of RBP-Jk/VP16 in vivo. Proving that RtaΔSTAD could
similarly stimulate DNA binding of endogenous, WT RBP-Jk to
DNA, RtaΔSTAD also rescued the ability of NICD1 to activate the
native Mta promoter (Carroll et al., 2006; Palmeri et al., 2011). This
effect of RtaΔSTAD was promoter specific: although the viral TK
promoter also contains a consensus RBP-Jk site, and RBP-Jk/VP16
also failed to transactivate TK, RtaΔSTAD did not rescue RBP-
Jk/VP16 transactivation of TK (Carroll et al., 2006). RtaΔSTAD
also failed to stimulate transactivation of a Gal4 reporter by
Gal4/VP16, proving that the effect of RtaΔSTAD on RBP-Jk/VP16
requires the RBP-Jk portion of the VP16 fusion molecule (Palmeri
et al., 2011).

Clarification of the relationship between DNA binding speci-
ficity of RBP-Jk and K-Rta to the Mta 5D element came from stud-
ies of truncated K-Rta (aa 1–272; Figure 1) and RBP-Jk expressed
and purified from E. coli (Carroll et al., 2006). As expected, RBP-
Jk bound specifically to its consensus element, while Rta bound
specifically to the A/T-rich sequences upstream of the RBP-Jk
site in the 5D element. Mutational analyses of 5D showed (1) a
strict correlation between RBP-Jk DNA binding and K-Rta trans-
activation, and (2) reduced, transactivation of 5D mutants that
bound to RBP-Jk but not Rta. These data confirmed that RBP-Jk
DNA binding was essential for K-Rta activation of the 5D ele-
ment, and that DNA binding of Rta independently of RBP-Jk was
not sufficient to activate the dimerized 5D element (Carroll et al.,
2006).
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Combinatorial DNA binding of K-Rta and RBP-Jk revealed
that ternary Rta/RBP-Jk/DNA complexes formed only on WT
and mutant 5D elements to which both proteins bound indepen-
dently (Carroll et al., 2006). Furthermore, RtaΔSTAD stimulation
of RBP-Jk/VP16 binding also required intact binding sites for
both proteins, and corresponded to maximal transactivation of
these dimerized elements by WT K-Rta. C-terminal truncation of
RtaΔSTAD to aa 414 generated a mutant of Rta that retained the
ability to bind to the 5D element, but failed to form a ternary
complex with RBP-Jk and DNA. This Rta mutant also failed to
stimulate transactivation of 5D dimers by RBP-Jk/VP16 (Figure 2;
Carroll et al., 2006). These data established that RtaΔSTAD stim-
ulation of RBP-Jk/VP16 DNA binding required DNA/protein and
protein/protein interactions of both proteins.

Proving that cognate, full-length K-Rta could also stimu-
late DNA binding of RBP-Jk, chromatin immunoprecipitations
(ChIPs) showed that RBP-Jk is virtually undetectable on the Mta,
K-bZIP, and K14 promoters during KSHV latency, but is enriched
on these promoters during reactivation in a K-Rta-dependent fash-
ion (Carroll et al., 2006). Rta also selectively stimulated RBP-Jk
binding to the cellular IL-6 and HES-1, but not CD23, promot-
ers (Carroll et al., 2006). The inability of the RBP-Jk-dependent
transactivators NICD1 and Esptein–Barr virus (EBV) nuclear anti-
gen (EBNA)-2 to reactivate KSHV from latency when expressed
ectopically in PEL cells (Liang and Ganem, 2003; Chang et al.,
2005a; Carroll et al., 2006) confirmed that RBP-Jk is not bound to
essential KSHV genes during latency in the absence of K-Rta.

COMPARISON OF RBP-Jk-DEPENDENT AND INDEPENDENT
PROMOTERS
K-Rta promoter binding and transactivation were compared for
the PAN, kaposin, ORF 57, and vIL-6 genes. Nuclear run-on
assays from KS-1 PEL cells that were treated with sodium butyrate
demonstrated a hierarchy of transcription initiation rates for the
genes, in the order PAN > kaposin > ORF57 > vIL-6 (Song et al.,
2003). The hierarchy was similar to the magnitude of transactiva-
tion of the promoters of these genes in transient reporter assays
in 293T, BJAB, and PEL cells. The hierarchy was also similar in
comparative DNA binding affinities of K-Rta to short promoter
elements from these genes. In particular, K-Rta’s DNA binding
affinity for PAN was at least 10-fold greater than for a 30-bp Mta
element (similar to Mta 5D; Figure 2; Song et al., 2003). Notably,
the differences in DNA binding affinities were greater than the
differences in transactivation.

The Mta 5D element contained significant homology to
the promoter of the KSHV macrophage inflammatory protein
(vMIP)-I gene (Chang et al., 2005c). The homologous portion
of the vMIP-I promoter conferred K-Rta responsiveness on a het-
erologous promoter. Rta aa 1–490/VP16, expressed in cultured
mammalian cells, did not bind to 39 bp K-Rta responsive ele-
ments from the Mta and vMIP-I promoters, although it bound
to the PAN and kaposin elements (Chang et al., 2005c). A series
of proteins from cellular extracts, including RBP-Jk, bound to the
vMIP-I and Mta elements (Chang et al., 2005c). The K-Rta point
mutation R160A abolished DNA binding of K-Rta aa 1–490/VP16,
reduced transactivation of the short Mta and vMIP-I reporters, and
eliminated transactivation of the short PAN and kaposin reporters

(Chang et al., 2005c). A series of additional mutations in K-Rta’s
DNA binding domain had inconsistent effects on DNA binding
of Rta aa 1–490/VP16 and transactivation of the short Mta and
vMIP-I reporters. Two of the Rta DNA binding mutants, R160A
and R161A, showed reduced and delayed transactivation of the
viral transcripts from the viral genome in PEL cells (Chang et al.,
2005c). The transcription was probably dependent on WT Rta
induced from the endogenous virus (see Conclusion and Perspec-
tives). The authors concluded that DNA binding was essential for
K-Rta to transactivate the PAN and kaposin elements, but not the
Mta and vMIP-I elements (Chang et al., 2005c).

K-Rta BINDS WITH HIGH AFFINITY TO CANT REPEATS IN THE Mta
PROMOTER TO STIMULATE DNA BINDING OF RBP-Jk
A puzzling observation was that K-Rta-stimulated RBP-Jk DNA
binding to the Mta promoter (Carroll et al., 2006) yet bound with
relatively low affinity to the Mta 5D DNA element (Song et al.,
2003). Studies of the K-bZIP promoter provided a hint to resolve
this conundrum. In the K-bZIP promoter, an extended repeat of
phased A/T trinucleotides were bound by K-Rta with high affin-
ity, but a single unit of that repeat bound to K-Rta with only low
affinity (Figure 3; Liao et al., 2003a). The Mta promoter contains
a similar A/T repeat (Liao et al., 2003a), and the 5D element con-
tains only a single A/T unit (Figure 4A, bold sequence; Palmeri
et al., 2011).

To determine the qualitative interactions of K-Rta with the
Mta promoter, the DNAse I footprint of recombinant RtaΔSTAD
was determined (Palmeri et al., 2011). WT RtaΔSTAD, but not
a DNA binding mutant, footprinted four distinct stretches of
the promoter (Figure 4A, underlined sequence). The foot print
extended over 64 bp flanking the RBP-Jk binding site, within
the −136/−62 portion of the promoter. The longest contiguous
portion of the footprint protected the previously identified 5D ele-
ment (Figure 4A). Alignment of the foot printed regions revealed
a 14-nt consensus sequence, ANTGTAACANTA/T

A/TT, in which
N = any base (Figure 3; Palmeri et al., 2011). The consensus was
repeated seven times in the foot printed region, and two pairs of
two of the repeats formed palindromes (Figure 4A; Palmeri et al.,
2011). Each unit contained the core sequence “CANT,” so was
termed the “CANT repeat.” (Palmeri et al., 2011). Using saturating
K-Rta concentrations, the footprint extended farther downstream
to −21 to cover additional CANT repeats (Palmeri et al., 2011);
this downstream region has been identified as an additional Rta
responsive element (Wen et al., 2009).

FIGURE 3 | Comparison of consensus K-Rta binding sites. The indicated
K-Rta consensus sequences were derived from the listed studies. “N”
means any nucleotide.
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FIGURE 4 | Comparison of Mta and K-ZIP promoters. (A). Schematic
of the −136/−62 Mta promoter. Sequences of the top and bottom
strands of the indicated portion of the Mta promoter. Numbers indicate
positions relative to Mta transcriptional start site. Bold letters indicate
four units of the A/T3 trinucleotide repeat. Underlines indicate Rta’s
footprint from the bottom strand. Blue boxes indicate regions of highest
conservation, nt 4–14, for each unit of the CANT repeat. The green box

indicates the RBP-Jk binding site. The peach box indicates the AP-1
binding site. The yellow box indicates the K-RBP binding site. The red box
indicates the IRF-7 binding site. The position of the short, Mta 5D
element is indicated by the brackets. (B) Alignment of the top and
bottom strands of the Mta and K-bZIP promoters. Numbering and box
designations are as listed in the legend for Figure 3, above. The purple
box indicates the Oct-1 binding site.

RtaΔSTAD’s affinity for Mta −136/−62 was 5.7 nM (Palmeri
et al., 2011), similar to K-Rta’s affinity measured for its shorter PAN
promoter binding site (Song et al., 2003). RtaΔSTAD’s affinity for
–136/–62 was approximately 35-fold greater than for the 5D ele-
ment alone (Palmeri et al., 2011), similar to the affinity measured
for a short Mta element in (Song et al., 2003). RBP-Jk enhanced Rta
binding affinity fivefold to Mta −136/−62, and ternary Rta/RBP-
Jk/DNA complex formation on −136/−62 was more robust than
on the short 5D DNA (Palmeri et al., 2011). Therefore, classifica-
tion of the Mta promoter as a high or low affinity K-Rta binding
site depended on the length of DNA used as probe (Palmeri et al.,
2011).

To test the functional significance of these data, a series of pro-
moters were generated by artificially combining CANT repeats
and RBP-Jk sites, or mutating the cognate Mta promoter to alter
the number and architecture of CANT repeats (Palmeri et al.,
2011). Each was tested for transactivation by the combination of
RtaΔSTAD and RBP-Jk/VP16. The data confirmed that K-Rta’s
stimulation of RBP-Jk DNA binding required an intact RBP-
Jk binding site. However, K-Rta’s stimulation of RBP-Jk DNA
binding was proportional to the number and position of CANT
elements for K-Rta, but not RBP-Jk sites. Furthermore, the num-
ber of CANT repeats, their presence in palindromes, and their
positions relative to the RBP-Jk binding site determined the opti-
mal target for Rta stimulation of RBP-Jk DNA binding. Both CA
dinucleotides and A/T-richness of the promoter were critical for
the Rta/RBP-Jk/DNA interaction (Palmeri et al., 2011).

The minimum promoter structure required for robust
Rta/RBP-Jk transactivation contained a single RBP-Jk site

straddled by two pairs of palindromic CANT repeats (Palmeri
et al., 2011). DNA binding and tetramerization mutants of K-
Rta failed to stimulate RBP-Jk DNA binding (Palmeri et al.,
2011). Based on these genetic studies of K-Rta, RBP-Jk, and the
Mta promoter, a model was proposed in which K-Rta tetramers
make high affinity interactions with repetitive DNA elements in
KSHV promoters (Figure 5; Palmeri et al., 2011). Tetrameriza-
tion of Rta allows it to straddle RBP-Jk and contact palindromic
pairs of CANT repeats flanking RBP-Jk in the Mta promoter.
Two regions of RBP-Jk independently bind to K-Rta in solution
(Liang et al., 2002; Carroll et al., 2006) permitting Rta bound
to DNA on both sides of RBP-Jk to contact RBP-Jk simulta-
neously. A second K-Rta tetramer might bind to the upstream
CANT repeats, with or without an unidentified cellular protein, to
further stabilize K-Rta DNA binding and recruitment of RBP-Jk
to DNA (Figure 5). Since the upstream CANT repeats partially
overlap a functional binding site for the cellular protein AP-1,
and AP-1 enhances K-Rta transactivation (Wang et al., 2004a),
AP-1 might contribute to formation of the Rta/RBP-Jk/DNA
complex.

Chromatin immunoprecipitations showed that RBP-Jk DNA
binding was broadly, but selectively, stimulated across the entire
KSHV genome during reactivation (Palmeri et al., 2011). Bioin-
formatics showed that CANT and A/T repeats were located in
proximity to many RBP-Jk sites throughout the KSHV genome.
This study thus integrated high affinity Rta DNA binding with
the requirement for RBP-Jk in Rta transactivation, to define
the promoter requirements for formation of transcriptionally
productive Rta/RBP-Jk/DNA complexes (Palmeri et al., 2011).
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FIGURE 5 | Model for stimulation of DNA binding of RBP-Jk by Rta.

The sequence and description of the Mta promoter are as described in the
legend for Figure 4A. Tetramerization of Rta allows it to straddle RBP-Jk
and contact the palindromic CANT repeat units on both sides of RBP-Jk. A

second K-Rta tetramer may bind to an unidentified protein (“X”) and
contact the CANT repeats in the upstream side of the promoter. The two
Rta tetramers might contact each other to stabilize the holo-protein/DNA
complex.

The PAN and Mta promoter models for Rta DNA binding
therefore suggest dramatic differences in mechanisms for forming
productive Rta/DNA transcription complexes. The PAN promoter
contains a short, high affinity K-Rta binding site from which
Rta activates transcription independently of RBP-Jk (Liang et al.,
2002; Song et al., 2003). The Mta promoter contains multiple Rta
CANT binding sites, each of which is an independent, low affinity
binding site, but which act in concert as a high avidity, extended
element that bind K-Rta multimers simultaneously, and together
with RBP-Jk (Figure 5; Palmeri et al., 2011).

RBP-Jk AND OCTAMER-1 PARTICIPATE IN K-Rta SPECIFICATION OF THE
K-bZIP PROMOTER
Although CANT repeats are found throughout the KSHV genome
(Palmeri et al., 2011), their significance for Rta transactivation has
only been formally investigated for the Mta and K-bZIP promot-
ers (see Mta, above). The core sequences of two of the Mta CANT
repeats are homologous to the TATA proximal K-bZIP promoter
(Figure 4B; Lukac et al., 2001). These K-bZIP repeats also bound to
recombinant K-Rta purified from E. coli. Mutation of the repeats in
the full-length K-bZIP promoter reduced K-Rta-mediated trans-
activation by greater than 80% (Lukac et al., 2001; Carroll et al.,
2007).

In the K-bZIP promoter, the CANT repeats overlap an RBP-Jk
binding site and a sequence that is well conserved with binding
sites for the cellular Octamer (Oct) transcription factors that are
found in the immediate early promoters of herpes simplex virus

type 1 (HSV-1; Figure 4B; Carroll et al., 2007). At least seven pro-
tein complexes from infected PEL cells bound to a 26-bp DNA
from the K-bZIP CANT repeats (Carroll et al., 2007). Mutation of
the K-bZIP sequence eliminated binding of one cellular complex.
That complex was super shifted by an Oct-1 specific antibody and
was increased following TPA addition to PEL cells. Together, these
data suggested that Oct-1 binds to the K-bZIP promoter in a man-
ner that corresponds to viral reactivation and Rta transactivation
(Carroll et al., 2007).

Recombinant K-Rta and Oct-1 bound to the WT but not
mutant promoter, and Oct-1 and Rta were specifically ChIP’d on
the K-bZIP promoter in reactivating cells (Carroll et al., 2007).
Their binding sites overlap (Figure 4B). Recombinant Oct-1
enhanced Rta DNA binding to the promoter, and co-expression
of Oct-1 enhanced Rta-mediated transactivation of the wild type
but not the mutant K-bZIP promoter.

Octamer-1 and WT Rta proteins bound to each other directly
in vitro (Carroll et al., 2007). aa 134–150 of Rta, within its DNA
binding domain, contains a sub-domain homologous to the Oct-
interacting domains (OIDs) of the Yeast protein MATα2 and
the HSV-1 virion protein 16 (Figure 1). A series of single point
mutations of Rta’s OID had individual, negative effects on either
DNA or Oct-1 binding, but none completely eliminated trans-
activation of K-bZIP and viral reactivation (Carroll et al., 2007).
However, combining 3 of these point mutations, or insertion of
a 4 aa peptide, ablated Rta DNA and Oct-1 binding, transactiva-
tion of the K-bZIP promoter and viral reactivation. None of the
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mutations inhibited Rta’s interaction with RBP-Jk (Carroll et al.,
2007).

A second Oct-1 binding site was identified upstream of the
CANT repeats (Carroll et al., 2007). In transfections of B cells,
mutation of both Oct sites ablated Rta-mediated transactivation
(Carroll et al., 2007). However, in transfections of WT and mutant
MEFs, Oct-1 deletion only reduced Rta transactivation of K-
bZIP by 50%, while RBP-Jk deletion eliminated transactivation.
These data suggested that the Rta/Oct-1 interaction is essential for
optimal KSHV reactivation, and the requirement for Oct-1 in Rta-
mediated transactivation was stricter in B cells than MEFs (Carroll
et al., 2007). Oct-1 is also involved in K-Rta transactivation of the
K-Rta and K9 promoters (Sakakibara et al., 2001; Ueda et al., 2002;
Harrison and Whitehouse, 2008).

K-Rta DNA BINDING SCREENS
Two genome-wide screens were performed using distinct strate-
gies to identify K-Rta DNA binding sequences. In one strategy,
FLAG-tagged K-Rta aa 1–390 was stably expressed in PEL cells,
and chromatin was ChIP’d with anti-FLAG antibody 6 h after
adding TPA to the cells (Chen et al., 2009). ChIP’d sequences
were detected by a KSHV genomic tiling array. Nineteen viral loci
scored above background, and were compared to previously pub-
lished Rta binding sites to derive a consensus. The consensus con-
tained two imperfect inverted tandem repeats with the sequence
TTCCAGGAT(N)0–16TTCCTGGGA (Figure 3). The study iden-
tified a new Rta responsive element within the first intron of the
K15 P gene.

In the other strategy, RtaΔSTAD generated in E. coli was incu-
bated with sheared KSHV genomic DNA, and bound DNA was
enriched by serial repetition of PCR amplification and incubation
with RtaΔSTAD (Ziegelbauer et al., 2006). Bound sequences were
detected using a KSHV genomic microarray. Eighteen viral loci
scored above background. The highest scoring sequence was in the
gB promoter, which the authors confirmed was strongly activated
by K-Rta. The authors aligned gB with other known transcrip-
tional targets of Rta and identified a consensus with the sequence
CC/TCA/C

C/TTTT (Figure 3). Notably, the core of this consensus
is a CANT element (Figure 3).

OTHER MECHANISMS FOR K-Rta PROMOTER SPECIFICATION
WT K-Rta, but not a DNA binding mutant, induces the expression
of IFN-stimulated genes (Zhang et al., 2005). K-Rta’s binding sites
are similar to interferon stimulated response elements (ISREs),
and K-Rta activates the K14-ORF 74 promoter through an ISRE-
like element. K-Rta’s DNA binding domain is partly homologous
to that of cellular interferon regulatory factor (IRF) proteins, and
mutations in conserved aas inhibit K-Rta DNA binding (Zhang
et al., 2005). K-Rta also binds to DNAs containing sites matching
the A/T trinucleotide consensus (Liao et al., 2003a; Figure 3) to
activate transcription of the KSHV K1 promoter (Bowser et al.,
2006).

K-Rta interacts with the cellular protein C/EBPα to regulate
transactivation of various KSHV promoters (Wang et al., 2003a,b).
In transient transfections, C/EBPα and Rta cooperate to activate
transcription of the K-bZIP, Mta, Rta, and PAN promoters. All of
these promoters contain at least one C/EBPα binding site required

for contributing to Rta-mediated transactivation. However, since
the consensus binding site for C/EBPα (the CAAT box Osada
et al., 1996) matches the core of the K-Rta binding CANT repeats
(Palmeri et al., 2011; Figure 3), CAAT box mutations also have
the potential to disrupt binding of K-Rta. K-Rta binds directly to
C/EBPα in vitro and in vivo, and deletion of aa 151–167 of K-Rta
inhibits (1) the interaction of K-Rta with C/EBPα or PAN DNA
(Figures 1), (2) transactivation of the PAN promoter by Rta alone,
and (3) cooperative transactivation of the K-bZIP or PAN promot-
ers by Rta with C/EBPα (Wang et al., 2003a,b) ChIPs demonstrated
that C/EBPα and Rta bound to the Rta, PAN, and Mta promoters
in increasing amounts at 8 and 24 h after TPA addition to PEL
cells, but not in un-treated cells (Wang et al., 2003b). Immunode-
pletion of C/EBPα prior to Rta ChIP suggested that it participated
in binding of Rta to the K-bZIP promoter. K-Rta may also bind to
the ori-Lyts through C/EBPα sites (Wang et al., 2006; Kato-Noah
et al., 2007).

K-Rta also cooperates with AP-1 constituents cJun and cFos to
activate transcription (Wang et al., 2004a). Rta binds to cJun and
cFos in vivo and in vitro, and the three proteins cooperatively trans-
activate the K-bZIP, Mta, and Rta promoters in uninfected cells.
cJun ChIPs those promoters in TPA-treated, but not un-treated,
BCBL-1 cells.

K-Rta also transactivates STAT-driven reporter genes by stimu-
lating STAT3 dimerization and nuclear localization (Gwack et al.,
2002; Figure 1).

K-Rta HAS THE POTENTIAL TO ACTIVATE KSHV GENE
EXPRESSION BROADLY DURING INFECTION
Transcriptomic analyses indicated that expressing Rta ectopically
in PEL cells induced a coordinated cascade of KSHV gene expres-
sion (Nakamura et al., 2003; Damania et al., 2004). Transient
expression of Rta induced all ORFs except the latency genes
(Damania et al., 2004), while uniform expression of K-Rta under
the control of doxycycline (dox) induced every viral ORF within
48 h after dox addition (Nakamura et al., 2003). In the latter study,
the productive transcriptional cascade induced by dox was more
rapid and robust than that induced by TPA treatment, suggesting
TPA is a relatively inefficient reactivation signal. Most of the viral
homologs of cell growth regulatory genes were expressed as DE
transcripts, and infectious viral progeny were produced.

K-Rta activates many KSHV promoters in an RBP-Jk-
dependent manner (Liang et al., 2002; Liang and Ganem, 2004;
Chang et al., 2005b, 2010; Lan et al., 2005a; Carroll et al., 2006,
2007;Wang andYuan,2006; Ziegelbauer et al., 2006; Liu et al., 2008;
Persson and Wilson, 2010; Wang et al., 2010). At least 260 putative
binding sites for K-Rta’s cellular binding partner RBP-Jk were iden-
tified in silico in the KSHV genome (Persson and Wilson, 2010 and
Gonzalez-Lopez and Lukac, unpublished). Three genomic regions
with clustered sites were identified as new RBP-Jk-dependent
transactivation targets of K-Rta (Persson and Wilson, 2010).
Among the putative RBP-Jk sites, the RBP-Jk protein demonstrated
a binding preference, and K-Rta demonstrated a transactivation
preference. A signature was derived for 17 confirmed RBP-Jk bind-
ing sites, which added a cytosine residue at position upstream
of the canonical GTGGGAA core sequence (Persson and Wilson,
2010). Further work is needed to determine which of the putative
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RBP-Jk sites are co-regulated by K-Rta DNA binding. The obser-
vation that the RBP-Jk sites are scattered widely across the unique
portion of the genome suggests that K-Rta has the potential to
activate transcription of every KSHV ORF during reactivation.

A comprehensive strategy to identify all of K-Rta’s transcrip-
tional targets compared 83 putative KSHV promoters for K-Rta
transactivation in uninfected 293 cells, with ChIP of dox-inducible
Rta from infected PEL cells (Ellison et al., 2009). Rta transactivated
34 of the promoters greater than 10-fold, including many previ-
ously identified targets of K-Rta. At 12 h following dox induction,
K-Rta was significantly ChIP’d on 22 promoters (Ellison et al.,
2009). Fourteen of the promoters corresponded to those identi-
fied as targets in 293 cells. Although there was little correspon-
dence between magnitude of transactivation and magnitude of
ChIP enrichment, there were cell-specific differences in specificity
and magnitude of transactivation (Ellison et al., 2009). A sub-
set of promoters were tested at later time points following K-Rta
induction, which indicated that K-Rta associated with increasingly
greater numbers of promoters as the infection progressed (Ellison
et al., 2009). These data suggest that K-Rta has the potential to acti-
vate at least half of putative KSHV promoters during reactivation.

DIRECT K-Rta TRANSACTIVATION IS LIMITED IN INFECTED
CELLS
It is well established that K-Rta is the only viral protein necessary
and sufficient to initiate the complete KSHV productive cycle. The
foundation of this process is the ordered expression of viral genes,
with transcriptional initiation of specific genes one of the earliest
regulated steps. It was clear that the gene-specific transcriptional
cascade could be classified kinetically from the earliest detection of
Rta to the replication-dependent expression of the true late genes.
It was also clear that Rta had the potential to activate transcription
of many, if not most, of the viral genes. However, it was not clear
which viral genes Rta directly transactivated during reactivation
in infected cells, and which depended on prior expression of Rta’s
targets.

To answer this question, a modified allele of Rta was engineered
that was fully functional, but could be conditionally activated in
the presence of protein synthesis inhibitors to eliminate any other
protein expression (Bu et al., 2008). The strategy relied upon
manipulation of Rta’s nuclear/cytoplasmic localization by fusion
to the hormone-binding domain of the murine estrogen receptor
gene (ER), an approach used successfully for many other transcrip-
tion factors. In this approach, nuclear transcription factors are
constitutively localized to the cytoplasm by fusion to the ER, but
re-localize to the nucleus in the presence of 4-hydroxytamoxifen
(OHT).

However, fusion of the WT K-Rta protein to ER failed to local-
ize the protein to the cytoplasm, suggesting that Rta’s cognate NLS
was dominant (Bu et al., 2008). Sequence analysis identified two
putative nuclear localization signals in K-Rta, between aa 6–12
(NLS1) and 516–530 (NLS2; Figure 1). NLS1 regulated nuclear
localization in one publication (Chen et al., 2000), but deletion of
NLS1 had no effect on Rta-mediated function in CV-1, BL-41, and
PEL cells (Bu et al., 2008). Instead, deletion of aa 516–530 (NLS2)
eliminated both K-Rta-mediated transactivation and reactivation
(Bu et al., 2008). Deletion of NLS2 re-localized full-length K-Rta to

the cytoplasm, and fusion of NLS2 to GFP re-localized GFP to the
nucleus. NLS2 was thus a bona fide nuclear localization signal for
K-Rta (Bu et al., 2008; Figure 1). WT K-Rta and each NLS mutant
were tested as independent fusions to ER to determine sub-cellular
localization and transactivation of Mta and PAN reporter plas-
mids. In this experiment, K-Rta with both putative NLSs deleted
(RtaΔNLS1,2-ER) was fully regulatable by addition or subtraction
of OHT to growth media of transfected cells (Bu et al., 2008).

The effect of the regulatable K-Rta allele on KSHV was tested
using Vero cells infected with the recombinant virus rKSHV.219.
This virus constitutively expresses GFP in all infected cells, and
conditionally expresses RFP from a second copy of the PAN pro-
moter as a reporter for viral reactivation (Vieira and O’Hearn,
2004). The RtaΔNLS1,2-ER fusion protein demonstrated OHT-
dependent stimulation of the complete viral reactivation cycle, as
determined by expression of viral RNAs and proteins, RFP induc-
tion, and production of infectious virus in the cell supernatant
(Bu et al., 2008).

To determine which viral genes were transactivated by Rta in
the absence of any other protein expression, RtaΔNLS1,2-ER was
expressed in Vero-rKSHV.219 cells for 3 h prior to addition of
the protein synthesis inhibitor hygromycin to the cells (Bu et al.,
2008). Shut-off of protein synthesis was confirmed by lack of
endogenous RFP and tubulin expression, and lack of luciferase and
beta-galactosidase expression from ectopic reporter plasmids. Fif-
teen hours following hygromycin addition, OHT was added to half
of the cultures. Total RNA was harvested from cells, and analyzed
using a printed oligonucleotide microarray containing detectors
for the entire KSHV transcriptome. Only eight genes were signifi-
cantly induced by nuclear re-localized K-Rta in the absence of de
novo protein synthesis: PAN, Mta, ORF 56, vIL-6, ORF 37, K14,
K9, and ORF 52 (Bu et al., 2008).

This small number of direct K-Rta targets in infected cells is
remarkable considering that the KSHV genome contains at least
260 putative RBP-Jk binding sites, and Rta activates or binds to
approximately half of the KSHV promoters in transiently trans-
fected, uninfected cells. These data suggest that additional viral
and cellular protein expression is required for the lytic cycle to
progress beyond these eight direct transcriptional targets of Rta.
The data also support a model in which KSHV reactivation is con-
trolled not only by induction of K-Rta transcription, but also by
regulation of K-Rta protein function in a manner that requires
on-going translation. In this scenario, K-Rta expression is not suf-
ficient to ensure completion of the entire lytic cascade, but K-Rta’s
function is regulated to direct the progression of reactivation.

REGULATORS OF K-Rta FUNCTION
MTA COOPERATES WITH Rta AS A COMMITMENT FACTOR FOR
REACTIVATION
KSHV Mta was identified as one of eight direct transcriptional
targets of K-Rta during KSHV reactivation (Bu et al., 2008). Mta’s
promoter has served as a model for understanding K-Rta’s spec-
ification of transactivation (see “RBP-Jk-dependent promoters,”
above; Figure 4A). Genetic studies demonstrated that Mta is
required for productive viral reactivation, especially for optimal
expression of DNA replication factors (Han and Swaminathan,
2006; Majerciak et al., 2007). Mta was unable to reactivate KSHV
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from latency when ectopically expressed in PEL cells, but syn-
ergized with K-Rta to stimulate reactivation (Lukac et al., 1998;
Palmeri et al., 2007). Synergy with K-Rta was detected by expres-
sion of the PAN RNA from the endogenous viral genome in PEL
cells, and release of mature virus to the cell medium (Palmeri et al.,
2007).

Mta is encoded by KSHV ORF 57, and is homologous to reg-
ulators of gene expression in other herpesviruses. In KSHV, ORF
57 is one of the first genes transcribed during reactivation, fol-
lowing transcription of K-Rta and other IE genes (Lukac et al.,
1999). The Mta protein localizes to the nuclei of cells transfected
with an ORF 57 expression vector (Kirshner et al., 2000; Majerciak
et al., 2006b). The major monocistronic transcript that encodes
ORF 57 is 1.4 kb and contains a single, small 5′ intron (Kirsh-
ner et al., 2000). Mta is expressed as a 49-kDa protein within 1 h
of TPA treatment of PEL cells, following K-Rta protein expres-
sion (Palmeri et al., 2007). Up until 24 h post-TPA, total K-Rta
and Mta proteins increased in abundance, and the percentages of
cells expressing either Mta or Rta also increased (Palmeri et al.,
2007). From 24 to 72 h post-TPA treatment, the percentage of K-
Rta expressing cells continued to increase linearly to 20%, while
the percentage of Mta-expressing cells plateaued at 10–12%. Mta
expression thus marked a population of cells that diverged from
K-Rta positive cells as reactivation progressed (Palmeri et al.,
2007).

To determine the relationship between K-Rta and Mta expres-
sion, and complete viral reactivation, the percentages of cells
co-expressing either K-Rta or Mta, together with the true late
protein K8.1, were measured (Palmeri et al., 2007). At all times
post-TPA addition, the proportion of Mta positive cells that also
expressed K8.1 exceeded that of K-Rta positive cells that expressed
K8.1. Beginning at 24 h post-TPA, the proportion of Mta pos-
itive cells that also expressed K8.1 increased and continued for
the duration of the experiment, while the percent of K-Rta pos-
itive cells that expressed K8.1 decreased during that time. At
72 h post-TPA, the latest time point tested, 80% of Mta positive
cells also expressed K8.1, while only 20% of K-Rta positive cells
expressed K8.1 These data showed that although K-Rta was nec-
essary and sufficient to initiate KSHV reactivation, expression of
Mta predicted successful progression of the productive cycle to the
late stage (Palmeri et al., 2007). The expression of Mta therefore
seemed to be required to commit a reactivating virus to the entire
productive cascade.

KSHV Mta has multiple, pleiotropic effects on gene expression.
Mta increased the steady-state abundances of the transcripts for
ORF 59/58 and PAN, but not ORF 74/vGPCR or K5, when the
transcripts were expressed from the CMV promoter in CV-1 cells
(Kirshner et al., 2000). However, Mta showed inconsistent and
<2-fold effects on firefly luciferase expressed under control of the
kaposin, DNA polymerase, PAN, and TK promoters, in CV-1 cells
(Kirshner et al., 2000). These data suggested a post-transcriptional
role for Mta in transactivating gene expression.

Despite Mta’s inability to independently transactivate KSHV
promoters, Mta dramatically synergized with K-Rta in a promoter
specific fashion (Kirshner et al., 2000; Palmeri et al., 2007). These
effects of expressing K-Rta and Mta alone and together were simi-
lar to their effects on KSHV reactivation. Mta strongly synergized

with K-Rta transactivation of the PAN promoter, and cooperated
to a lesser amount for the ori-Lyt (L), Kaposin, ORF 57, and TK
promoters (Kirshner et al., 2000; Palmeri et al., 2007). The effect
on the PAN promoter was 80- to 243-fold over K-Rta transactiva-
tion alone. However, K-Rta/Mta did not synergize on the K-bZIP
and ORF 50 promoters (Kirshner et al., 2000; Palmeri et al., 2007).
K-Rta/Mta synergy required K-Rta transactivation, since synergy
was eliminated by (1) mutation of the K-Rta binding site in the
PAN promoter, and (2) co-expression of the K-Rta dominant nega-
tive mutant RtaΔSTAD (Kirshner et al., 2000). K-Rta/Mta synergy
was reduced but not eliminated when an intron was added to the
luciferase transcript in the PAN reporter plasmid (Kirshner et al.,
2000). Mta did not increase the amount of K-Rta mRNA and
protein levels in co-transfected cells (Kirshner et al., 2000). These
data suggested that Mta has a K-Rta-dependent, promoter specific
effect on transactivation in CV-1 cells, and the promoter specific
effect of Mta is further influenced by the structure of the resulting
transcript.

Mta binds directly to K-Rta, and requires two regions of Rta:
the LR and aa 275–484 (Palmeri et al., 2007; Figure 1). K-Rta
DNA binding was necessary for synergy with Mta, but it was not
sufficient (Palmeri et al., 2007). Although K-Rta strongly transac-
tivated the PAN promoter when truncated immediately upstream
of the K-Rta binding site, or when the K-Rta binding site was
cloned upstream of a heterologous TATA box, K-Rta/Mta synergy
was severely reduced (Palmeri et al., 2007). Therefore, the K-Rta
binding site, plus additional elements, in the PAN promoter were
necessary for robust K-Rta/Mta synergy.

Further investigation of K-Rta/Mta synergy revealed a cell-
specific, Rta-independent transcriptional activation function for
Mta (Palmeri et al., 2007). Mta strongly activated the PAN pro-
moter reporter in 293 cells and in Akata-31 cells, a sub-clone of
Akata cells that were cured of EBV infection. Mta transactivation
was promoter specific in 293 cells, and the WT and mutant pro-
moters that were activated were those on which Mta synergized
with Rta in CV-1 cells (Palmeri et al., 2007). Since Mta and K-
Rta did not synergize in 293 cells, and Mta transactivation was
independent of basal promoter activity, the data suggested that
293 cells endogenously mimic a K-Rta function required for Mta
synergy in CV-1 cells.

Multiple experiments support a direct transcriptional role for
Mta in transactivation. Mta transactivated the PAN promoter in
nuclear run-on transcription assays, demonstrating that it is a bona
fide transcriptional transactivator (Palmeri et al., 2007). Mta also
activated the ORF 50 promoter in cooperation with Rta (Malik
et al., 2004a). Mta and K-Rta ChIP’d the K-Rta and PAN pro-
moters in KSHV infected cells (Malik et al., 2004a; Palmeri et al.,
2007).

However, two observations supported an additional post-
transcriptional role for Mta in synergy with K-Rta. The magnitude
of Mta transactivation in the nuclear run-on experiments was con-
siderably lower than in whole cell reporter assays, and Mta trans-
activation in the presence of actinomycin D suggested that Mta
also stabilized reporter messages (Palmeri et al., 2007). Indeed, the
Mta ORF includes protein domains with putative transcriptional
and post-transcriptional functions, and Mta binds to proteins that
regulate gene expression at various points (Malik et al., 2004a,b;
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Nishimura et al., 2004; Majerciak et al., 2006b, 2008, 2011; Boyne
et al., 2010a; Jackson et al., 2011).

In fact, an expanding literature demonstrates multiple post-
transcriptional roles for Mta. Mta enhances the accumulation of
both viral (Kirshner et al., 2000; Han and Swaminathan, 2006;
Majerciak et al., 2006a,c, 2008) and cellular (Gupta et al., 2000)
RNAs in a gene-specific manner. Mta binds directly to RNAs in a
sequence specific fashion to stabilize them or to promote escape
from RNA silencing (Majerciak et al., 2006b; Nekorchuk et al.,
2007; Sahin et al., 2010; Kang et al., 2011b; Massimelli et al., 2011;
Sei and Conrad, 2011), enhances RNA splicing (Majerciak et al.,
2008), shuttles between nuclei in heterokaryon assays (Bello et al.,
1999), and promotes the nuclear export of un-spliced RNAs (Malik
et al., 2004b; Boyne et al., 2008; Jackson et al., 2011; Majerciak et al.,
2011; Taylor et al., 2011). Mta also stimulates mRNA translation
(Nishimura et al., 2004; Boyne et al., 2010a). Details of Mta’s post-
transcriptional functions can be found in a number of excellent
literature reviews (Swaminathan, 2005; Conrad, 2009; Majerciak
and Zheng, 2009; Boyne et al., 2010b).

A model that is supported by all of the publications is that
Mta is present at viral promoters prior to or during transcrip-
tional initiation, the earliest step in biogenesis of an RNA. Mta
might subsequently associate with the nascent RNA transcript in
the nucleus, then remain associated with the transcript to regulate
it post-transcriptionally. In this model, sequence specific transac-
tivation by Mta could be governed by direct interaction with DNA
or RNA, or indirectly by interaction with K-Rta.

K-Rta AUTOREGULATES ITS FUNCTION
K-Rta encodes two independent regions that auto-regulate its
DNA binding and abundance (Chang and Miller, 2004; Chang
et al., 2008). K-Rta aa 520–535 inhibits DNA binding to the PAN
promoter in cis, and aa 590–650 destabilizes K-Rta in concert with
a domain that overlaps aa 520–535 (Figure 1). K-Rta mutants
in aa 520–535 are better DNA binders, but worse transactivators,
of PAN, Mta, and vMIP-I. Fusion of the destabilizing element
to glutathione-S-transferase (GST) destabilizes that protein, also.
Since K-Rta’s NLS2 is located at aa 516–530 (Figure 1), these func-
tions of K-Rta might be co-regulated with proper sub-cellular
localization. Further work is required to determine whether aa
590–650 are involved in K-Rta auto-ubiquitylation.

NEGATIVE REGULATORS OF Rta FUNCTION
Post-translational modifications and heterologous proteins inhibit
K-Rta. The cellular protein IRF-7 competes with K-Rta for binding
the Mta promoter to inhibit Rta-mediated transactivation (Wang
et al., 2005). The IRF-7 binding site overlaps a CANT repeat
downstream of the RBP-Jk site in the Mta promoter (Figure 4A).

The cellular NF-kB (RelA) protein inhibits K-Rta trans-
activation in 293 cells and reactivation in PELs, promoter
binding by K-Rta and RBP-Jk, and K-Rta binding to RBP-
Jk (Izumiya et al., 2009). RelA repression was promoter spe-
cific; it did not affect K-Rta transactivation of the Ori-RNA
or Kaposin promoters. RelA bound directly to RBP-Jk. Multi-
ple NF-kB family proteins inhibited Rta transactivation in 293
cells (Brown et al., 2003; Izumiya et al., 2009). The NF-kB
inhibitor Bay11–7082 induced productive cycle gene expression

in latently infected PEL cells, suggesting that high NF-kB levels
help maintain latency (Brown et al., 2003). RelA also inhibited
K-Rta transactivation of the human IL-6 promoter (Roan et al.,
2002).

The cellular protein Trasducin-like enhancer of split (TLE)
2 binds directly to K-Rta aa 170–246 (Figure 1), and competes
with K-Rta binding to RBP-Jk (He et al., 2010). TLE2 down-
regulates K-Rta transactivation of the K-Rta, PAN, K-bZIP, Mta,
and ORF 59 promoters, and reduces K-Rta-mediated reactivation.
Knockdown of TLE2 enhances KSHV reactivation. K-Rta/TLE2
complexes bind to the PAN, K-bZIP, and ORF 59 promoters,
and TLE2 antibody ChIPs the PAN and Mta promoters during
reactivation.

K-Rta’s promoter association and stimulation of reactivation
in PEL cells can be decreased by poly-ADP-ribosylation and phos-
phorylation of its serine-threonine (ST)-rich domain, mediated
by binding to the cellular proteins poly(ADP-ribose) polymerase-
(PARP)-1 and human kinase from chicken (KFC; Gwack et al.,
2003; Figure 1).

DUAL POSITIVE/NEGATIVE REGULATORS OF K-Rta FUNCTION
K-Rta makes complex interactions with the KSHV IE protein
K-bZIP that are both positive and negative. In the screen of 83
putative KSHV promoters in 293 cells, K-bZIP activated 21 alone,
synergized with Rta on 19, and repressed Rta transactivation of 3
(Ellison et al., 2009). K-bZIP’s ability to repress K-Rta-mediated
activation required a direct protein-protein interaction (Figure 1),
and was not relieved by overexpressing transcriptional coactiva-
tors (Liao et al., 2003b). Three K-Rta deletions inhibited binding
to K-bZIP: aa 1–109, 110–295, and 293–503.

The cellular protein KSHV Rta binding protein (K-RBP) binds
K-Rta aa 1-272, and contains a Kruppel-associated box (KRAB)
and 12 adjacent zinc finger motifs (Wang et al., 2001b; Figure 1).
When expressed at low levels, K-RBP synergizes with K-Rta trans-
activation of the Mta, K-bZIP, vIL-6, K-Rta, and vMIP-1 promot-
ers, but at high levels, represses K-Rta transactivation of K-bZIP,
Mta, and PAN promoters (Wang et al., 2001b; Yang and Wood,
2007). K-RBP binds to DNAs that contain a GC-rich core, includ-
ing a 40-bp region of the Mta promoter that contains the RBP-Jk
site and overlaps CANT repeats. K-RBP competes with K-Rta to
bind the Mta promoter, and represses KSHV lytic reactivation
(Yang and Wood, 2007; Yang et al., 2009).

Rta AND CHROMATIN
Latency and reactivation of KSHV is associated with dynamic
chromatin remodeling (Gunther and Grundhoff, 2010; Toth et al.,
2010; Chang et al., 2011; Kang et al., 2011a). Early evidence for the
dependence of reactivation on relief of repressive chromatin came
from the observation that histone deacetylase inhibitors (HDACi)
reactivate KSHV from latency (Sun et al., 1996). Dominant neg-
ative RtaΔSTAD inhibited reactivation stimulated by the HDACi
sodium butyrate, suggesting that repressive chromatin controls
expression of K-Rta from the latent genome (Lukac et al., 1999).

Similar to many DBPs, chromatin structure also plays an inte-
gral role in K-Rta’s accessibility to DNA. ChIPs specific for his-
tone H3-K9 acetylation (H3acK9), a marker for active chromatin,
showed that at 12 h post-K-Rta induction, H3acK9 was ChIP’d
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on 48 promoters (Ellison et al., 2009). There was a correlation
between the increase in active chromatin and progression of reac-
tivation, and H3acK9 was ChIP’d before, or concurrent with, ChIP
of K-Rta. The data suggested that chromatin accessibility regulated
K-Rta’s access to its transcriptional targets.

The cellular protein Kruppel-associated box domain-associated
protein-1 (KAP-1) regulates formation of heterochromatin, and
was found associated with most KSHV productive cycle pro-
moters during latency (Chang et al., 2009). During reactivation,
KAP-1 dissociated from promoters, concomitant with K-Rta DNA
binding. KAP-1 knockdown induced reactivation (Chang et al.,
2009).

The cellular protein high mobility group protein (HMG) B1
binds and bends DNA, and enhances K-Rta DNA binding. The
effect of HMGB1 is greater for low affinity K-Rta binding sites
(Song et al., 2004). Ectopic expression of HMGB1 enhanced K-
Rta transactivation of the PAN, kaposin, vIL-6, Mta, and K-Rta
promoters (Song et al., 2004; Harrison and Whitehouse, 2008).

Rta COUNTERACTS ITS NEGATIVE REGULATORS
K-Rta encodes a ubiquitin E3 ligase activity that regulates KSHV
reactivation by targeting transcriptional repressors of K-Rta trans-
activation (Yu et al., 2005; Yang et al., 2008). K-Rta contains a
Cys/His-Rich domain reminiscent of catalytic regions of E3 ligases
(Figure 1). K-Rta targets the cellular protein IRF-7 for poly-
ubiquitylation and degradation in a proteasome and Cys/His-
dependent manner (Yu et al., 2005). IRF-7 binds directly to K-Rta
aa 273–544 (Yu et al., 2005; Figure 1).

K-Rta similarly targets the cellular protein K-RBP for degra-
dation (Yang et al., 2008), but also requires K-Rta aa 621–641 for
this effect (Figure 1). Poly-ubiquitylation by K-Rta corresponds
with its ability to counteract transcriptional repression mediated
by K-RBP. K-Rta expression is also associated with reduction of
K-bZIP, LANA, and NF-kB p65 protein levels in 293 cells. Pro-
teasome inhibitors reduced Rta-stimulated reactivation of KSHV
in PEL cells. While Rta also autoregulates its own degradation by
self-ubiquitylation (Yu et al., 2005), the biological significance has
not been directly tested.

CONCLUSION AND PERSPECTIVES
SUMMARY
Small DNA tumor viruses transform cells in non-productive,
dead-end infections. The large DNA tumor virus KSHV estab-
lishes latent, or non-productive infections, which are reversible
in a process called reactivation. In reactivation, KSHV genes are
expressed in kinetically distinct cascades, leading to viral DNA
replication and release of infectious virus. A single KSHV protein,
K-Rta, is necessary and sufficient to initiate the productive cascade
of gene expression and the complete viral productive cycle. K-Rta is
a nuclear, gene-specific transcriptional transactivator. K-Rta spec-
ifies promoters for transactivation by binding DNA directly and
interacting with cellular DBPs.

Reactivation of KSHV from latency requires the cellular protein
RBP-Jk to specify many of K-Rta’s transcriptional targets. Thus,
K-Rta transactivation of KSHV promoters is either RBP-Jk inde-
pendent or RBP-Jk-dependent. K-Rta transactivates RBP-Jk inde-
pendent promoters by binding to a short, conserved, high affinity

K-Rta binding site (Figure 2). K-Rta transactivates the RBP-Jk-
dependent promoter, Mta, by binding to an extended element that
contains multiple copies of a repetitive CANT DNA sequence, and
stimulating RBP-Jk DNA binding (Figure 4A). CANT repeats are
found in proximity to many RBP-Jk sites across the KSHV genome,
and K-Rta stimulates RBP-Jk DNA binding broadly, but specifi-
cally, to the KSHV genome. A putative, working model based on
genetic studies proposes that K-Rta stimulates RBP-Jk DNA bind-
ing by contacting CANT DNA repeats flanking an RBP-Jk site;
biophysical investigations of this model are on-going. The inability
of NICD1 and EBNA-2 to reactivate the complete KSHV produc-
tive cycle supports the existence of non-canonical regulation of
RBP-Jk in KSHV infected cells.

Although K-Rta transactivates many of the KSHV promoters
in transient transfections, and the KSHV genome contains at least
260 putative RBP-Jk binding sites, K-Rta only transactivates eight
genes in the absence of de novo protein synthesis during reactiva-
tion. These data suggest that continued progression of reactivation
is regulated after K-Rta expression.

Indeed, K-Rta appears to be a relatively inefficient reactivating
switch, and can be regulated positively and negatively by many
viral and cellular factors. One positively acting, K-Rta regulating
factor is the essential KSHV protein Mta, which was identified as
one of K-Rta’s direct transcriptional targets. Mta cannot reacti-
vate KSHV alone, but synergizes with K-Rta to induce complete
reactivation. Single cell expression of Mta suggests that it is a com-
mitment factor that commits a K-Rta expressing cell to complete
reactivation. Mta has multiple, pleiotropic effects on gene expres-
sion. It is a cell and promoter specific transcriptional transactiva-
tor, and a transcript-specific post-transcriptional transactivator.
Mta synergizes with K-Rta in a promoter specific manner, then
might continue to transactivate post-transcriptionally by main-
taining association with nascent RNAs. K-Rta also autoregulates
its stability and DNA binding.

CONTROVERSIES IN Rta PROMOTER SPECIFICATION
Promoter specification by K-Rta has been controversial. Dis-
agreements in published studies might be explained by technical
variations in the strategies used to evaluate K-Rta DNA binding.
Three examples of important technical differences might explain
the divergent views. These disagreements raise some interesting
biological questions about K-Rta.

In the first example, many reports agree that K-Rta binds
to short segments of the Mta promoter directly (Duan et al.,
2001; Lukac et al., 2001; Song et al., 2003; Carroll et al., 2006;
Wen et al., 2009; Palmeri et al., 2011), yet other reports pro-
pose that K-Rta binds only indirectly to the Mta promoter (and
others), by “piggybacking” onto DNA-bound RBP-Jk (Zhang
et al., 1998; Sakakibara et al., 2001; Wang et al., 2003a,b, 2004a;
Liang and Ganem, 2004; Chang et al., 2005c; Wang and Yuan,
2006). A recent publication demonstrated that K-Rta binds to
a longer region of the Mta promoter then previously recog-
nized. High affinity DNA binding (i.e., nM) of K-Rta requires
seven copies of a CANT DNA element repeated over 62 bp of
the Mta promoter. Conversely, K-Rta binds DNAs containing
three or fewer CANT repeats with 35-fold lower affinity. The ear-
lier studies that concluded that K-Rta binds the Mta promoter
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indirectly all used similar short DNAs that contained three or
fewer CANT repeats as K-Rta targets (Duan et al., 2001; Lukac
et al., 2001; Song et al., 2003; Carroll et al., 2006; Wen et al.,
2009). Thus, the Mta promoter is not an indirect target of K-
Rta, but rather, a high affinity RBP-Jk-dependent target. Biolog-
ically, the data suggest that K-Rta’s affinity will vary significantly
for natural promoters that contain varying numbers of CANT
repeats.

In the second example, the choice of K-Rta expression system
has led to disagreements regarding K-Rta’s promoter specificity.
In vitro, K-Rta only binds to Mta promoter DNAs when made in
bacteria (Duan et al., 2001; Lukac et al., 2001; Song et al., 2003;
Carroll et al., 2006; Wen et al., 2009; Palmeri et al., 2011), but never
when made in mammalian systems (Wang et al., 2003a,b; Chang
et al., 2005c). These data suggest that mammalian modifications,
or co-purifying proteins, inhibit DNA binding of K-Rta to the Mta
promoter. Interestingly, even though K-Rta aa 1–272 made in bac-
teria is sufficient to bind to the Mta promoter, its specificity seems
to be more stringent than FL K-Rta made in bacteria (Carroll et al.,
2006).

In the third example, different consensus sequences for K-
Rta DNA binding have been derived from KSHV genome-wide
screens. In one study, ChIP-on-ChIP of K-Rta aa 1–390 expressed
in BCBL-1 cells was performed 6 h after TPA induction, and
generated a 40-bp consensus binding sequence that was some-
times found in tandem repeats (Chen et al., 2009). In another
study, in vitro binding of K-Rta aa 1–530 to 200–300 nt frag-
ments of the KSHV genome generated an 8-bp consensus binding
sequence (Ziegelbauer et al., 2006). Besides deriving different K-
Rta binding sites, the studies shared only two significant hits.
The use of different sources and lengths of K-Rta protein, and
an in vivo or in vitro approach, likely led to the different con-
clusions of the two studies. A third study screened 83 putative
KSHV promoters using ChIP of FL K-Rta expressed in BCBL-1
cells 12 h after inducing reactivation, and identified 22 significant
promoter hits (Ellison et al., 2009). Only eight of these pro-
moters were also identified in the ChIP-on-ChIP screen (Chen
et al., 2009). However, this study demonstrated that the choice of
time point following reactivation could dramatically influence the
number of K-Rta targets identified (Ellison et al., 2009). There-
fore, it is likely that different conclusions between the two ChIP
approaches could be explained by time after stimulation of reacti-
vation, the use of different lengths of K-Rta protein, and different
antibodies.

Clearly, there is much to be learned about K-Rta promoter
specification and how it is regulated. In fact, the potential exists
for disparity in one additional aspect of K-Rta DNA binding:
the interpretation of phenotypes of K-Rta N-terminal mutants.
The minimal K-Rta DNA binding domain maps to aa 1–272
(Lukac et al., 2001; Carroll et al., 2006), and overlaps with nine
domains attributed to other functions of K-Rta (Figure 1): homo-
oligomerization (Bu et al., 2007), RBP-Jk binding (Liang et al.,
2002), Oct-1 binding (Carroll et al., 2007), E3 Ubiquitin ligation
(Yu et al., 2005; Yang et al., 2008), inhibiting p53 (Gwack et al.,
2001), K-RBP binding and degradation (Wang et al., 2001b; Yang
et al., 2008), C/EBP binding (Wang et al., 2003a), and TLE2 bind-
ing (He et al., 2010). In fact, two publications have described

single N-terminal point mutants that affect both DNA bind-
ing and interactions with either Oct-1 or C/EBPα (Wang et al.,
2003a; Carroll et al., 2007). Many of these other N-terminal K-
Rta functions have the potential to influence K-Rta promoter
specification. A full understanding of K-Rta promoter selectiv-
ity requires more refinement of the K-Rta structure/function
map to establish whether these functions are co-regulated or
separable.

K-Rta PROMOTER SPECIFICATION AND PROGRESSION OF VIRAL
REACTIVATION
The conclusion that K-Rta is an inefficient switch protein is based
on results of single cell assays. K-Rta expressing PEL cells appear
to have two fates that can be distinguished by Mta expression
(Palmeri et al., 2007). In K-Rta expressing cells that co-express
Mta, viral reactivation proceeds down the entire lytic cascade to
release mature virus (see top of Figure 6). K-Rta activates Mta
transcription, then Mta protein cooperates with K-Rta to transac-
tivate additional DE genes, driving progression of reactivation.
However, most K-Rta expressing cells do not co-express Mta,
and are observed during KSHV reactivation up to 72 h post-TPA
addition or post-Rta vector transfection (Palmeri et al., 2007; see
bottom of Figure 6). Finally, a third fate of K-Rta expressing cells
is suggested by the observation that both K-Rta and Mta are gene-
specific transactivators: K-Rta expression accompanied by a class
of DE genes that are transactivated by K-Rta in the absence of Mta
expression (see middle of Figure 6).

The other positive and negative regulators of K-Rta function
can be considered using the single cell paradigm illustrated in
Figure 6. Factors that stimulate K-Rta transactivation would drive
reactivation toward the productive pathway (upwards), while fac-
tors that inhibit or temper K-Rta function would drive reactivation
toward the non-productive pathways (downwards).

AUTOREGULATION OF K-Rta EXPRESSION
Numerous positive and negative regulatory events control K-Rta
expression, and the K-Rta dosage clearly is proportional to the
magnitude of reactivation (Sun et al., 1998). The key regulatory
event in the latent to lytic switch is initiation of K-Rta transcrip-
tion, which is not covered in detail here due to limitations of
the publication format. However, following its expression, K-Rta
auto-transactivates ORF 50 transcription in collaboration with
Mta, Oct-1, AP-1, C/EBPα, K-RBP, HMGB1, and XBP-1s (Deng
et al., 2000; Sakakibara et al., 2001; Wang et al., 2001b, 2003a,b,
2004a; Malik et al., 2004a; Wilson et al., 2007; Harrison and White-
house, 2008; Di Bartolo et al., 2009). K-Rta auto-transactivation is
inhibited by both cellular and viral factors, including TLE2, NF-
kB, Oct-2, Hey1, and LANA. (Brown et al., 2003; Lan et al., 2004,
2005a; Yada et al., 2006; Di Bartolo et al., 2009; He et al., 2010).
Oct-2 inhibits K-Rta activation of the K-Rta promoter by pre-
venting DNA binding of Oct-1 and K-Rta to the K-Rta promoter
(Di Bartolo et al., 2009). LANA binds to both K-Rta and RBP-Jk,
and competes with Rta for binding to RBP-Jk (Lan et al., 2004,
2005a), resulting in reduction of productive replication. Interest-
ingly, K-Rta activates Hey1 and LANA, the latter in an RBP-Jk-
dependent fashion (Lan et al., 2005b; Yada et al., 2006), to establish
negative-feedback loops on its expression. Therefore, expression
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FIGURE 6 | Single cell model for progression of KSHV reactivation and

its putative influence on cellular growth. As described in text, Rta
expressing PEL cells are depicted as having three fates: complete reactivation
(top), expression of a sub-set of DE genes without complete reactivation
(middle), and completely abortive reactivation, in which K-Rta might feedback
to activate itself (bottom). Modulators of K-Rta function that were discussed

in the text are listed in the light blue boxes. Negative regulators (red text)
might favor the non-productive reactivation fates, while positive regulators
(green text) might favor the productive reactivation fate. DE oncogenes
expressed in the top or middle fates, might cooperate with latent proteins to
stimulate cell growth (red lines and text). IE, immediate early; DE, delayed
early; vDNA repl, viral DNA replication.

levels of K-Rta itself and of K-Rta’s regulators of expression and
function, work together to drive reactivation toward, or steer reac-
tivation away from, the productive pathway (Figure 6). Any of
K-Rta’s regulatory factors that influence K-Rta’s promoter specifi-
cation could favor a specific path as illustrated, or a hypothetical
“sub-path.”

PROGRESSION OF VIRAL REACTIVATION AND KSHV DISEASE
Both latent and productive cycle genes are sufficient to transform
cells when expressed alone, and animal models of KS demonstrate
that productive cycle genes dramatically potentiate transforma-
tion driven by latent genes (reviewed in Martin and Gutkind,
2008; Mesri et al., 2010). This combinatorial effect would be con-
sistent with the top and middle pathways of Figure 6. Most of
KSHV’s oncogenes are expressed in the DE class, suggesting that
regulation of K-Rta’s function can influence cell growth. Indeed,
tissue culture models of KSHV infection support a role for K-Rta
in contributing to growth of infected cells. In BC-1 PEL cells co-
infected by KSHV and EBV, KSHV reactivation induced expression
of the EBV oncogene latent membrane protein (LMP)-1 (Spadav-
ecchia et al., 2010). RtaΔSTAD, but not the non-functional mutant
RtaΔSTADΔLR, reduced growth of BC-1 cells within 24 h after
transfection. As a control, RtaΔSTAD had no effect on growth of

uninfected BL-41 cells, proving that its growth suppressing effect
required cells to be infected by EBV and KSHV.

Since BC-1 cells were not uniformly transfected by the
RtaΔSTAD expression vector, the data suggested that the BC-
1 cell population spontaneously expressed endogenous Rta in a
non-synchronous and unsustained manner, which contributed to
growth of BC-1 cells. In turn, LMP-1 is known to inhibit K-Rta
expression and reactivation (Xu et al., 2007). Together, the data
suggested a model in which spontaneously expressed Rta activated
LMP-1, and LMP-1 provided a negative-feedback loop to promote
a cellular environment in which Rta indirectly contributes to PEL
growth without productively reactivating KSHV and lysing the
infected cell.

In this system, K-Rta activated LMP-1 in an RBP-Jk-dependent
manner, as if it was a KSHV DE gene (Spadavecchia et al., 2010).
Although the role of KSHV oncogenes in RtaΔSTAD’s growth
effect in BC-1 cells has not been examined, it is reasonable to pre-
dict a similar contribution of RtaΔSTAD to the growth of singly
infected, KSHV+ PEL cells. PEL cells characteristically display
spontaneous reactivation in a small percentage of cells. Non-
uniform expression of RtaΔSTAD in PEL cells inhibits sponta-
neous KSHV reactivation (Lukac et al., 1999). K-Rta transactivates
many of the KSHV productive cycle, cellular survival and growth
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genes. In fact, three of these genes were identified as direct tran-
scriptional targets of K-Rta: vIL-6, vIRF1, and K14 (Bu et al., 2008).
K14 is co-transcribed with ORF 74, the viral G-protein coupled
receptor (vGPCR; Kirshner et al., 1999). vGPCR negatively regu-
lates Rta expression (Cannon et al., 2006) in a negative-feedback
loop, similar to the effect of LMP-1 in co-infected cells.

The plethora of regulators of K-Rta function thus have the
potential to influence cellular growth by modulating the progres-
sion of reactivation (Figure 6). In the examples of LMP-1 and
vGPCR, the oncogenes downstream of K-Rta are themselves the
negative regulators of K-Rta expression (i.e., the center pathway

in Figure 6). However, the models proposed in Figure 6 do not
require the K-Rta regulators to be the actual oncogenes. Further-
more, expression of productive cycle oncogenes in the absence
of K-Rta could also satisfy a model for unproductive reactivation
(Chatterjee et al., 2002; Chang et al., 2005a). The applicability of
these models to KSHV infection of endothelial cells is tempting
but untested.
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