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Abstract

NF-xB is a pivotal transcription factor that controls cell survival and proliferation in diverse
physiological processes. The activity of NF-xB is tightly controlled through its cytoplasmic
sequestration by specific inhibitors, IxBs. Various cellular stimuli induce the activation of an 1xB
kinase (IKK), which phosphorylates 1xBs and triggers their proteasomal degradation, causing
nuclear translocation of activated NF-xB. Under normal conditions, the activation of NF-xB
occurs transiently, thus ensuring rapid but temporary induction of target genes. Deregulated NF-
kB activation contributes to the development of various diseases, including cancers and
immunological disorders. Accumulated studies demonstrate that the NF-xB signaling pathway is a
target of several human oncogenic viruses, including the human T-cell leukemia virus type 1
(HTLV1), the Kaposi sarcoma-associated herpesvirus (KSHV), and the Epstein bar virus (EBV).
These viruses encode specific oncoproteins that target different signaling components of the NF-
kB pathway, leading to persistent activation of NF-xB. This chapter will discuss the molecular
mechanisms by which NF-kB is activated by the viral oncoproteins.

1. Introduction

The transcription factor NF-kB mediates inducible expression of a large number of genes
involved in immune and inflammatory responses, cell proliferation and survival, and many
other biological processes (Hayden and Ghosh 2008; Vallabhapurapu and Karin 2009). NF-
kB represents a family of structurally related DNA-binding proteins, which in mammals
includes RelA/p65, RelB, c-Rel, NF-xB1/p50, and NF-xB2/p52. The different NF-xB
members can function as various homodimers and heterodimers that transactivate target
genes bearing a kB enhancer sequence. Additionally, NF-«xB also regulates gene expression
via an epigenetic mechanism (Dong et al. 2008). The primary mechanism of NF-xB
regulation involves its cytoplasmic sequestration by the inhibitory B (1xB) family of
proteins, including IxBa and homologous ankyrin repeat-containing proteins (Baldwin
1996). NF-xB1 and NF-xB2 are produced as precursor proteins, p105 and p100, which
contain a C-terminal IxB-homologous portion and function as atypical 1xB molecules
(Beinke and Ley 2004). The canonical pathway of NF-«xB activation involves rapid
phosphorylation and degradation of the prototypical 1xB member, IxBa, and concomitant
nuclear translocation of p50-containing NF-xB dimeric complexes (Karin and Ben-Neriah
2000). This NF-xB signaling pathway is induced by diverse cellular stimuli and mediates
pleotropic biological functions. NF-kB activation in specific cell types, such as B
lymphocytes and lymphoid stromal cells, also involves a noncanonical pathway that is
dependent on site-specific phosphorylation and processing of the NF-xB2 precursor protein
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p100 (Xiao et al. 2001b). This atypical pathway is specifically elicited by a subset of
immune receptors that belong to the TNF receptor superfamily and mediates nuclear
accumulation of p52/RelB dimer (Claudio et al. 2002; Coope et al. 2002; Dejardin et al.
2002; Kayagaki et al. 2002; Novack et al. 2003).

A central step in NF-xB signaling is activation of the IxB kinase (IKK). The IKK that
mediates canonical NF-xB signaling pathway is composed of two catalytic subunits, IKKa
and IKKJ, and a regulatory subunit, NEMO (also known as IKKy and FIP-3) (Karin and
Ben-Neriah 2000). Activation of the noncanonical NF-xB does not require IKKB or NEMO
but relies on IKKa as well as its upstream kinase NIK (Senftleben et al. 2001; Xiao et al.
2001b). Consistently, IKKa efficiently phosphorylates the C-terminal region of p100
(Senftleben et al. 2001). Under physiological conditions, NF-xB activation occurs
transiently when cells receive a stimulus. This is due to the negative regulation of NF-xB
signaling at multiple levels. However, the NF-xB pathway is constitutively activated in
various cancer cells (Sun and Xiao 2003). The deregulated NF-kB activation may involve
genetic mutations of regulatory factors or persistent stimulation of NF-xB signaling by
pathogens (Sun and Xiao 2003). In particular, the NF-xB signaling pathway is a major
cellular target of several human oncogenic viruses, including the human T-cell leukemia
virus type 1 (HTLV1), the Kaposi sarcoma-associated herpesvirus (KSHV), and the Epstein
bar virus (EBV). These viruses encode specific proteins that deregulate the NF-xB signaling
pathway. In this review, we will discuss the molecular mechanisms by which the viral
oncoproteins induce persistent NF-xB activation.

2. NF-kB activation by HTLV1
2.1 HTLV1 and adult T-cell leukemia

HTLV1 belongs to the Delta retrovirus genera, which also includes the HTLV1-related virus
HTLV2, the simian T-cell leukemia virus type 1, and the bovine leukemia virus (Burmeister
2001). HTLV1 is the etiologic agent of adult T-cell leukemia (ATL), an acute malignancy of
CD4* T cells (Poiesz et al. 1980; Takatsuki 2005; Yoshida et al. 1982). This pathogen is
endemic in certain areas of the world, including Southern Japan, Caribbean islands, South
America, and sub-Saharan Africa (Verdonck et al. 2007). HTLV1 transmission occurs
primarily via sexual contact, blood transfusion, and breast-feeding. An estimated 20 million
people worldwide are infected with HTLV1, among which about 4% (6% male and 2%
female) are expected to develop ATL (Taylor and Matsuoka 2005).

The major clinical features of ATL include the presence of CD4*CD25* leukemic T cells
with flower-shaped nuclei in peripheral blood, skin lesion with infiltrated leukemic T cells,
hypercalcemia, and lymphadenopathy (Yasunaga and Matsuoka 2007). The development of
ATL in HTLV1-infected individuals follows a long clinical latency (20-30 years), and the
disease progress can be divided into four stages: asymptomatic, pre-ATL, chronic/
smouldering ATL, and acute ATL (Yasunaga and Matsuoka 2007; Yoshida 2001). The low
frequency and long clinical latency of ATL are a consequence of the oncogenic mechanism
of HTLV1. Unlike the acute transforming retroviruses of animals (Burmeister 2001),
HTLV1 lacks a typical oncogene of cellular origin and induces T-cell transformation
through a so-called “transactivating” mechanism that involves aberrant induction of cellular
genes regulating T-cell growth and survival (Matsuoka 2003). HTLV1 infection stimulates
T cells to express the T-cell growth factor interleukin-2 (IL-2) (Maruyama et al. 1987;
Siekevitz et al. 1987) and the a subunit of its high affinity receptor complex (CD25 or
IL-2Ra) (Cross et al. 1987; Inoue et al. 1986; Siekevitz et al. 1987). In addition, HTLV1
induces the abnormal expression of various other cytokines, apoptosis inhibitors, cell cycle
regulators, and proto-oncogenes (de La Fuente et al. 2000; Harhaj et al. 1999; Koga et al.
2004; Mori et al. 2002; Pise-Masison et al. 2002; Sasaki et al. 2005; Sinha-Datta et al. 2004;
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Tsukasaki et al. 2004). It is generally believed that induction of ATL by HTLV1 involves an
early-phase of polyclonal T-cell proliferation and acquisition of anti-apoptotic ability,
followed by T-cell immortalization characterized by indefinite proliferation in the presence
of the T-cell growth factor IL-2. Over time, genetic and epigenetic abnormalities accumulate
in the immortalized T cells, which promote the generation of a transformed T-cell clone that
grows independently of IL-2 and contributes to leukemogenesis (Matsuoka and Jeang 2007;
Yoshida 2001).

2.2 Tax as a primary oncogenic mediator of HTLV1

In addition to the structural genes common to all retroviruses, the HTLV1 genome contains
a region termed pX, which encodes two regulatory proteins, Tax and Rex, as well as a
number of accessory proteins (Matsuoka and Jeang 2007). Several of these pX-encoded
proteins display signaling functions, with the most notable one being the 40-kD Tax protein.
Tax serves as the transactivator of HTLV1-encoded genes and, thus, is required for viral
replication (Franchini et al. 2003; Jeang 2001; Yoshida 2001). Moreover, Tax is largely
responsible for the induction of cellular gene expression by HTLV1 (Ng et al. 2001; Sun and
Ballard 1999). Strong evidence suggests that Tax is the primary oncogenic mediator of
HTLV1 (Franchini et al. 2003). Studies using an HTLV1 molecular clone demonstrate that
Tax is essential for the in vitro induction of T-cell immortalization by HTLV1 (Robek and
Ratner 1999). Furthermore, expression of Tax in the absence of other HTLV1 gene products
is sufficient to immortalize human CD4+ cord blood T cells and transform fibroblasts in cell
culture (Grassmann et al. 1992; Grassmann et al. 1989; Pozzatti et al. 1990; Tanaka et al.
1990). The in vivo oncogenic potential of Tax has been firmly demonstrated using animal
models (Lairmore et al. 2005). Transgenic expression of Tax using HTLV1 long-terminal
repeat (LTR) or cellular promoters induces different types of tumors in mice (Lairmore et al.
2005). In particular interest are transgenic mice that express Tax under the control of the T
cell-specific Lck distal promoter. At old ages, a proportion of these mice spontaneously
develop pre-T cell leukemia and mature T-cell leukemia (Hasegawa et al. 2006; Ohsugi et
al. 2007). As seen with ATL patients, the clinical latency of the Tax-transgenic mice is
extremely long, which is probably why T-cell leukemia was not detected in some other
studies using similar mouse models (Lairmore et al. 2005). In some cases, the severe
inflammation of the Tax transgenic mice causes early lethality, which precludes the
examination of tumorigenesis at old ages (Kwon et al. 2005). Notwithstanding, these studies
establish Tax as a primary oncogenic mediator of HTLV1.

2.3 Persistent activation of NF-kB by Tax

Despite its potent gene induction function, Tax is not an intrinsic transcription factor due to
its lack of a DNA-binding domain. Instead, Tax induces target gene expression by
modulation of cellular transcription factors, most notably members of the CREB/ATF and
NF-xB families (Sun and Ballard 1999). Tax directly interacts with CREB/ATF to form a
transcription factor complex that activates the transcription of HTLV1-encoded genes
through binding to Tax-responsive enhancer elements within the viral LTR (Suzuki et al.
1993; Zhao and Giam 1991; Zhao and Giam 1992). On the other hand, Tax stimulates the
nuclear translocation of NF-kB, which is largely responsible for the induction of various
cellular genes (Sun and Ballard 1999). In contrast to its tight regulation in normal T cells,
NF-kB is constitutively activated in HTLV1-transformed and Tax-expressing cells. NF-xB
activation is also a hallmark of tumor cells isolated from Tax-transgenic mice (Lairmore et
al. 2005). Inhibition of NF-xB by antisense oligonucleotides inhibits the growth of Tax-
transformed cells and causes tumor regression in Tax-transgenic mice (Kitajima et al. 1992).
Studies using an infectious HTLV1 molecular clone further demonstrate that the NF-xB-
activating function of Tax is required for HTLV1-induced immortalization of human T cells
(Robek and Ratner 1999).
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A hallmark of Tax-stimulated NF-xB activation is the involvement of both canonical and
noncanonical pathways (Sun and Yamaoka 2005). Under normal conditions, stimulation of
T cells by mitogens or the T-cell receptor (TCR) signal does not lead to strong activation of
the noncanonical NF-xB (Xiao et al. 2001a). Remarkably, Tax expression in both T cells
and nonlymphoid cells results in potent induction of nhoncanonical NF-xB signaling,
characterized by processing of p100 and activation of p52-containing NF-xB dimers (Xiao
et al. 2001a). Recent evidence suggests that Tax, but not the HTLV2-encoded Tax?2 protein,
activates the noncanonical NF-xB pathway, although both Tax and Tax2 activate the
canonical NF-xB pathway (Higuchi et al. 2007). This finding has important implications,
since HTLV1, but not HTLV?Z, is etiologically linked to human malignancies (Feuer and
Green 2005). At least in vitro, the ability of Tax to activate noncanonical NF-xB is required
for Tax-mediated induction of T-cell transformation, as determined by the conversion of a
T-cell line from IL-2 dependent to IL-2 independent growth (Higuchi et al. 2007). As will be
discussed in a following section, activation of the noncanonical NF-xB pathway is also a
major feature in freshly isolated ATL cells.

2.4 Targeting IKK signaling components by Tax

Activation of NF-xB by TCR and the CD28 costimulatory molecule involves the transient
assembly of a signaling complex, composed of the scaffold protein Carmal, the adaptor
protein Bcl10, the paracaspase Maltl, a yet-to-be characterized E3 ubiquitin ligase, and the
lysine 63 (K63)-specific ubiquitin-conjugating enzyme (E2) dimer Ubc13/Uev1 (Fig. 1).
K63-linked ubiquitin chains facilitate the recruitment and activation of IKK and its
activating kinase, Tak1. Both NEMO and the Tak1-binding protein 2 (TAB2) contain a
ubiquitin-association (UBA) domain, which mediates the ubiquitin-dependent IKK/Tak1
recruitment (Skaug et al. 2009). Due to the presence of multiple negative regulators, IKK
activation by TCR and other immune receptors occurs transiently (Coornaert et al. 2009;
Sun 2009; Sun and Ley 2008). However, IKK is constitutively activated in HTLV1-infected
T cells and Tax-transfected cells (Chu et al. 1998; Geleziunas et al. 1998; Sun and Ballard
1999; Uhlik et al. 1998; Yin et al. 1998). Strong evidence suggests that Tax-mediated
persistent activation of IKK involves stable assembly of a Tax/IKK signaling complex (Fig.
1). The assembly of this virus-specific signaling complex requires physical interaction
between Tax and the IKK regulatory subunit, NEMO (Chu et al. 1999; Harhaj and Sun
1999; Jin et al. 1999). NEMO has two homologous leucine zipper (LZ) domains that are
required for interaction with Tax (Xiao et al. 2000). Although Tax does not contain a typical
LZ domain, it has a leucine-rich repeat region that is critical for interaction with NEMO
(Xiao et al. 2000). Point mutations of the leucines or a conserved upstream motif of this
region of Tax abolishes its binding to NEMO. Studies using Tax mutants and NEMO-Tax
chimera proteins clearly demonstrate an adaptor function of NEMO in the recruitment of
Tax to the IKK catalytic subunits (Xiao et al. 2000; Xiao and Sun 2000). Together, these
studies establish the Tax/IKK physical association as a mechanism by which Tax
persistently activates NF-xB.

The Tax-NEMO binding appears to occur directly, since it has also been detected by yeast
two-hybrid assays (Jin et al. 1999). However, optimal Tax-NEMO interaction may require
additional cellular factors or involve post-translational modifications of Tax or NEMO (Fig.
1). As will be discussed in a following section, ubiquitination of Tax has been suggested to
promote Tax/NEMO binding (Nasr et al. 2006). A recent study reveals that the stable
association of Tax with NEMO also requires a peptidylproline cis-transisomerase, Pinl
(Peloponese et al. 2009). Pinl is known to isomerize phosphorylated serine/threonin-proline
bonds in target proteins, an action that may modulate the activity of signaling molecules by
causing their conformational changes (Lu and Zhou 2007). Pinl is over expressed in Tax-
expressing and HTLV1-transformed T cell lines and is required for Tax-mediated NF-xB
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activation (Peloponese et al. 2009). Since Pinl binds to Tax, it is possible that Pinl
promotes Tax-NEMO association through isomerization of Tax (Fig. 1). However, it is
currently unclear whether the enzymatic activity of Pinl is essential for promoting the Tax-
NEMO interaction.

How the Tax-IKK physical association leads to IKK activation is incompletely understood.
One possible mechanism is Tax-stimulated oligomerization of NEMO, which may facilitate
the catalytic activation of IKK catalytic subunits (Huang et al. 2002). However, the IKK
oligomerization is unlikely sufficient for triggering its catalytic activity, since upstream
kinases are also required for Tax-stimulated IKK activation (Wu and Sun 2007; Yin et al.
1998). In particular, Tax physically associates with and stimulates the catalytic activity of
the IKK-activating kinase Tak1 (Wu and Sun 2007) (Fig. 1). Tak1 is constitutively activated
in both Tax-transfected and HTLV1-infected cells (Wu and Sun 2007; Yu et al. 2008). Tax
is physically assembled into the Tak1/IKK complex in HTLV1-infected T cells. In
transfected cells, Tax not only activates Tak1 but also induces its association with the IKK
complex (Wu and Sun 2007). Tak1 activation by cellular signals involves the Tak1-
associated ubiquitin-binding protein TAB2 (Adhikari et al. 2007). Since TAB2 is also
involved in Tax-mediated activation of Takl and NF-«xB (Yu et al. 2008), it suggests the
possible involvement of ubiquitination in the association between Tax and the Tak1
complex (Fig. 1). It is also likely that the Tax-mediated persistent IKK activation involves
Tax-stimulated assembly of Tak1/IKK complex (Fig. 1).

IKK activation by antigen receptors involves its recruitment into lipid raft and the central
region of the immunological synapse (Hara et al. 2004; Khoshnan et al. 2000; Su et al.
2002). The lipid-raft relocalization of IKK is mediated by the scaffold protein Carmal (Hara
et al. 2004), which constitutively associates with lipid raft and recruits downstream signaling
factors upon phosphorylation by PKCtheta (Gaide et al. 2002; Matsumoto et al. 2005;
Sommer et al. 2005). Interestingly, Tax possesses lipid raft-associating function, and in
HTLV1-transformed T cell lines, the Tax/IKK complex is constitutively present in the
Golgi-associated lipid raft microdomains (Huang et al. 2009). It would be important to
examine whether the Tax-mediated lipid raft recruitment of IKK is independent of Carmal.

2.5. Tax-specific mechanism of noncanonical NF-kB activation

Under physiological conditions, active processing of p100 (the central step of noncanonical
NF-xB signaling) occurs in B cells but not in T cells. This is because of the selective
response of the noncanonical NF-kxB signaling pathway to specific signals, including those
delivered by CD40 and BAFF on B cells (Pomerantz and Baltimore 2002) (Fig. 2). The
active processing of p100 in HTLV1-transformed T cells is mediated by a Tax-specific
signaling mechanism that has both similarities and major differences from the cellular
mechanism (Xiao et al. 2001a) (Fig. 2). As seen with cellular signals, Tax-stimulated p100
processing requires its C-terminal phosphorylation by IKKa. However, the Tax-specific
pathway does not seem to require NIK, which is a central component of the cellular pathway
(Xiao et al. 2001a; Xiao et al. 2001b). Furthermore, although NEMO is dispensable for the
induction of p100 processing by cellular signals, this IKK regulatory subunit is essential for
the Tax-specific noncanonical NF-xB pathway (Senftleben et al. 2001; Xiao et al. 2001a). A
major function of NEMO in the Tax-specific pathway is to serve as an adaptor in the
assembly of the Tax/IKKa signaling complex (Fig. 2). Another unique feature of Tax-
stimulated p100 processing is the requirement of Tax/p100 physical interaction (Fig. 2). Tax
forms a stable complex with p100 in both HTLV1-transformed T cells and Tax-transfected
cells (Béraud et al. 1994), and this molecular interaction requires two N-terminal alpha
helices of p100 and is essential for Tax-stimulated p100 processing (Xiao et al. 2001a). The
Tax/p100 interaction may allow Tax to recruit p100 to IKKa for phoshorylation. In both
transfected cells and HTLV1-transformed T cells, Tax is present in a complex that contains
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p100, IKKa, and NEMO. Like Tax, NIK physically interacts with both IKKa and p100 and
induces IKKa/p100 complex formation (Xiao et al. 2004). However, unlike Tax, NIK binds
to IKKa independently of NEMO, which explains why the Tax-specific pathway, but not
the cellular pathway, requires NEMO (Fig. 2). Another function of NIK is to stimulate the
catalytic activity of IKKa. Since NIK seems to be dispensable for Tax-stimulated p100
processing (Xiao et al. 2001a), it is unclear whether Tax-mediated activation of IKKa
involves a different upstream kinase.

2.6 Ubiquitination in Tax-mediated IKK/NF-kB activation

Ubiquitination has emerged as a central mechanism that mediates activation of the NF-xB
signaling pathway (Chen 2005; Sun and Ley 2008). Polyubiquitin chains are formed through
linkage of the carboxy-terminal glycine residue of one ubiquitin to an internal lysine (K)
residue of another ubiquitin, with K48- and K63-linked polyubiquitin chains been the most
extensively studied. Whereas lysine 48 (K48)-linked polyubiquitin chains mediate protein
degradation by 26S proteasome(Chau et al. 1989), K63-linked polyubiquitin chains are
involved in assembly of signal transduction complexes(Chen 2005; Sun and Ley 2008).
Activation of IKK is associated with K63-linked ubiquitination of NEMO as well as specific
upstream adaptors, such as TRAF6 and RIP1 (Chen et al. 2006; Sun et al. 2004; Zhou et al.
2004). Ubiquitinated adaptors serve as a platform that recruits IKK and the IKK-activating
kinase, Tak1, for their activation (Ea et al. 2006; Li et al. 2006; Wu et al. 2006) (Fig. 1).

Strong evidence suggests that Tax-mediated IKK activation also involves ubiquitination.
Tax undergoes polyubiquitination in both transfected cells and HTLV1-transformed T cells
(Lamsoul et al. 2005; Nasr et al. 2006). The ubiquitination of Tax appears to be required for
its association with the IKK complex and induction of NF-xB nuclear translocation. Tax
also undergoes sumoylation, which regulates the colocalization of Tax with p300 and NF-
kB RelA in nuclear bodies and full NF-xB transcriptional activation (Lamsoul et al. 2005;
Nasr et al. 2006). The ubiquitin chains conjugated on Tax are predominantly K63-linked,
and consistently, the Tax ubiquitination is largely dependent on the K63-specific ubiquitin-
conjugating enzyme Ubc13 (Shembade et al. 2007b) (Fig. 1). Ubiquitination of Tax seems
to be important for Tax-NEMO physical interaction (Nasr et al. 2006). NEMO interaction
with cellular activators, such as RIP1 and TRAF®, is also dependent on K63-linked
ubiquitination (Ea et al. 2006; Li et al. 2006; Wu et al. 2006). NEMO has a UBA motif that
facilitates NEMO binding to ubiquitinated RIP1. However, the ubiquitin-binding function of
NEMO is dispensable for Tax-mediated activation of NF-xB (Wu and Sun 2007). Thus, it
remains unclear how Tax ubiquitination promotes its association with NEMO and mediates
activation of NF-xB.

Another potential function of Tax ubiquitination is to target this viral protein, as well as its
associated IKK complex, to specific cellular compartments. In both HTLV1-infected and
Tax-expressing T-cell lines, Tax and IKK are colocalized in perinuclear “hot spots”
associated with the Golgi (Harhaj et al. 2007). This signaling event, which is induced by
Tax, requires Tax-NEMO interaction and correlates with the NF-xB-activation activity of
Tax. Tax ubiquitination appears to be important for relocalization of IKK into the Golgi-
signaling complex, since a Tax mutant lacking its major ubiquitination-acceptor sites is
defective in this function (Harhaj et al. 2007). Another study suggests that the Tax/IKK
complex is present in the lipid raft microdomains of the Golgi, suggesting a lipid raft-
dependent mechanism of IKK activation (Huang et al. 2009). It has also been suggested that
Tax ubiquitination may promote the localization of Tax to the centrosome (Kfoury et al.
2008), a microtubule structure that regulates not only mitosis but also multiple other cellular
functions, including signal transduction (Doxsey et al. 2005). The K63-ubiquitinated Tax
seems to colocalize with NEMO in the centrosome, suggesting the possibility that Tax
activation of IKK occurs at centrosome (Kfoury et al. 2008).
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How Tax ubiquitination is regulated is still poorly understood, but a potential mechanism is
suggested by the recent finding that ubiquitinated Tax is bound by NEMO-related protein
(NRP) (Journo et al. 2009). NRP was originally identified as an apoptosis-regulatory
protein, FIP-2, that binds to the adenoviral protein E3-14.7K (Li et al. 1998). More recently,
NRP was shown to be mutated in patients with open-angle glaucoma, and therefore it was
also named Optineurin (Rezaie et al. 2002). Like NEMO, NRP contains a UBA motif, which
is required for interaction with ubiquitinated Tax (Journo et al. 2009). NRP appears to
stabilize the polyubiquitination chains of Tax and, thereby, promote Tax-stimulated NF-kB
signaling (Journo et al. 2009). NRP also interacts with TAX1BP1, and these two proteins
cooperate to enhance Tax ubiquitination and Tax-mediated NF-xB activation. This latter
finding is unexpected, since TAX1BP1 is known to promote deubiquitination and negatively
regulate NF-xB activation by cellular stimuli (Shembade et al. 2007a). Tax1BP1 functions
as an adaptor of A20 and is required for A20-mediated deubiquitination of important NF-«xB
signaling components, RIP1 and TRAF6 (Shembade et al. 2007a). Tax1BP1 also recruits the
K48-specific ubiquitin ligase Itch to A20, thereby mediating the degradation of RIP1 and
termination of TNFa-stimulated NF-xB activation (Shembade et al. 2008). It is likely that
Tax may dysregulate the function of Tax1BP1 and prevents its participation in the A20
ubiquitin editing function. This idea is supported by the finding that Tax disrupts the
complex assembly between Tax1BP1, A20, and Itch (Shembade et al. 2008). Since
Tax1BP1 binds to Tax, it is possible that Tax1BP1 promotes Tax ubiquitination by
recruiting an E3 ubiquitin ligase to Tax.

In addition to inducing polyubiquitination of NEMO, Tax induces monoubiquitination of the
IKK catalytic subunit IKKS (Carter et al. 2003). The IKKfS monoubiquitination, which can
also be stimulated by cellular signals, is triggered by its phosphorylation at Ser-177/Ser-181
within the T loop (Carter et al. 2005). The T-loop phosphorylation of IKKp recruits a
ubiquitin ligase Ro52 (also called TRIM21), which catalyzes monoubiquitination of IKKf in
cooperation with the ubiquitin-conjugating enzyme UbcH5b (Wada et al. 2009). Fusion of
IKKP with ubiquitin inhibits IKKf function, suggesting a negative role of
monoubiquitination in IKKp regulation (Wada et al. 2009). Consistently, Ro52
overexpression suppresses IKKB-mediated NF-«xB activation, and Ro52-deficient embryonic
fibroblasts display hyper activation of NF-«xB in response to toll-like receptor stimulation
(Yoshimi et al. 2009). It will be important to examine whether Ro52 knockout or
knockdown attenuates Tax-stimulated IKK( monoubiquitination and promotes Tax-
mediated IKK activation.

2.7 Tax-independent activation of NF-kB in ATL cells

Although Tax is essential for HTLV1-induced T-cell transformation, this viral gene product
may not be required for the late-stage of HTLV1 leukemogenesis. Freshly isolated ATL
cells often lack detectable expression of viral gene products, including Tax, which is thought
to be due to the antiviral immune surveillance (Horie 2007; Sun and Yamaoka 2005).
Interestingly, the Tax-negative ATL cells still display constitutive NF-xB activity, thus
emphasizing a role for NF-xB in regulating both the initiation and maintenance of HTLV1-
induced leukemogenesis (Hironaka et al. 2004). It is currently unclear how the Tax-
independent NF-xB activation is mediated in ATL cells, but it appears to involve
constitutive activation of IKK (Hironaka et al. 2004). Expression of a dominant-negative
IKKa, but not dominant-negative IKKB or NEMO, inhibits the constitutive NF-kB activity
in ATL cells. Consistently, the ATL cells display elevated levels of p52, a product of the
non-canonical NF-xB pathway mediated by IKKa (Hironaka et al. 2004). A more recent
study further reveals that the IKKa-activating kinase, NIK (NF-xB inducing kinase), is
overexpressed in ATL cells derived from a large proportion of patients (Saitoh et al. 2008).
Deregulated expression of NIK may contribute to the Tax-independent activation of NF-xB
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in at least some of the ATL cells. Of note, Tax-dependent activation of the noncanonical
NF-kB seems to be independent of NIK but is dependent on NEMO (Xiao et al. 2001a).
This is because Tax physically targets IKKa via the adaptor function of NEMO. Thus, NIK
is an attractive therapeutic target for treating Tax-negative ATLs, although inhibition of NIK
may not be sufficient for blocking NF-«xB in Tax-positive ATL cells.

Since NIK overexpression was not detected in some of the ATL cells, additional mechanism
is obviously involved in the Tax-independent NF-xB activation. It would be important to
examine whether the rest of the ATL cells have overexpression or activation of other IKK-
activating kinases, such as MEKK1, MEKK3, Tak1, and Cot (also known as Tpl2). All of
these kinases are potent IKK activators, although only some of them display non-redundant
physiological IKK-regulatory functions (Sun and Xiao 2003). In fact, both Cot and Tak1 are
constitutively activated in Tax-positive HTLV1-transformed T-cell lines (Babu et al. 2006;
Wu and Sun 2007), although their expression level and activity in freshly isolated ATL cells
have not been analyzed.

Given the complex nature of the HTLV1 genome, the involvement of a yet-to-be
characterized viral gene product in Tax-independent NF-xB activation is also a possibility.
Recent studies have led to the identification of a novel HTLV1 gene product, HTLV1 basic
leucine zipper (HBZ), which is encoded by an antisense mRNA transcribed from the 3’LTR
(Matsuoka and Green 2009; Satou et al. 2006). Unlike other viral gene products, HBZ is
consistently expressed in HTLV1-transformed T-cell lines and freshly isolated ATL cells,
implying an important role in leukemogenesis (Matsuoka and Green 2009). HBZ expression
enhances the proliferation capacity of HTLV1-infected T cells in vitro and sensitizes T-cell
activation in transgenic mice (Arnold et al. 2008; Satou et al. 2006). Surprisingly, despite its
growth-stimulatory function, HBZ inhibits Tax-stimulated canonical, although not
noncanonical, NF-kB activation under overexpression conditions (Zhao et al. 2009). HBZ
acts through promoting the ubiquitination and subsequent degradation of RelA. It will be
interesting to examine whether RNAI suppression of HBZ expression in ATL cells affects
the Tax-independent activation of NF-kB, particularly the noncanonical pathway.

2.8 NF-kB in HTLV1-stimulated T-cell transformation

A major pathological characteristic of HTLV1-transformed T cells is their high resistance to
apoptosis induction by different mechanisms (Taylor and Nicot 2008). It is generally
believed that apoptosis inhibition contributes to both HTLV1-mediated T-cell
transformation and the resistance of the ATL cells to conventional chemotherapies. The
HTLV1-infected and Tax-expressing cells overexpress various anti-apoptotic genes, such as
c-1AP1, c-1AP2, c-FLIP, Bcl-XL, and survivin (Harhaj et al. 1999; Okamoto et al. 2006;
Sanda et al. 2006; Tsukahara et al. 1999; Wéldele et al. 2006). Since these survival genes are
typical targets of the NF-xB signaling pathway, it is likely that the constitutive NF-xB
activation is responsible for the anti-apoptotic phenotype of HTLV1-transformed T cells.
This idea has indeed been confirmed by a number of studies (Portis et al. 2001; Taylor and
Nicot 2008; Tsukahara et al. 1999; Waldele et al. 2006). Tax-mediated apoptosis inhibition
also involves activation of P13 kinase (P13K) and its downstream survival kinase AKT
(Jeong et al. 2005b; Liu et al. 2001). AKT promotes cell survival by activating NF-xB,
which in turn induces expression of apoptosis inhibitors (Jeong et al. 2005b). Recent
evidence suggests that AKT and NF-kB may be mutually regulated. AKT activation by Tax
involves NF-xB, which promotes the activation of PI3K and AKT through suppressing the
expression of PI3K-inhibitory phosphatases, PTEN and SHIP-1 (Fukuda et al. 2009).

Another potential mechanism by which NF-xB promotes HTLV1-mediated T-cell
transformation is inhibition of the tumor-suppressor p53. In HLTV1-transformed T cells,
p53 is functionally inactive despite its competent expression and lack of structural
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alterations (Cereseto et al. 1996; Gartenhaus and Wang 1995; Pise-Masison et al. 1998; Reid
et al. 1993; Takemoto et al. 2000). The p53 inactivation is mediated by Tax and involves
activation of NF-xB (Pise-Masison and Brady 2005). Tax induces phosphorylation of the
NF-kB component RelA at serine-536, which promotes the physical interaction between
RelA and p53 and, thereby, inactivation of the transactivation function of p53 (Jeong et al.
2005a). The Tax-mediated RelA phosphorylation and p53 inactivation involve both IKK[
and AKT, although the precise underlying mechanism has not been clearly defined (Jeong et
al. 2005a; Jeong et al. 2005b). These findings suggest the intriguing possibility that IKK
inhibitors may function as a double sword in ATL therapy, since they may both block NF-
kB activation and restore the function of p53.

Tumorigenesis is often promoted by chronic inflammation, a pathologic process that is
largely dependent on NF-xB (Karin and Greten 2005). Inflammation is a typical feature of
HTLV1-infected patients and Tax transgenic mice (Kwon et al. 2005; Peloponese et al.
2006). Whether inflammation contributes to development of ATL is unclear. Nevertheless, a
recent study suggests that Tax-induced inflammation precedes the onset of lymphoma
formation in mice (Rauch et al. 2009). As seen with tumorigenesis, Tax-induced
inflammation in mice is dependent on NF-xB activation (Kwon et al. 2005). Therefore, it is
likely that NF-xB promotes HTLV1-mediated T-cell malignancy via different mechanisms,
including inhibition of apoptosis, repression of tumor suppressors, and induction of
inflammation.

3. NF-kB Activation by KSHV

3.1 Diseases associated with KSHYV infection

KSHV, also called human herpesvirus 8 (HHV-8), is found invariably in Kaposi’s sarcoma
( Chang et al. 1994; Boshoff and Weiss 1998) and in several lymphoproliferative disorders,
that include primary effusion lymphoma (PEL) (Cesarman et al. 1995a), multicentric
Castleman’s disease (MCD) (Soulier et al. 1995) and MCD-associated plasmablastic
lymphoma (Dupin et al. 2000).

3.1.1 Kaposi’'s sarcoma (KS)—Compelling evidence indicates that KSHV is an
etiologic agent for KS (Chang et al. 1994). Over 22 cohort and 80 case control
epidemiologic studies have confirmed the association between KSHV and KS (Bouvard et
al. 2009). KS is the most common cancer in HIV-infected individuals, and it is currently one
of the most common malignancies in many subequatorial African countries, where endemic
KS had been relatively common even before the epidemic of HIV/AIDS (Parkin 2006;
Sinfield et al. 2007). Although the incidence of AIDS-KS in the Western world has declined
since the widespread implementation of highly active antiretroviral treatment (HAART), it
remains increased as compared to the pre-AIDS era (Eltom et al. 2002).

Four clinical-epidemiological forms of KS have been described, which are: 1) sporadic or
European; 2) endemic or African; 3) epidemic or AIDS-realted; 4) iatrogenic (associated
with therapeutic immunosuppresion as in transplant recipients). These four forms have
indistinguishable histologic features. KS is composed of a variable mixture of irregularly
shaped, round capillary and slit-like vascular spaces that are lined by endothelial cells, and
spindle-shaped cells accompanied by an inflammatory cell infiltrate that always includes
macrophages and lymphocytes. The spindle cells are of lymphatic endothelial origin, and
considered to be the tumor cells. These cells sometimes line vascular spaces, and sometimes
form sheets. A variable proportion of these spindle cells contain KSHV, which can be
detected by immunohistochemistry using monoclonal antibodies to viral latency associated
nuclear antigen (LANA)(Katano et al. 1999; Kellam et al. 1999; Parravicini et al. 2000).
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3.1.2 Primary effusion lymphomas (PEL)—Primary effusion lymphomas are a rare
subset of malignant lymphomas with distinctive and unusual clinicopathologic features,
including their presentation as lymphomatous effusions in body cavities, therefore being
initially called body-cavity-based lymphomas (Cesarman et al. 1995a; Nador et al. 1996).
While more common in HIV-positive males, PELs also occur in HIVV-negative men and
women (Nador et al. 1995; Said et al. 1996). These lymphomas contain KSHV, and the
presence of this virus has become a diagnostic criterion for PEL. In addition, over 90% are
also coinfected with EBV. The presence of KSHV in this subset of lymphomas allowed the
development of cell lines that have been used as a tool for its propagation, characterization
of the viral life cycle, and for serologic assays (Arvanitakis et al. 1996; Boshoff et al. 1998;
Cesarman et al. 1995b; Renne et al. 1996). Purified virus from PEL cell lines has been used
to demonstrate its ability to infect B-cells (Mesri et al. 1996; Rappocciolo et al. 2008) and
endothelial cells (Cannon et al. 2000; Flore et al. 1998; Moses et al. 1999).

Some non-Hodgkin’s lymphomas without an effusion component have also been found to
contain KSHV. They usually present as solid extranodal lymphomas and are diagnosed as
diffuse large cell, immunoblastic, or anaplastic large cell lymphomas, in which the presence
of KSHV can be demonstrated in practically all the tumor cells by immunohistochemistry,
and confirmed by molecular techniques (Carbone et al. 2005; Chadburn et al. 2004; Deloose
et al. 2005; Engels et al. 2003). These lymphomas appear to fall in the spectrum of PEL, as
they usually lack expression of B cell antigens and immunoglobulin, they have a similar
morphology, and they are frequently co-infected with EBV.

3.1.3 Multicentric Castleman’s disease—Castleman’s disease is a poorly understood
atypical lymphoproliferative disorder, usually described as a polyclonal, non-neoplastic
condition. Two distinct histopathologic subtypes had been reported before the identification
of KSHV: the hyaline vascular type, by far more common, and the plasma cell type.
However, mixed types exist, and it is not always possible to distinguish these. Clinically,
Castleman’s disease can be localized, or the patient may have multiple enlarged lymph
nodes, therefore called “multicentric” MCD. Approximately 90% of patients with MCD
have the plasma cell type morphology. These patients have a variety of constitutional
symptoms and frequently develop malignancies, most commonly KS and NHL, consistent
with an association with KSHV infection (Soulier et al. 1995). In fact, the presence of a
single lymph node containing KS and Castleman’s disease is hot uncommon in HIV-positive
patients. Notably, MCD, also called multicentric angiofollicular hyperplasia, is characterized
by a vascular proliferation, which is reminiscent of KS.

Since the identification of KSHV in MCD, the understanding of the histology of this disease
has changed. KSHV has been reported in MCD with both hyaline vascular and plasma cell
morphology (Larroche et al. 2002), but it appears that the majority of cases described in the
literature more closely resemble the plasma cell type of MCD. One study reported that the
KSHV-positive cases showed the highest intensity of angiosclerosis and germinal center and
perifollicular vascular proliferation, while plasmacytosis is less pronounced than in the
KSHV-negative cases of the plasma cell type (Suda et al. 2001). We now believe that the
KSHV-positive cases represent a distinct morphologic variant, resembling more the plasma
cell type, but in addition showing the presence of larger cells in the mantle zones, which are
approximately twice the size of mantle zone lymphocytes, and characterized by a moderate
amount of amphophilic cytoplasm and a large vesicular nucleus containing prominent
nucleoli. These cells have been called plasmablasts, although they frequently have
immunoblastic features (Dupin et al. 2000). These cells can be numerous, coalesce and form
microlymphomas or frank plasmablastic lymphomas, and they contain KSHV which can be
detected by immunohistochemistry for KSHV LANA (Dupin et al. 1999). These KSHV-
infected plasmablasts are B cells that for some unknown reason are monotypic but
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polyclonal, almost invariably expressing IgMA (Du et al. 2001). One study showed that
KSHV-positive endothelial cells can also be found in MCD lymph nodes, in both HIV-
positive and —negative patients (Brousset et al. 2001). In addition antibodies to vIL-6 are
useful, as this viral protein is also frequently expressed in MCD in scattered plamablasts
surrounding the lymphoid follicles (Cannon et al. 1999; Parravicini et al. 1997; Staskus et al.
1999), and expression of this viral cytokine may confer a worse prognosis (Menke et al.
2002). Lytic antigens are also expressed more frequently in KSHV-infected cells in MCD
that in other disorders associated with this virus, suggesting that Iytic viral replication may
be a feature of MCD (Katano et al. 2000).

3.1.4 Plasmablastic lymphomas associated with MCD—Plasmablastic lymphomas
associated with multicentric Castleman’s disease have also been described in HIV positive
patients (Dupin et al. 2000). While these plasmablastic lymphomas are KSHV positive, they
differ from PEL in a number of ways. Plasmablastic lymphomas are EBV negative, do not
contain mutations in the Ig genes, and are thought to arise from naive IgM lambda-
expressing B cells rather than terminally differentiated B cells (Du et al. 2001). In addition,
KSHV has been documented in germinotropic lymphoproliferative disorders in HIV-
negative patients (Du et al. 2002), suggesting that this virus is present in a heterogenous but
distinct group of lymphoproliferative diseases, and may be more common than initially
thought.

3.3 KSHV latent and lytic infection

The majority of cells in PEL and KS lesions are latently infected by KSHV. Latency allows
the virus to remain in the infected cell, ensuring that the cell survives and is not recognized
as infected by the host immune system. Upon initial infection, KSHV produces viral
proteins that inhibit innate antiviral responses, and subsequently during latency it produces a
protein (LANA) that ensures maintenance of viral DNA in the form of extrachromosomal
circles, called episomes, in dividing cells. It also produces proteins during latency that
promote proliferation and survival of the infected cells, thereby having the potential of
promoting tumorigenesis. PEL cell lines have been used to classify KSHV viral gene
expression. Upon stimulation with butyrate or phorbol esters, PEL cells are induced to
express lytic viral genes (Miller et al. 1997; Renne et al. 1996). Early lytic genes include
those coding for viral proteins required for DNA replication or viral gene expression,
whereas late lytic genes are those coding for viral structural proteins, like envelope and
capsid proteins, required for assembly of viral particles (virions). The genes expressed
during latency, and therefore constitutively in most PEL cells and KS spindle cells, include
LANA, viral cyclin (vCYC), viral FLIP (FLICE inhibitor protein, vFLIP) (Dittmer et al.
1998; Dupin et al. 1999; Rainbow et al. 1997; Reed et al. 1998; Sturzl et al. 1999), as well as
the viral-encoded miRNAs (Cai et al. 2005; Pfeffer et al. 2005; Samols et al. 2005). LANA,
vCYC and VFLIP are expressed from the same promoter and at least two alternatively
spliced mMRNAs (Nakamura et al. 2003; Sarid et al. 1999). Certain viral genes could have a
latent expression pattern in PEL but not in KS, like vIL-6 and IRF-3 (LANAZ2)(Cannon et al.
1999; Rivas et al. 2001). Another series of transcripts, called kaposins (or T0.7), are
expressed in latently infected PEL cells, and of the potential proteins in this locus, Kaposin
B has been reported to be expressed in some, but not all latently infected PELs (Sadler et al.
1999). Apart from vCYC and vFLIP, most of the cellular orthologues encoded by KSHV
and pirated from the host genome, are only expressed during lytic reactivation.

3.4 NF-kB in KSHV infection and reactivation

There is an essential interrelationship between the KSHYV life cycle and the NF-xB pathway,
where the virus can affect NF-xB activity and in turn NF-xB signaling can affect viral
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latency, both directly by binding to viral promoters and indirectly though cellular gene
expression.

3.3.1 NF-kB during KSHV binding and entry—NF-«B activation has been found to
occur as early as five minutes after KSHV infection, and binding of the virus to the receptors
in the cell surface can itself play a role in this activation. KSHV also contains a viral
tegument protein (encoded by ORF75) that has been shown to activate NF-xB (Konrad et al.
2009). This tegument protein may contribute to NF-xB activation immediately after
infection and independently of new protein synthesis, but the exact mechanism remains to
be elucidated. The NF-xB activation induced immediately after infection stimulates the
expression of viral genes, including a cluster of latent genes that are controlled from a single
latent promoter, and include LANA, vCYC and vFLIP, as well as many cellular genes that
play a role in the establishment of latency (Sadagopan et al. 2007).

3.3.2 NF-kB during KSHV latency—NF-kB activity is essential for the survival of
latently KSHV infected PEL cells; selective inhibition of this pathway, results in
downregulation of a very specific set of antiapoptotic genes, apoptosis of cells in culture,
and tumor responses in mice (Keller et al. 2006; Keller et al. 2000). vFLIP has been
identified as the major latent activator of NF-xB in KSHV-infected cells (Chaudhary et al.
1999a; Guasparri et al. 2004). Recently, a comprehensive screening for potential KSHV
modulators of the NF-xB pathway performed by Konrad et al (2009) confirmed vFLIP as
the most important activator, followed by the product of viral ORF75, which as mentioned
above is a tegument protein (Konrad et al. 2009). KSHV VvFLIP and the ORF75 product
seem to cooperate for NF-kxB activation in vitro, but it is unclear whether they can be
expressed concomitantly in naturally occurring infection.

In contrast, VIRF3 (LANAZ2), encoded by ORF K10.5, was reported to inhibit NF-xB by
binding to IKKp (Seo et al. 2004). This protein is expressed during latency in PEL cells, but
not in KS. Binding of vIRF3 to IKKf was demonstrated by coimmunoprecipitation in
transfected 293T cells, but could not be shown in a naturally infected PEL cell lines, so that
its role as an NF-kB inhibitor in natural infection is unclear. Nevertheless, a screening for
potential KSHV modulators confirmed the inhibitory potential of VIRF3 in 293T cells
(Konrad et al. 2009).

3.3.3 NF-kB in KSHYV lytic reactivation—Viral lytic reactivation requires NF-xB
downregulation (Brown et al. 2003). The major protein involved in the switch from latency
to lytic reactivation in KSHV is RTA, encoded by ORF50. vFLIP inhibits the expression of
lytic genes through a NF-kB-mediated suppression of the AP-1 pathway, which has a
detrimental effect on KSHV RTA activity (Seo et al. 2004). It has been shown that cellular
components of the NF-xB cascade are per se negative regulators of KSHV RTA in almost
all viral promoters, another mechanism for maintenance of viral latency. This effect seems
to be related to the availability of RBP-Jk, a cellular transcriptional regulator. The RBP-Jk
binding core sequence is relatively common in the KSHV genome, and even more frequent
among the KSHV RTA-responsive promoters. Activation of NF-xB prevents RBP-Jk from
anchoring KSHV RTA to the lytic viral promoters, and thereby suppresses their expression
(Izumiya et al. 2009). While NF-kB inhibits expression of lytic viral proteins, the lytic viral
proteins encoded by ORFs K1, K9, and K14 have been reported to inhibit NF-xB in
transfected 293T cells. The K1 protein was shown to suppress both vFLIP and ORF75-
mediated NF-«xB activation in a dose-dependent fashion (Konrad et al. 2009). Intriguingly, it
was previously reported that K1 expression in transfected BC-3 cells actually induces NF-
«kB-dependent promoter activity in luciferase reporter assays (Samaniego et al. 2001). The
same group also reported increased NF-xB activity in B lymphocytes from K1-transgenic
mice compared to non-transgenic animals (Prakash et al. 2002). The apparent conflicting
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information in these studies may be attributable to the distinct experimental methods and
models used.

Apparently paradoxically, once lytic reactivation takes place, some lytic viral proteins may
actually upregulate NF-xB and counterbalance the expression of other viral lytic genes. One
possible explanation for this phenomenon is that a new increase in NF-xB activity might be
required to induce expression of anti-apoptotic genes during the lytic cycle, perhaps
necessary to increase cell viability long enough to accomplish maximum virion production
and release. The KSHV G-protein coupled receptor (vVGPCR; KSHV ORF74), for instance,
is a lytic protein that can potently activate the NF-xB pathway in PEL (Cannon and
Cesarman 2004) and in endothelial cells (Martin et al. 2008). While vGPCR is a lytic gene,
it has been shown to inhibit the KSHV lytic cycle consistent with a negative regulatory role
of NF-kB in lytic viral gene expression (Cannon et al. 2006).

An additional role for NF-xB has also been shown during the post-entry replicative steps of
KSHYV and during virion maturation (Sgarbanti et al. 2004). The abolishment of NF-xB
activation with a super-repressor IkBa2NA4 in a KSHV-infected PEL cell line treated with an
inducer of lytic replication causes a striking negative effect in the production of KSHV viral
particles. Although viral particles derived from IxBa2NA4-transfected PEL cells entered
endothelial cells, activation of NF-xB was found to be impaired, leading to defective viral
gene expression and impaired establishment of infection.

We believe that the dynamics of NF-xB infection and viral replication are tightly co-
regulated, and this control is important for establishment of latency, viral replication as
evasion of immune responses. A model of NF-xB activity in the context of the KSHV life
cycle is illustrated in Figure 3.

3.4 Mechanism of NF-kB activation by vFLIP

KSHV VFLIP is part of a group of viral and cellular proteins that are inhibitors of death
receptor-induced apoptosis. FLIP proteins contain two death effector domains (DED) and
have been shown to inhibit DED-DED interactions between FADD and procaspases 8 and
10. vFLIP is essential for the survival of PEL cells (Guasparri et al. 2004; Godfrey et al.
2005). vFLIP appears to inhibit cell death by several mechanisms. It may be able to do it
directly, like the cellular FLIP proteins, by competing with caspase 8 for binding to death
receptors, specifically by interacting with the FADD component of the death-inducing
signaling complex (DISC) via one of two conserved DED domains (Djerbi et al. 1999).
VFLIP can also suppress autophagy, which was shown to be due to prevention of Atg3
binding and processing of LC3 by VFLIP (Lee et al. 2009). In addition, by activating both
cannonical and non-cannonical NF-xB pathways, expression of a full anti-apoptotic program
is induced by vFLIP (Chaudhary et al. 1999b; Chugh et al. 2005; Guasparri et al. 2004;
Keller et al. 2006; Keller et al. 2000; Liu et al. 2002; Matta and Chaudhary 2004) (Figure 4).

The mechanism by which vFLIP induces NF-xB is incompletely understood, but we have
acquired significant insights based on our understanding of the NF-xB pathway and of the
interaction of vFLIP with specific cellular proteins in this pathway. vFLIP is present in the
IKK complex or signalosome, the kinases IKKa and IKKp, and the regulatory subunit
NEMO. This complex also includes Hsp90 and cdc37 (Chen et al. 2002a. vFLIP binds
directly to NEMO (Field et al. 2003; Guasparri et al. 2006; Liu et al. 2002). TRAF2 and 3
can also be found in this complex and appear to be involved in signaling in some
experimental conditions (Chaudhary et al. 1999b; Guasparri et al. 2006), but not others
(Matta et al. 2007). RIP and NIK are not in the vFLIP-containing complexes, and appear to
be dispensable for NF-xB activation (Chaudhary et al. 1999b).

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2013 December 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun and Cesarman

Page 14

The structure of VFLIP binding to NEMO has been solved (Bagneris et al. 2008). The region
of NEMO recognized by vFLIP was mapped to the HLX2 alpha helical domain, which
forms a nonstandard intermolecular coiled coil composed of two IKKy monomers in a
parallel arrangement. A model for vFLIP activation of NEMO was proposed based on the
crystal structure where inactive NEMO is in a helical bundle conformation but transitions to
an open conformation upon an intermolecular coiled-coil formation catalyzed by vFLIP.
This configuration, stabilized by vFLIP, was proposed to induce recruitment of the IKKJ
and/or IKKa kinases for phosphorylation and subsequent phosphorylation of the 1xBs.
While inactivation of this complex in normal cells involves the recruitment of phosphatases
or other proteins that restore the resting conformation of NEMO, these may be prevented
from engaging with NEMO due to the presence of vFLIP, leading to constitutive activation
of NF-xB.

3.5 Role of NF-kB in KSHV-mediated oncogenesis

The relevance of the NF-xB pathway in KSHV-mediated lymphomagenesis has been
provided by studies using a pharmacological inhibitor called Bay11-7082 (Keller et al.
2006). These studies have shown that elimination of NF-kB activity induces apoptosis of
PEL cell lines in vitro and in mice, indicating that this is an essential pathway that is induced
by viral oncoproteins. Confirmation that vFLIP plays a central role in activating NF-xB,
which in turn is essential for the survival of infected lymphoma cells, comes from
experiments using RNA interference, where elimination of vFLIP results in decrease of NF-
«B and apoptosis of PEL cells and inhibition of tumor growth in mice (Guasparri et al.
2004; Godfrey et al. 2005).

4. NF-kB Activation by EBV
4.1 EBV infection in healthy humans and EBV life cycle

EBYV infection is practically ubiquitous in healthy adults, so it has been challenging to
establish the exact role of this virus in lymphomagenesis. Nevertheless, extensive
epidemiologic and experimental data support the notion that EBV is an oncogenic virus,
which is supported by the well established fact that EBV can infect and transform normal
human B-cells in vitro, resulting in their "immortalization" and leading to continuously
growing lymphoblastoid cell lines (LCLSs) (Rickinson and Kieff 1996).

EBV establishes a lifelong infection in the vast majority of people without causing any
disease. Careful analysis of expression patterns in different tissues from EBV-infected
immunocompetent individuals led to the description of five different transcription programs
that are used to establish and maintain EBV infection (Figure 5); reviewed by (Thorley-
Lawson 2001; Thorley-Lawson and Gross 2004). Most of the same transcriptional programs
are recapitulated in lymphomas and lymphoproliferative diseases.

When EBYV first infects a naive B cell in a healthy individual, a transient “growth program”
is established, where EBV expresses EBNA 1-6, as well as LMP1, LMP2A and LMP2B.
These proteins force the infected cells to become proliferating B cell blasts, probably
allowing EBV infection to be propagated. In vitro generated LCLS express this growth
program indefinitely. However, since many of these proteins are antigenic, this state is only
transient in immunocompetent individuals. As soon as an immune response is established,
most of the cells with this program are eliminated, or otherwise switch to a “default
program” of EBV expression, where only EBNAL, LMP1 and LMP2A are expressed. This
stage is also temporary because LMP1 and LMP2A mimick CD40 and antigen receptor
signaling respectively, thereby inducing the B cells in peripheral lymphoid organs to behave
like germinal center B cells and differentiate into resting memory B cells (Babcock et al.
2000; Laichalk et al. 2002). These infected cells in turn switch to a “latency program” where
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no viral genes are expressed, allowing lifetime persistence of EBV. Dividing peripheral
blood infected memory B cells express only EBNAZL, which is not immunogenic but allows
the EBV episome to segregate and be propagated in dividing cells. Differentiation of
memory B cells into plasma cells induces lytic replication, mediated by expression of the
plasma cell transcription factor XBP-1, which induces expression of EBV ZTA initiating the
lytic cascade (further described in section 4.5) (Bhende et al. 2007; Laichalk and Thorley-
Lawson 2005; Sun and Thorley-Lawson 2007). Differentiation of B cells into plasma cells
frequently occurs in lymphoid tissues near mucosal surfaces, notably in the Weldeyer’s ring,
leading to viral shedding in saliva.

4.2 Diseases caused by EBV infection

Three different patterns of EBV expression have been described in infected cells in
lymphoproliferative disorders: Latency I, 11 or 111, illustrated in Figure 5 (Kieff 1996;
Rickinson and Kieff 1996) . In Latency I, EBNAL is the major viral protein produced. In the
other extreme is Latency Il1, which corresponds to the “growth program” and involves the
unrestricted expression of all 9 latent genes including six EBV-encoded nuclear antigens
(EBNA1-6) (Kieff 1996) and three latent membrane proteins (LMP1, LMP2A, and
LMP2B). Latency Il corresponds to the “default program”, and consists of expression of
EBNA1 and varying amounts of the three LMP proteins.

Because EBNA proteins are immunogenic, with the exception of EBNAL, an important
feature of Latency Il is the recognition and elimination of the EBV-infected cells by the
immune system. Therefore, lymphomas with unrestricted EBV latency are generally only
encountered in immunodeficient individuals. In contrast, most lymphomas in
immunocompetent hosts will have Latency | or Il, because down-regulation of the
immunogenic EBNA proteins is an important mechanism of immune evasion by EBV
(Rickinson and Kieff 1996).

Acute infection with EBV is frequently asymptomatic, but in some instances leads to
infectious mononucleosis. Age of infection, viral dosage upon original infection and
immune responses are though to determine whether primary infection is symptomatic in
some individuals but not others. While infectious mononucleosis is usually self-limited, in
rare instances chronic active EBV can develop. In addition, in the context of congenital or
acquired immunodeficiency, a variety of lymphoproliferative disorders may develop. EBV
is well known to be associated with the following malignancies:

4.2.1. Burkitt’'s lymphoma (BL)—Epstein-Barr virus is invariably present in African
(endemic) BL, but is found only in a minority of sporadic cases. Most of our understanding
of EBV gene expression was originally derived from the study of BL cell lines; however, in
vivo expression has also been examined in endemic BL tissue biopsies (Tao et al. 1998).
EBV-positive BLs have EBNAL, and usually LMP2A, transcripts, in the absence of lytic
transcripts or other latent transcripts. A subset of BL has a deletion of EBNA2, and in these
cases there is expression of EBNA3A-C (Kelly et al. 2002; Kelly et al. 2005).

Translocation of c-myc into one of the immunoglobulin loci is considered by some to be a
prerequisite for classification of a lymphoma as BL or atypical BL. The most common
translocation is a t(8;14), involving the c-myc and immunoglobulin heavy chain genes, but
in 10% of the cases it can involve c-myc and one of the light chain genes. It is thought that
this translocation leads to deregulated expression of the c-myc gene. Mutations of the c-myc
locus also occur in Burkitt lymphoma, and these may also lead to abnormal expression.
Gene expression profiling experiments have concluded that there are cases with a typical
and unique BL signature, while other cases are more heterogenous (Dave et al. 2006;
Hummel et al. 2006). The latter tend to have more complex karyotypes than the former,
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where usually translocations involving c-myc are the only detectable cytogenetic
abnormality.

4.2.2. Post-transplantation lymphoproliferative disorder—Post-transplantation
lymphoproliferative disorders (PTLDs) develop in the setting of iatrogenic
immunosuppression following solid organ transplantation or allogeneic bone marrow
transplantation. The incidence of these lesions varies based on the type of organ transplanted
as well as on the type and amount of immunosuppression employed. As with other
immunodeficiency-related lymphoproliferative disorders, the development of PTLDs is
highly associated with EBV infection. The relative incidence of these lesions is higher in
patients who are EBV negative at the time of transplantation and become infected when
already immunosuppressed. Most PTLDs exhibit type 11 latency, with the exception of the
monomorphic lesions, which often exhibit the latency type | pattern of EBV gene
expression, and also often carry cellular genetic alterations in oncogenes and tumor
suppressor genes and thereby may be less dependent on EBV (Knowles et al. 1995).

4.2.3 AIDS-related non-Hodgkin’s lymphomas—The incidence of non-Hodgkin’s
lymphomas (NHL) in HIV positive individuals is estimated to be between 4 and 10%, but
the incidence of at least some subsets has decreased with combination antiretroviral therapy.
The incidence of Hodgkin’s lymphoma is somewhat increased in HIV-infected individuals,
but it is not considered to be an AIDS-defining condition. The pathogenesis of NHL in the
context AIDS is complex and thought to be related to disrupted immune surveillance,
chronic antigenic stimulation, genetic alterations, cytokine dysregulation and herpes virus
infection (Carbone 2003; Carbone et al. 1998; Knowles 2001). Although HIV-related
lymphomas are almost always of B cell origin, they are morphologically diverse. Several
subtypes are similar to lymphomas occurring in immunocompetent patients, while others
preferentially develop in the context of AIDS. HIV-related lymphomas can be classified by
morphology (as in the WHO classification), and/or by primary site of presentation (i.e.
systemic, primary central nervous system, body cavity)(Carbone et al. 2009; Knowles 2001;
Raphaél et al. 2008).

L ymphomas also occurring in immunocompetent patients: HIV-related BL includes
cases exhibiting the features of classical BL (described above), those showing plasmacytoid
differentiation and those exhibiting features of atypical Burkitt/Burkitt-like lymphoma. In
terms of EBV infection, AIDS-related BL resembles sporadic BL, with around 30% of cases
being positive. Diffuse large B-cell lymphoma (DLBCL) can be divided into centroblastic
(CB) and immunoblastic (IB) categories. While these morphologically and
immunophenotypically resemble lesions found in immunocompetent individuals, the
frequent association with EBV is almost exclusive of immunodefficient patients. The IB
type is more frequently associated with EBV infection, and patients with these lymphomas
are usually significantly immunosuppressed with low CD4 counts (median <100 x106/L)
and approximately one-third have been previously diagnosed with an AIDS-defining illness.
This degree of immune dysfunction allows EBV to be the driving proliferative force, with
expression of the oncogenic but also immunogenic LMP and EBNA proteins. In addition,
while DLBCL express adhesion molecules that are important for immune recognition, BLs
do not. These observations suggest that defective EBV immunity is involved in the
pathogenesis of DLBCLs (Kersten et al. 1998).

Lymphomas occurring primarily in HIV-positive patients: Primary central nervous
system lymphomas (PCNSL) differ from systemic DLBCLs, with the majority of cases
exhibiting IB morphology and EBV-positivity. According to one study, PCNSL can be
divided into two categories-those with immunoblastic features, which express LMP-1 in
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conjunction with BCL-2 but no BCL-6 expression, and those with a large, noncleaved cell
morphology, which do not express LMP-1 or BCL-2, but express BCL-6 (Larocca et al.
1998). Another type of lymphoma described in the context of HIV infection is the
plasmablastic lymphoma of the oral cavity. It has features similar to IB lymphomas, but is
less heterogeneous and polymorphic. A majority of these are associated with EBV infection.
Polymorphic B-cell lymphomas (PTLD-like) are extremely rare lesions but morphologically
resemble polymorphic PTLDs. The last category of lymphoma predominantly occurring in
HIV-positive patients is primary effusion lymphoma. The latter, while positive for EBV,
also contains KSHV, and was discussed in the previous section.

4.2.4 T/natural killer cell lymphomas—The angiocentric (nasal and nasal-type) T/
natural killer (T/NK)-cell lymphomas are always associated with EBV infection (Jaffe et al.
1999). These have a high prevalence in Asia, but cases from other countries have also shown
an association with EBV (Elenitoba-Johnson et al. 1998). Studies on cell lines indicate that
T/NK cell lymphomas have a Latency Il (Kanegane et al. 1998; Tsuchiyama et al. 1998).
Although EBV has also been reported to be present in peripheral T-cell lymphomas, it has
been shown to be preferentially localized in B-cells rather than the neoplastic T cells (Ho et
al. 1998).

4.2.5 Hodgkin’s lymphoma (HL)—EBV is present in approximately 40% of cases of HL
in Western countries and more frequently in developing countries and in younger patients
(Harris 1998). HL results from a monoclonal expansion of B-cells containing somatic
hypermutations of the immunoglobulin genes. These mutations may be “crippling”,

resulting in lack of antigen-receptor expression. Therefore, the Hodgkin’s-Reed-Sternberg
cells are derived from germinal B-cells destined to undergo apoptosis, but they are
postulated to be protected by some transforming event, such as EBV (Kuppers and
Rajewsky 1998). In HL, EBV establishes Latency Il within HRS cells, with expression of
LMP-1 and LMP2, which are subdominant targets for CTL recognition.

4.2.6 Nasopharyngeal carcinoma (NPC)—This type of carcinoma is most common in
Cantonese individuals, but also occurs in Arab, and Eskimo populations (Yu and Yuan
2002), and sporadically in the West. EBV is consistently associated with the non-
keratinizing and undifferentiated subtypes of nasopharyngeal carcinomas. Biopsies show
lesions composed of large neoplastic epithelial cells disposed in a syncytium-like array,
admixed with a prominent inflammatory component consisting of normal appearing
lymphocytes. This Histologic appearance gave rise to the misnomer or lymphoepithelioma.
Well-differentiated carcinomas of the nasopharynx are often EBV associated as well
(Pathmanathan et al. 1995). Nasopharyngeal carcinomas express EBV EBNAL, LMP2 and
sometimes LMP1, classified as type Il latency. Viral DNA is present in plasma in patients
with nasopharyngeal carcinoma and has emerged as a highly reliable guide to determining
prognosis and monitoring therapy (Lechowicz et al. 2002; Lin et al. 2004; Lo et al. 2000).
This DNA is not encapsidated but is fragmented DNA released from tumor cells undergoing
apoptosis (Chan et al. 2002). High levels of viral DNA in plasma at the start of therapy has
emerged as an important prognostic factor, persistence of high levels in the face of therapy
is a marker of relapse or progression (Chan et al. 2002).

4.3 NF-kB activation during EBV binding and entry

To infect naive B lymphocytes, the major envelope glycoprotein of EBV, gp350/220, binds
CD21, which is the complement receptor type 2 (CR2), on the cell surface. Binding to CD21
triggers NF-xB activation, which has been demonstrated by inhibition with a soluble gp105
fragment of EBV gp350/220 protein and with anti-CR2 monoclonal antibody OKB7
(Sugano et al. 1997). This binding results in IxBa phosphorylation by protein kinase C
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(PKC), followed by its degradation and nuclear accumulation of p50 and RelA hetero- or
homodimers. As NF-kB is activated, the viral DNA enters the cell nucleus and the
transcription of latent viral products can take place, a consequence of triggering NF-xB
responsive elements in the EBV Wp promoter (Sugano et al. 1997). Therefore, the EBV
binding initiates NF-xB activation, required for successful cell infection. In turn, the NF-xB
activity also upregulates the expression of the CD21 molecule (Sugano et al. 1997), which
may provide a positive feedback loop to enhance the cell susceptibility to EBV entry.

4.4 NF-kB during latent EBV infection

EBV LMP1 protein is required for the establishment of viral latency, although it appears to
be expressed only transiently during primary EBV infection in humans. It is found in EBV-
immortalized lymphoblastoid cell lines (LCL) in vitro, as well as in the newly-infected B
lymphocytes during latent infection. LMP1 strongly activates the NF-xB pathway, and in
turn it is itself upregulated by NF-xB (Johansson et al. 2009). This creates an amplification
loop that keeps steady high levels of NF-xB during EBV latency. EBV LMP1 is important
for latency maintenance, and can suppress lytic reactivation by both NF-xB-dependent and
NF-xB-independent pathways (Prince et al. 2003). LMP2 has also been shown to affect NF-
kB in EBV-associated lymphomas through indirect mechanisms (Guasparri et al. 2008), as
well as in transgenic mice (Swanson-Mungerson et al. 2006).

Paradoxically, the EBNAL protein was recently demonstrated to downregulate NF-xB in
NPC cells by inhibiting the phosphorylation of IKKa/p (Valentine et al. 2010). EBNAL1 is
expressed in all EBV+ dividing cells, so it may be postulated that EBV has developed a
mechanism to downregulate this transcription factor during infection in vivo in order to
avoid immune recognition. It is possible that NF-kB is only transiently upregulated during
latency but for long-term viral infection, this activity may remain low. However, as this
downregulation of NF-xB by EBNAL has only been reported in epithelial cells, it may be
cell-specific and not occurring in latently infected memory B cell reservoirs.

4.5 NF-kB in lytic reactivation of EBV reactivation

EBV encodes an immediate early protein, called ZTA, BZLF1, bZIP or ZEBRA, which is
important for the switch to lytic replication. Expression of ZTA is inhibited by NF-xB,
specifically by the RelA protein (Figure 3). In turn, while ZTA induces the nuclear
translocation of RelA, it inhibits its transcriptional activity (Morrison and Kenney 2004).
Thereby, NF-xB is important to maintain latency, and cellular changes that lead to a
reduction of NF-xB can result in expression of ZTA. Conversely, induction of expression of
ZTA, for example by induction of XBP-1 during B cell differentiation to plasma cells
(Bhende et al. 2007; Laichalk and Thorley-Lawson 2005; Sun and Thorley-Lawson 2007),
leads to a reduction of NF-xB which in turn allows higher levels of ZTA expression thereby
propagating the lytic cascade.

NF-xB may also play an important role during lytic viral replication by affecting the
surrounding non-infected inflammatory cells. The release of the EBV dUTPase, a non-
structural viral protein produced during the Iytic phase, into the microenvironment of
peripheral blood mononuclear cells (PBMC) and monocyte-derived macrophages was
shown to activate NF-xB in these cells through the Toll-like receptor (TLR) 2. The EBV
dUTPase-driven NF-xB activation ultimately modulates the local immune response as a
result of increase in the secretion of cytokines, notably IL-6 and IL-10 (Ariza et al. 2009).

4.6 Mechanism of NF-kB activation by the latent viral proteins LMP1 and LMP2

LMP1 is the most important EBV product that causes constitutive NF-xB activity in the
majority of EBV-associated malignancies, and it is capable of transforming both in vitro

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2013 December 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun and Cesarman

Page 19

(Wang et al. 1985) and in vivo (Homig-Holzel et al. 2008; Kulwichit et al. 1998;
Panagopoulos et al. 2004). EBV LMP1 mimics a constitutively activated ligand-independent
receptor of the TNF receptor family. It binds TRAFs and recruits TRADD, ultimately
inducing the expression of NF-kB-regulated genes that promote cell survival and
proliferation (Cahir McFarland et al. 1999; Gires et al. 1997; Kieser 2008). Although two
cytoplasmic carboxy-terminal regions in the LMP1 protein — namely the C-terminal-
activating region 1 and 2 (CTAR1 and CTAR?2) — are able to activate the NF-xB cascade,
CTAR1 is enough for cell transformation due to its unique features in inducing multiple
signaling pathways (Mainou et al. 2007). LMP1 associates with TRAF-1 and TRAF-3 in
vivo in EBV-associated lymphomas, eventually leading to the downstream activation of NF-
kB (Liebowitz 1998). While LMP1 binds several TRAFs, the ones that are essential for NF-
kB activation depend on the experimental system used. TRAF-3 (Xie et al. 2004) and
TRAF-6 (Luftig et al. 2003) have been found to be involved in LMP1 signaling in murine
knockout systems, while in these, TRAF-2 has been shown to be dispensable. In contrast,
TRAF2 is essential for NF-xB signaling in EBV-infected lymphoma cell lines (Guasparri et
al. 2008). Knock-down of TRAF-2 by RNA interference, but not of the other TRAFs, results
in downregulation of NF-xB and apoptotic cell death.

LMP2A is a functional homolog of the B-cell receptor (BCR), although it also inhibits
antigen-induced activation of the BCR signal transduction cascade which is thought to
prevent BCR induced lytic replication of EBV in LCLs (Miller et al. 1994). LMP2A is not
essential for generation of LCLs (Rochford et al. 1997; Speck et al. 1999), but at least
according to one study, it does contribute to the efficiency of B cell immortalization
(Brielmeier et al. 1996) and has been found to have several effects on B cells. Experiments
with transgenic mice expressing LMP2A targeting expression to the B-cell lineage showed
that LMP2A sends survival signals and allows B cells to bypass developmental checkpoints
and escape the bone marrow to colonize peripheral lymphoid organs (Caldwell et al. 2000;
Caldwell et al. 1998; Merchant et al. 2000). These functions are mediated by an ITAM
motif, through which LMP2A activates PI3K>Akt->mTOR signaling in B lymphocytes by
activating members of the Src family of tyrosine kinases, and also associates with the BCR
signaling effector Syk kinase, a mechanism through which it induces epithelial cell
migration (Fruehling and Longnecker 1997; Fukuda and Longnecker 2007; Lu et al. 2006;
Moody et al. 2005; Swart et al. 2000). LMP2A can also engage the JINK mitogen-activated
protein (MAP) kinase and beta-catenin signaling pathways (Chen et al. 2002b; Morrison et
al. 2003). While transfected LMP2 has not been reported to activate NF-xB, two recent
studies have shown activation of NF-xB by LMP2A by evaluating the role of this viral
protein in conjunction with known BCR signals in double transgenic mice expressing
LMP2A and BCR restricted to hen egg lysozyme (HEL) or ribonucleoprotein Smith (Sm)
(Swanson-Mungerson et al. 2005; Wang et al. 2006). Both of these studies found that B cells
expressing LMP2A in vivo display constitutive NF-kB activity, as compared to LMP2A-
negative control B cells. LMP2A signaling appears not to affect B cell proliferation in vivo
(Rochford et al. 1997), but rather provides survival signals in BCR-negative B cells
(Caldwell et al. 2000). Although LMP2A cannot activate NF-xB on its own, its ability
augment signaling from LMP1 by increasing its half-life has been reported (Dawson et al.
2001). In contrast, a different study found that LMP2A inhibits NF-xB activity in carcinoma
cell lines infected in vitro with wild type recombinant EBV, as compared with virus in
which LMP2A was deleted (Stewart et al. 2004). In LCLs and EBV infected lymphoma cell
lines, LMP2A was found to be essential for NF-«xB signaling, as knock-down of this viral
protein resulted in suppression of NF-xB (Guasparri et al. 2008). However, in contrast to the
previous study by Dawson et al. (Dawson et al. 2001), this effect was not mediated by
LMP1 stabilization, but rather by the transcriptional control of TRAF-2 mediated by
LMP2A-induced signaling (Guasparri et al. 2008). In the absence of LMP2A, TRAF-2
transcription is downregulated and LMP1 signaling is impaired.
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4.7 Role of NF-kB in EBV-mediated oncogenesis

The relevance of the NF-xB pathway in EBV-mediated lymphomagenesis has been
supported by studies in which inhibition of NF-xB using an 1xB phosphorylation-deficient
mutant which sequesters NF-xB in the cytoplasm (Cahir-McFarland et al. 2000; Feuillard et
al. 2000) or a pharmacological IKK inhibitor called Bay11-7082 (Cahir-McFarland et al.
2004; Keller et al. 2006). These studies have shown that elimination of NF-«xB activity
induces apoptosis of EBV-infected lymphoma cell lines in vitro and in mice, indicating that
this is an essential pathway that is induced by viral oncoproteins. Confirmation that LMP1
plays a central role in activating NF-xB, which in turn is essential for the survival of
infected lymphoma cells, comes from experiments using RNA interference, where
elimination of LMP1 or LMP2A results in decrease of NF-xB and apoptosis of EBV-
infected lymphoma cells (Guasparri et al. 2008).

5. Concluding Remarks

NF-xB is a common cellular target of HTLV1, EBV, and KSHV oncogenic viruses that are
etiologically associated with human lymphoid malignancies. Despite their tremendous
differences in genomic structure and life cycles, these pathogens share the ability to
persistently activate NF-«xB via specific viral proteins. HTLV1 Tax protein physically
interacts with IKK and activates IKK independently of upstream signaling molecules.
Similar to HTLV1 Tax, the KSHV vFLIP protein directly binds NEMO, thereby activating
the IKK complex independently of upstream signaling molecules. In contrast, the EBV
LMP1 protein interacts with and activates TRAFs, thereby mediating TRAF-dependent NF-
kB activation. A common feature of these viral NF-xB inducers is the induction of both
canonical and noncanonical NF-kxB pathways. Persistent activation of the NF-xB pathways
by these human pathogens plays a central role in their induction of host cell transformation.
Thus, NF-xB represents an attractive therapeutic target in the treatment of the lymphoid
malignancies associated with infection by these viruses.

Acknowledgments

Work performed in the authors’ laboratories is supported by the National Institutes of Health Grants (A1064639,
AIl057555, and GM084459 to SCS; CA068939 and CA103646 to EC) and the Starr Cancer Consortium (Award to
EC).

Abbreviations

IKK IxB kinase

HTLV1 human T-cell leukemia virus type 1
KSHV Kaposi sarcoma-associated herpesvirus
EBV Epstein bar virus

IxB inhibitory B

ATL adult T-cell leukemia

IL-2 interleukin-2

LTR long-terminal repeat

TCR T-cell receptor

K63 lysine 63

UBA ubiquitin-association
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LZ
NRP
NIK
HBZ
PI3K
MCD
KS
HAART
LANA
PEL
vCYC
VFLIP
GPCR
TPA
DED
DISC
LCL
EBNA
LMP
BL
PTLD
NHL
DLBCL
CB

IB
PCNSL
TINK
HL
NPC
CR2
PKC
LCL
PBMC
TLR
CTAR
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Tak1-binding protein 2

leucine zipper

NEMO-related protein

NF-xB inducing kinase

HTLV1 basic leucine zipper

P13 kinase

multicentric Castleman’s disease
Kaposi’s sarcoma

highly active antiretroviral treatment
latency associated nuclear antigen
primary effusion lymphomas

viral cyclin

viral FLICE inhibitor protein
G-protein coupled receptor
tetradecanoyl phorbol acetate
death effector domains
death-inducing signaling complex
lymphoblastoid cell line
EBV-encoded nuclear antigen
latent membrane protein

Burkitt lymphoma
post-transplantation lymphoproliferative disorders
non-Hodgkin lymphoma

diffuse large B-cell lymphoma
centroblastic

immunoblastic

primary central nervous system lymphoma
T/natural killer

Hodgkin lymphoma
nasopharyngeal carcinoma
complement receptor type 2
protein kinase C

lymphoblastoid cell lines
peripheral blood mononuclear cells
Toll-like receptor

C-terminal-activating region
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BCR B-cell receptor

MAP mitogen-activated protein

HEL hen egg lysozyme

Sm ribonucleoprotein Smith
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Fig. 1.

Canonical NF-kB activation by TCR/CD28 and HTLV1 Tax. Canonical NF-«xB activation
by the T-cell receptor (TCR) and CD28 costimulatory molecule involves transient assembly
of an intermediate signaling complex composed of Carmal, Bcl10, and Maltl. This so-
called CBM complex is also associated with the ubiquitin-conjugating enzyme (E2) Ubc13/
Uev1l and a yet-to-be characterized E3 ubiquitin ligase. Within this signaling complex,
Bcl10 and probably also Maltl are conjugated with K63-linked ubiquitin chains that
function as a platform to recruit the IKK and Tak1 complexes for their activation. Tax forms
a stable complex with IKK and Tak1 and thereby persistently activates these kinases and
NF-kB. This viral pathway involves K63 type of ubiquitination of Tax, although how
ubiquitination regulates the Tax-specific NF-xB signaling is less clear. Ubiquitination, and
possibly Pinl-mediated isomerization, of Tax may facilitate the binding of Tax to NEMO. It
is also possible that Tax ubiquitination facilitates its binding by the Takl complex via the
ubiquitin-association function of Tab2.
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Tax-specific noncanonical NF-xB pathway. Noncanonical NF-xB signaling pathway is
stimulated in B cells by the BAFFR and CD40 signals. This pathway is negatively regulated
by TRAF3, which recruits the E3 ubiquitin ligase c-1AP1 or c-IAP2 via TRAF2 and induces
ubiquitin-dependent degradation of NIK. The receptor signals induce degradation of TRAF3
and TRAF2, leading to accumulation of NIK and NIK/IKKa-mediated p100 C-termimal
phosphorylation. The phosphorylated p100 is then processed through the ubiquitin/
proteasome pathway and produce the mature NF-xB2 p52 as a dimer with RelB. Under
normal conditions, active processing of p100 does not occur in T cells. However, in HTLV1
infected T cells, Tax initiates an active noncanonical NF-xB pathway by bridging p100 and
IKKa. In contrast to the cellular pathway, which is independent of NEMO, the viral
pathway requires NEMO, which may function as an adaptor for Tax/IKKa association.
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Fig 3.

Model for the NF-xB activity kinetics throughout the course KSHV or EBV infection. Viral
entry can trigger NF-xB activation, which can be caused by receptor binding and activity of
the tegument protein encoded in ORF75 or KSHV. NF-kB induces expression of latent
genes, such as EBV LMP1 and KSHV vFLIP, that in turn contribute to constitutive
activation of the NF-xB pathway in the latently infected cells. Viral latency persists for a
variable period of time, until unknown triggers downregulate NF-xB signaling and/or
perturb the latent/lytic phase homeostasis. Consequently, a proportional increment in the
expression of the EBV ZTA, EBV RTA and KSHV RTA major viral lytic activators occurs,
which in turn further downregulates NF-«xB, thereby propagating the lytic cascade. Once a
biological threshold is reached, the latent-lytic switch is completed and viral replication
occurs. Later in the lytic cascade, the expression of some viral lytic genes, such as KSHV
VGPCR, may contribute to a new wave of NF-xB activation, which may have a role in
extending the cell lifespan sufficiently to allow release of new viral particles until cytopathic
effects of viral infection cause cell death.
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NF-kB activation by KSHV vFLIP. The vFLIP protein encoded by KSHV can induce both
the canonical (right) and noncanonical (left) NF-xB pathways. Direct binding of vFLIP to
NEMO results in activation of IKKa and IKKf, which in turn lead to cleavage of p100 and
phosphorylation of 1xB to induce nuclear translocation of RelB/p52 and Rel (p65)/p50
complexes, respectively.
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Fig5.

Patterns of EBV latent gene expression in healthy individuals and in malignant lymphomas.
The patterns of EBV gene expression infection described in different B cell subsets are
shown in the upper table. Corresponding expression profiles in malignant lymphomas have
been designated Latencies I, I, and 111, and are shown in the lower table. EBER in situ
hybridization is used to detect the presence of EBV, immunohistochemical positivity for
LMP1 denotes latency 11 or 111, and EBNA 2 protein expression together with LMP1 is
indicative of latency Il1. Those lymphomas expressing LMP1 have constitutive NF-xB
activity, while in other lymphomas this activity may be present but more variable and
sometimes induced by exogenous signals, such as that induced by CD40, BAFF and APRIL
or by cellular genetic alterations, such as inactivating mutations of A20 or CARD11.
Primary effusion lymphomas, while not expressing LMP1, also contain KSHV which
induces NF-xB through expression of vFLIP.
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