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It has been 16 years since Kaposi’s sarcoma-associated
herpesvirus (KSHV) was found from Kaposi’s sarcoma.
Very extensive studies on KSHV have been performed

and we now know well that KSHYV is actually the very
etiologic agent to cause Kaposi’s sarcoma, primary
effusion lymphoma and multicentricCastleman’s disease
and this virus is an oncogenic DNA virus in such sense.
Though a lot of reports have been published, there are lots
of enigmas on its epidemiology, entry, lytic replication/
induction, viral particle assembly/egress, latency,
oncogenesis and so on. At this time point, it is better for
us to review what we learned from the studies of this virus
and consider what we have to clarify about this virus nature for future by comparing the virus
with the other virus research.
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It is 18 years since Kaposi’s sarcoma-associated virus (KSHV), also
called human herpesvirus 8 (HHV-8), was found from Kaposis’
sarcoma (KS) by Chang et al. (1994). More than 8, 000 reports
have been published so far and we have learned many things from
this virus. I would like to say it is about time to look back previous
studies and to think what to study next on the virus, and planed a
topic to think what to study next on the virus for future.

Herpesviruses have relatively big genomes and encode a 100
genes or so. Thus, the virion assembly/structure, gene expression
regulation and attachment/entry are complicated and have known
only an iceberg of them. Studying the details how the viruses run
their life cycles and cause diseases in their processes will lead to
exploring new therapeutic drugs/methods.

A viral life cycle starts from attachment on the susceptible cells
and then, entry into the cells, followed by the viral gene expres-
sion, the genome replication, the particle assembly and finally the
daughter viruses egress out of the cells. This process is skillfully
built and all the viral genes are required for the process, though
there are essential genes and non-essential ones. Viral pathogenesis
could be established during this process by the interaction between
viruses and host cells, and individual host systems such as immune
system. In this topic, although I would like to cover all the processes,
thankfully, 15 specialists in each field have contributed for this topic.

Polizzotto et al. (2012) described clinical manifestations of
KSHV-associated diseases. So far, there were few reports on clini-
cal manifestations of primary KHSV infection. In this term, KSHV
inflammatory cytokine syndrome (KICS) is a new concept and we
might have been looked over an important disease sign on KHSV
infection. We will have to be more careful about what happens in
primary KSHV infection than before.

Fukumoto etal. (2011) describe KSHV infection from a patholo-
gist’s points of view. Pathologic study is very important to know
what happens in the lesions. Currently, we are able to know what is
going on only in the KSHV associated lesions such as Kaposi’s sar-
coma, multicentric Castleman’s disease and primary effusion lym-
phomas (PEL) of human samples suffered from KSHV infection,
but once an infection model is established, chronological pathologic
studies will provide a lot of information on how KSHV-associated
diseases are formed.

Chakrabortyetal. (2012) review the entry mechanism of KSHV
into cells. In general, herpesviruses can infect various kinds of cells
in vitro including non-human cell lines, but the infectivity to B
lymphocyte originated cells is very inefficient. Their report will
give us a hint why such phenomenon happens.

An immediate early gene, RTA (reactivation and transcription
activator) is very important for the viral lytic replication induction
and shows multifunctions. We still have not understood how the
factor functions. Guito and Lukac (2012) and Tsai et al. (2012)
review or report mechanistic regulation of this strong transactiva-
tor, respectively.

Jackson etal. (2012) describe ORF57, which is also an interesting
and multifunctional protein. This is involved in post-translational
processes of the viral gene expression as sumoylation and ubiquit-
ination described by Campbell and Izumiya (2012) and Ashizawa
etal. (2012) respectively. We had believed that K-bZIP, a homolog of
Epstein-Barr virus Zta was a transactivator and origin recognition
factor in the lytic replication. K-bZIP, however, has other important
roles for KSHYV lytic replication. In latency, metabolism of LANA
(latency-associated nuclear antigen) could be critical for KSHV-
induced tumor formation and/or its phenotype.

Viral particle assembly is virologically an exciting and interest-
ing field. There have been few reports on this, Sathish et al. (2012)
try to search this issue.

The detail replication mechanism of KSHV in both lytic and
latent phase has been still unclear. In latency, the virus is supposed
to utilize host replication machinery including pre-replication com-
plexes (pre-RC) for the viral replication initiation in the presence of
LANA. The viral factor, LANA, is an essential factor, but its necessity
has not been elucidated well. LANA binds with LANA-biding sites
(LBS) and recruits origin recognition complexes (ORCs) on the
viral replication origin (ori-P), which cannot account for necessity
of the GC-rich element followed by LBS. Ohsaki and Ueda (2012)
will give us a hint about this question.

Viral immune evasion system is very tactic to maintain its latency
in case of herpesviruses. The maintenance of latency is then critical
for the virus to wait for reactivation to produce daughter viruses,
whose transition may a step for the viral oncogenic process. Lee
etal. (2012) summarize KSHV immune evasion strategy and make
a comment on the future landscape.

Kaposi’s sarcoma-associated virus mediated tumorigenesis
including PEL and KS has been still unclear, though there are many
reports on individual viral putative oncogenes. KSHV has not been
reported to infect and immortalize and/or transform endothelial
cells or peripheral blood mononuclear cells in vitro. And thus, we
have not known how the viral genes with oncogenic potentials such
as vFLIP, vCYC, vGPCR and so on in addition to LANA cooperate
in the viral oncogenic process. DiMaio and Lagunoff (2012) address
on this issue and look forward for this field.
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Future of KSHV research

MicroRNA is one of the hottest research fields even in KSHV.
This kind of small RNA molecule seems to have profound effects on
cellular processes and then viral activities but their details have not
been elucidated totally. KSHV lytic and latent phases are regulated
by viral but also cellular microRNAs. Two specialists; Liang et al.
(2011) and Gottwein (2012) reveals the microRNA world of KSHV.

And finally, we have to think about treatment of KSHV-
associated tumors such as KS, PEL and a lympho-proliferative
disease, multicentric Castleman’s disease. It should be very hard
to treat these tumors in the immunodeficient setting. It will be
desirable if KSHV specific strategy is designed, since these tumors
are very tightly linked with KSHV infection. Dittmer et al. (2012)
contribute for this theme and discuss about it.
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KAPOSI SARCOMA-ASSOCIATED HERPESVIRUS AND

ASSOCIATED DISEASES

Soon after the discovery of Kaposi sarcoma (KS)-associated herpesvirus (KSHV), it was
appreciated that this virus was associated with most cases of multicentric Castleman
disease (MCD) arising in patients infected with human immunodeficiency virus. It has sub-
sequently been recognized that KSHV-MCD is a distinct entity from other forms of MCD.
Like MCD that is unrelated to KSHV, the clinical presentation of KSHV-MCD is dominated by
systemic inflammatory symptoms including fevers, cachexia, and laboratory abnormalities
including cytopenias, hypoalbuminemia, hyponatremia, and elevated C-reactive protein.
Pathologically KSHV-MCD is characterized by polyclonal, IgM-lambda restricted plasmacy-
toid cells in the intrafollicular areas of affected lymph nodes. A portion of these cells are
infected with KSHV and a sizable subset of these cells express KSHV lytic genes including
a viral homolog of interleukin-6 (vIL-6). Patients with KSHV-MCD generally have elevated
KSHV viral loads in their peripheral blood. Production of vI-6 and induction of human (h)
-6 both contribute to symptoms, perhaps in combination with overproduction of [-10
and other cytokines. Until recently, the prognosis of patients with KSHV-MCD was poor.
Recent therapeutic advances targeting KSHV-infected B cells with the anti-CD20 mono-
clonal antibody rituximab and utilizing KSHV enzymes to target KSHV-infected cells have
substantially improved patient outcomes. Recently another KSHV-associated condition,
the KSHV inflammatory cytokine syndrome (KICS) has been described. Its clinical mani-
festations resemble those of KSHV-MCD but lymphadenopathy is not prominent and the
pathologic nodal changes of KSHV-MCD are absent. Patients with KICS exhibit elevated
KSHYV viral loads and elevation of vI-:6, homolog of human interleukin-6 and [l=10 compa-
rable to those seen in KSHV-MCD; the cellular origin of these is a matter of investigation.
KICS may contribute to the inflalmmatory symptoms seen in some patients with severe KS
or primary effusion lymphoma. Additional research is needed to better define the clinical
spectrum of KICS and its relationship to KSHV-MCD. In additional, research is needed to
better understand the pathogenesis and epidemiology of both KICS and KSHV-MCD, as
well as the optimal therapy for both of these disorders.

Keywords: Kaposi sarcoma-associated herpesvirus, human herpesvirus 8, multicentric Castleman disease, KSHV
inflammatory cytokine syndrome, interleukin-6, human immunodeficiency virus

expression patterns (Moore and Chang, 1998; Staskus et al., 1999;
Sun et al., 1999). KSHV can establish latency in various cell types

Kaposi sarcoma (KS)-associated herpesvirus (KSHV) is a gamma
herpesvirus that is established as the causative agent of a sev-
eral human illnesses, including KS, primary effusion lymphoma
(PEL), and, in the setting of human immunodeficiency virus
(HIV) infection, almost all cases of multicentric Castleman dis-
ease (MCD; Chang et al., 1994; Cesarman et al., 1995; Soulier
et al,, 1995). In KS, the predominant cell type is the spindle cell,
which expresses endothelial markers, while the cell of origin in
PEL and KSHV-MCD is of B-cell lineage. KS and KSHV-MCD
are polyclonal in nature, while PEL is considered to be mon-
oclonal. Like other herpesviruses, KSHV infection can exhibits
both latent and lytic phases, distinguished by their viral gene

including endothelial cells and B-lymphocytes (Monini et al.,
1999; Wu et al., 2006; Della Bella et al., 2008). Gene expression
in latent phase is extremely limited (Jenner et al., 2001), with
expressed genes primarily being directed to enhance cell survival,
inhibit apoptosis, and evade the host immune response (Moore
and Chang, 1998; Wen and Damania, 2010). Following activa-
tion of the lytic switch gene, RTA, encoded by open reading
frame (ORF) 50, the virus enters the lytic phase, wherein the full
complement of viral encoded genes is expressed and the host cel-
lular machinery is redirected to the manufacture and assembly
of progeny virions. The triggers of lytic activation in vivo remain
unclear. It is speculated that intermittent lytic cycles may play a
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KSHV-MCD and KICS

role in maintaining viral persistence in the host (Gregory et al.,
2009).

The KSHV genome is notable for its molecular piracy of cel-
lular genes (Moore et al., 1996; Ganem, 2010). These appear
to promote viral survival, and there is evidence that they con-
tribute to the pathogenesis of KSHV-associated diseases through
interactions with the human cellular machinery and immune sys-
tem. These gene mimics include viral homologs of interferon
regulatory factors (IRF), ORF K9/vIRF-1, and ORF K11.5/vIRF-
2; a viral homolog of human interleukin-6 (hIL-6) called viral
IL-6 (vIL-6; encoded by ORF K2); and a constitutively active
G-protein coupled receptor (GPCR) with pro-angiogenic and
immunomodulatory functions encoded by ORF74 (Aoki et al.,
2000; Jenner et al., 2001; Yarchoan, 2006). While vIL-6 is com-
monly referred to as a lytic gene, in some circumstances it may
be expressed in the absence of full lytic activation (Chatterjee
et al., 2002). KSHV also encodes at least 12 small non-coding
microRNAs (miRNAs), whose functions are still to be compre-
hensively determined (Ganem and Ziegelbauer, 2008; Umbach
and Cullen, 2010). There is evidence that these also interact with
host proteins in ways that favor viral survival and may also induce
expression of other host inflammatory proteins including IL-10
(Abend et al., 2010; Lei et al., 2010; Lu et al., 2010; Qin et al.,
2010).

Viral IL-6 exhibits a number of important differences from its
human counterpart. Their sequence homology is approximately
25% (Moore et al., 1996; Neipel et al., 1997). vIL-6 has a signal-
ing potency 100- to 1000-fold lower that that seen with hIL-6 in
in vitro models (Aoki et al., 2000). However, unlike hIL-6, vIL-
6 is able to signal by forming a tetrameric complex with the IL-6
receptor superfamily gp130 component, which is widely expressed
in human tissues, without requiring binding to the classical gp80
IL-6 receptor (Heinrich et al., 1998; Boulanger et al., 2004; Meads
and Medveczky, 2004; Hu and Nicholas, 2006). As a result, vIL-6
may be able to initiate signaling in a wider variety of cell types than
does hIL-6 (Osborne et al., 1999; Meads and Medveczky, 2004).
In addition, there is in vitro evidence of vIL-6 autocrine action in
lytically infected cells, though the function and significance of this
activity is as yet uncertain (Chen et al., 2009a,b).

In the absence of HIV infection or other causes of immun-
odeficiency, most infection with KSHV is clinically silent, even
when intermittent lytic activation cycles occur. However, as T
cell immunity declines, KSHV-infected patients become increas-
ingly likely to develop KSHV-associated tumors, particularly KS.
It is not unusual for patients to manifest more than one KSHV-
associated tumor. Each of these tumors has also been reported in
other immunosuppressed and older individuals (Teruya-Feldstein
et al., 1998). In KS tissue, KSHV is found predominantly in latent
phase as assessed by immunohistochemical and genetic analysis
of tumor tissue, while there is limited expression of KSHV viral
genes, especially vIL-6, in PEL cells (Teruya-Feldstein et al., 1998;
Jones et al., 1999; Staskus et al., 1999; Parravicini et al., 2000).
By contrast, and unusually among herpesvirus-associated tumors,
KSHV-MCD is associated with lytically active KSHV in a substan-
tial proportion of KSHV-infected cells (Oksenhendler et al., 19965
Staskus et al., 1999; Parravicini et al., 2000). This lytic activation,
and particularly the production of vIL-6, is thought to underlie

its pathogenesis (Oksenhendler et al., 2000; Aoki et al., 2001a;
Polizzotto et al., 2011).

MULTICENTRIC CASTLEMAN DISEASE

There are several forms of Castleman disease, which historically
have been distinguished by clinical findings (based on whether
involved nodes are singular or multiple), pathologic findings, and
more recently etiology (idiopathic or KSHV-associated; Cronin
and Warnke, 2009). The idiopathic forms, as originally described,
include a hyaline vascular form (usually unicentric) and a plasma-
cytoid form (usually multicentric). The KSHV-associated form
is characteristically multicentric, with distinct pathologic features
mirroring its unique etiology, as described below (Oksenhendler
et al., 1996). Nearly all Castleman disease arising in the setting
of HIV infection is KSHV-associated MCD (KSHV-MCD), while
KSHV-MCD also rarely occurs in non-HIV infected individuals,
particularly the immunocompromised. KSHV-MCD is consid-
ered to be rare, although its incidence is not well defined. By
contrast to KS, there is evidence that MCD has become more
common since the advent of combination anti-retroviral therapy
(cART; Powles et al., 2009).

KSHV-MCD is characterized by intermittent flares of inflam-
matory symptoms, including fevers, fatigue, and cachexia, and
edema, together with lymphadenopathy and/or splenomegaly
(Oksenhendler et al., 1996; Stebbing et al., 2008). Gastrointestinal
and respiratory symptoms are common. Flares are often severe
and can be fatal. Common laboratory abnormalities include ane-
mia, thrombocytopenia, hypoalbuminemia, hyponatremia, and
elevated inflammatory markers such as C-reactive protein (CRP;
Oksenhendler et al., 2000; Oksenhendler, 2009). The clinical
course waxes and wanes, but until recently, has generally been
fatal within 2years of diagnosis, with patients succumbing to
the severe inflammatory syndrome, concurrent infections, or pro-
gressing to lymphoma (Oksenhendler et al., 2000; Stebbing et al.,
2008). The differential diagnosis of fever and adenopathy, even
with other laboratory abnormalities, in the HIV infected individ-
uals is broad. As a result, KSHV-MCD may be difficult to diagnose
and is often missed. Also, while there are few reports of KSHV-
MCD in Africa, there is recent evidence that it may be substantially
underdiagnosed in this region (Ayers et al., 2011).

The diagnosis of KSHV-MCD is made pathologically by a
lymph node biopsy demonstrating hypocellular germinal centers
with a vascularized core and by a proliferation of polyclonal, IgM
h-restricted plasmacytoid cells in the interfollicular area (Oksen-
hendler et al., 1996; Du et al., 2001; Chadburn et al., 2008). A
proportion of these cells are KSHV-infected, as demonstrated by
expression of the KSHV latency associated nuclear antigen (LANA-
1), and of these a subset express KSHV lytic genes, especially vIL-6
(Duetal., 2001; Figure 1). Areas of KS spindle cell proliferation in
affected nodes are also not uncommon (Naresh et al., 2008). How-
ever, the majority of the cellular burden within affected nodes is
comprised of uninfected plasmacytoid B-lymphocytes (Chadburn
et al., 2008; Naresh et al., 2009).

As noted, the symptom complex of KSHV-MCD is asso-
ciated with inflammatory dysregulation attributable to KSHV
lytic activation. Both production of vIL-6 and induction of host
production of hIL-6 have separately been postulated to contribute
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to symptoms, perhaps in combination with enhanced produc-
tion of human interleukin-10 (IL-10) and other human cytokines
(Oksenhendler et al., 2000; Aoki et al., 2001a,b; Bower et al.,
2009). Viral and human IL-6 over-expression in mouse models can
each produce phenotypes resembling that of KSHV-MCD (Brandt
etal., 1990; Aoki et al.,2001b). Symptomatic episodes (“flares”) are
also associated with high KSHYV viral loads (Oksenhendler et al.,
20005 Polizzotto et al., 2011). Histopathologic evaluation of nodes
involved by KSHV-MCD suggests that the cellular origins of vIL-6
and hIL-6 are largely distinct: involved nodes show vIL-6 produc-
tion within the periphery of affected germinal center, in the lytic
subset of the relatively small number of KSHV-infected cells. By
contrast, the larger number of KSHV-uninfected cells in the core
of affected nodes can produce hIL-6 but not vIL-6 (Chadburn
etal., 2008).

KSHV INFLAMMATORY CYTOKINE SYNDROME

In addition to these well-recognized KSHV-associated diseases,
our group has recently described what appears to be a novel
inflammatory symptom complex associated with KSHV infec-
tion (Uldrick et al., 2010a). In six patients with HIV and KSHV
co-infection, but without any pathological evidence of MCD,
we observed an inflammatory syndrome resembling that seen
in MCD. These patients presented with abnormalities including

FIGURE 1 | Lymph Node from a Patient with KSHV-MCD Stained for
vIL-6. Germinal center of a lymph node from a patient with KSHV-MCD,
stained with a monoclonal antibody to vIL-6 and an alkaline phosphatase
substrate. Cells expressing vIL:6 stain in blue; these cells are located
primarily in the mantle region around the germinal center. The tissue was
studied under a protocol approved by the Institutional Review Board of the
National Cancer Institute, and the patient gave written informed consent.

fevers, sweats, fatigue, wasting, cytopenias, hypoalbuminemia, and
hyponatremia, associated in some cases with lymphadenopathy
or effusions (Table 1). Notably, four of the six patients also
had severe KS. Each patient underwent a least one tissue biopsy
to rule out KSHV-MCD as a cause of symptoms. None had
pathologic evidence of KSHV-MCD (or KSHV-associated lym-
phoma), although abnormal KSHV-infected mononuclear cells
were sometimes detected in biopsy specimens. None developed
KSHV-MCD on follow-up, and one patient who died had no evi-
dence of KSHV-MCD or lymphoma at autopsy (Uldrick et al.,
2010a).

We hypothesized that while these symptoms did not appear to
be caused by KSHV-MCD, they might nonetheless similarly result
from KSHV lytic activation and consequent cytokine production.
On investigation, this cohort indeed exhibited KSHV viral burdens
and cytokines profiles similar those seen with KSHYV lytic activity
in MCD flares, including substantial elevation of vIL-6 and hIL-6
(Figure 2; Uldrick et al., 2010a). Patients also exhibited markedly
elevated KSHV viral loads in peripheral blood mononuclear cells.
While the number of patients is small, the large differences in
the immunologic and virologic milieu in these patients compared
to KS patients without inflammatory symptoms was statistically
significant (Figure 2). Our findings in this small cohort provide
evidence that patients with lytically active KSHV may manifest
systemic clinical symptoms even in the absence of the pathologi-
cal changes diagnostic of MCD. These features are distinguishable
from the chronic immune activation of HIV infection by the pres-
ence both of markedly elevated KSHV VLs in peripheral blood
and by the detection of vIL-6 in KSHV inflammatory cytokine
syndrome (KICS). As seen in Figure 2, neither of these features are
evident in patients with KSHV and HIV co-infection who have KS
but do not have systemic inflammatory symptoms. While in the
original series all patients were HIV infected, we have subsequently
observed this syndrome in patients without HIV.

Based on this original cohort, we have proposed naming this
putative clinical syndrome KICS. The assessment of this small
retrospective cohort of patients suggest that clinical manifesta-
tions of KICS are protean, and none are specific to the syndrome.
Rather, they likely reflect common endpoints of proinflammatory

Table 1 | Key clinical and laboratory findings in patients with KICS and
KSHV-MICD.

Parameter KICS KSHV-MCD

Number of patients 6 8

CD4* (cells/iL; median, range) 255 (28-492) 189 (21-364)

HIV VL* (copies/mL; median, range) 4650 (< 50— <50 (<b0-
110,000) 664)

Sodium (mEg/L; median, range) 132 (127-139) 130 (127-136)

Albumin (g/dL; median, range) 2.6 (2.0-3.9) 2.7 (1.7-3.9)

Hemoglobin (g/dL; median, range) 8.7 (70-14.8)  10.2 (74-12.7)

Leukocytes (103 cells/uL; median, range) 4.5 (2.3-6.4) 5.7 (2.7-10.1)

Platelets (10% cells/uL; median, range) 158 (62-231) 126 (11-262)

*From Uldrick et al., 2010a, used with permission. All patients in both cohorts
were HIV-coinfected.
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FIGURE 2 | Viral and cytokine elevations in patients with KICS,
KSHV-MCD, and KS. Statistically significant differences in KSHV viral load,
viral, and human cytokines were seen in KICS patients compared with
controls with KS alone, at levels comparable to those seen in KSHV-MCD.
Horizontal lines indicate median value, and the dashed line indicates the lower
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limit of detection. Values are log transformed; viral and human IL-6 and IL-10
are picograms per milliliter; KSHV VL is copies/10° cells. Note that several of
the patients with severe KS and elevated vIl-6 had laboratory abnormalities
suggestive of KICS, but did not meet the operative case definition for this
series. Modified from Uldrick et al. (2010a), with permission.

cytokine deregulation in the setting of KSHV lytic replication
and pathologic expression of KSHV encoded genes such as vIL-
6. These symptoms may also be observed in other inflamma-
tory states, and at times can be confused clinically with sepsis.
KICS is therefore a diagnosis of exclusion, requiring pathologic
exclusion of MCD; careful evaluation to exclude alternate expla-
nations for the clinical manifestations, such as serious intercurrent
infection; demonstration of systemic inflammation; and demon-
stration of KSHV viral activity. Based on the initial case series,
we have proposed a working case definition for KICS (Table 2),
incorporating clinical, laboratory, and radiographic manifesta-
tions together with evidence of KSHV activation and systemic
inflammation, and a requirement that KSHV-MCD be excluded
on pathological examination. A clinical protocol to study this syn-
drome prospectively is underway at the National Cancer Institute,

National Institutes of Health, based on this working definition
(NCT01419561).

The precise relationship of KICS to KSHV-MCD is unclear,
and it is possible that KICS is a heterogeneous condition. Patho-
logical evaluation and perhaps functional imaging with 18-[F]-
fluorodeoxyglucose positron emission tomography (FDG-PET)
may shed additional light on this question, and perhaps assist in
identifying lymph nodes to biopsy that may reveal KSHV-MCD.
We have preliminary evidence to show that in KSHV-MCD, patho-
logically involved nodes are detectable by FDG-PET, and that PET
findings are distinct from those of suppressed HIV or intercurrent
lymphoma (Polizzotto et al., 2010). Comparison of PET findings
in KICS and KSHV-MCD may also provide a non-invasive means
to assess disease activity and shed light on syndrome pathogen-
esis, including the possible cellular sites of disease activity. It is
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Table 2 | Proposed working case definition of KSHV inflammatory cytokine syndrome.

1. CLINICAL MANIFESTATIONS*
a. Symptoms
Fever
Fatigue
Edema
Cachexia
Respiratory symptoms (including cough, dyspnea, airway hyperreactivity)

Gastrointestinal disturbance (including nausea, anorexia, abdominal discomfort, altered bowel habit)

Arthralgia and myalgia
Altered mental state
Neuropathy with or without pain
2. EVIDENCE OF SYSTEMIC INFLAMMATION
Elevated C-reactive protein (>3 g/dL)
3. EVIDENCE OF KSHV LYTIC ACTIVITY

b. Laboratory abnormalities
Anemia

Thrombocytopenia
Hypoalbuminemia
Hyponatremia

c. Radiographic abnormalities
Lymphadenopathy
Splenomegaly

Hepatomegaly

Body cavity effusions

Elevated KSHV viral load in peripheral blood mononuclear cells (>100 copies/10° cells)
4. NO EVIDENCE OF KSHV-ASSOCIATED MULTICENTRIC CASTLEMAN DISEASE
Exclusion of MCD requires pathologic assessment lymph node, bone marrow, or spleen

The working case definition of KICS requires the presence of at least two clinical manifestations drawn from at least two categories (1a, b, and c), together with each
of the criteria in 2, 3, and 4. Clinical manifestations for the working definition are drawn from the initial case series and from findings commonly seen in KSHV-MCD.

also possible that some patients with KICS may represent a pro-
drome to KSHV-MCD or an unusual or limited presentation of
KSHV-MCD, and may eventually evolve into frank KSHV-MCD.
Alternatively, certain patients may have another cellular source
apart from lymphocytes responsible for the excess vIL-6 cytokine
production, perhaps extensive KS spindle cells or KSHV-infected
monocytes or macrophages. Notably, while several patients with
KICS in the original cohort had severe KS, several other patients in
this cohort with severe KS had less severe laboratory abnormali-
ties suggestive of KICS in conjunction with detectable vIL-6 levels,
although these abnormalities were not sufficiently severe for the
patients to be identified as KICS based on the clinical criteria used
for the initial case series. Similarly, PEL patients can exhibit severe
inflammatory symptoms with disease activity, and may exhibit
elevated KSHV viral loads (Uldrick et al., 2011b). Taken together,
these observations raise the possibility that KSHV lytic activa-
tion and associated inflammatory clinical manifestations may be
more common than appreciated in patients with other KSHV-
associated diseases. It is possible that significant clinical overlap
exists between KICS, KS, and PEL.

Among patients with KSHV and HIV co-infection, KICS may
be an important cause of morbidity and mortality. KICS was
associated with 50% mortality in our small series (which likely
captured relatively severe cases). We also hypothesize that KS may
be relatively refractory to therapy in patients with KICS because
the cytokine excess can help drive KS spindle cell proliferation.
In a small number of patients our group has seen with KICS and
KS that was difficult to treat, strategies to reduce KSHV burden
and intercurrent inflammation (including rituximab with cyto-
toxic chemotherapy) appear to have led to improvements in KS.
One can thus hypothesize that KICS may in some cases be associ-
ated with the worsening of KS that can be observed after starting
cART [KS immune reconstitution syndrome (IRIS)], although
KICS has not been formally studied in this setting. Notably, some

investigators report elevated hIL-6 levels in IRIS patients without
KS, though KSHV and viral cytokines have not, to our knowledge,
been assessed in relation to systemic symptoms (Stone et al., 2001).

RATIONAL THERAPEUTIC APPROACHES IN KSHV-MCD AND
KICS

There is no standard therapy for KSHV-MCD, and most arti-
cles describing therapy have consisted of case reports or very
small series. Some of the approaches that have shown activity
include interferon-alpha, surgical resection of the spleen, cytotoxic
chemotherapy (either single agents or combinations), ganciclovir,
glucocorticoids, and rituximab (Boulanger et al., 2004; Waterston
and Bower, 2004; Dispenzieri and Gertz, 2005; Neuville et al., 2005;
Bower etal.,2007; Mylona et al.,2008; Bower, 2010). Our group has
explored selective targeting of KSHV-MCD plasmablasts based on
their expression of KSHV lytic genes that phosphorylate certain
drugs (Davis et al., 2007). One KSHV lytic gene, ORF36, encodes
a phosphotransferase that activates ganciclovir to a cytotoxic
triphosphate moiety, and another, ORF21, encodes a thymidine
kinase that phosphorylates zidovudine (AZT), again to a cytotoxic
moiety (Cannon et al., 1999; Gustafson et al., 2000). Members
of our group have shown that PEL cells in which KSHV was
Iytically activated produced increased amounts of triphosphate
moieties of AZT and ganciclovir and that AZT and ganciclovir
had synergistic toxicity, at doses attainable in patients, against
these PEL lines with activated KSHV (Davis et al., 2007). No
comparable cytotoxicity was seen in non-KSHV-infected Burkitt
lymphoma cell lines. Based on these in vitro results, we explored
the combination of high dose zidovudine and valganciclovir, an
oral pro-drug of ganciclovir, in 14 patients with HIV infection and
KSHV-MCD (Uldrick et al.,2011a). This regimen delivered symp-
tomatic control and normalization of correlates of lytic KSHV
activity (including KSHYV viral load, vIL-6, and hIL-6) in a high
proportion of MCD patients. Responses were evaluated based on

www.frontiersin.org

March 2012 | Volume 3 | Article 73 | 11


http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

Polizzotto et al.

KSHV-MCD and KICS

newly established criteria (NCI-HAMB criteria) for improvement
in clinical symptoms, laboratory parameters (including hemo-
globin, platelets, CRP, albumin, and sodium), and radiographic
parameters (Uldrick et al., 2011a). Overall, 12 patients (86%)
attained major clinical responses by these criteria, with seven
patients (50%) attaining clinical complete responses, three (21%)
attaining symptom free disease, and two (14%) attaining par-
tial clinical response. In addition, seven patients (50%) attained
major biochemical responses, with three (21%) attaining a com-
plete response, four (29%) attaining a partial response. Finally, five
patients (36%) attained a major radiographic responses includ-
ing four (29%) with complete radiographic responses. Relapses
were relatively common with this regimen, and the progression-
free survival was 6 months. However, patients overall did well,
and with 43 months of median follow-up, the overall survival
was 86%.

Several recent studies have reported that KSHV-MCD can
respond to therapy with the anti-CD20 monoclonal antibody rit-
uximab (Corbellino et al., 2001; Marcelin et al., 2003; Ocio et al.,
2005; Bower et al., 2007). It is postulated that in this setting, it acts
by targeting the B-lymphocyte KSHV reservoirs, though it should
be noted that the level of expression (weak or absent) of CD20
on lytic KSHV-infected B-lymphocytes themselves is contentious.
Alternatively, it may target IL-6 production by other B cells that
are stimulated by the KSHV-infected plasmablasts. However, dif-
ferent investigators have reported variable results with this agent,
and two studies noted that its use was associated with a wors-
ening of KS (Neuville et al., 2005; Bower et al., 2007). Because
of this concern, and because many patients with MCD either
have KS or are at risk of KS, we have explored the combination
of rituximab and liposomal doxorubicin (Doxil) in KSHV-MCD
(R/Dox). Liposomal doxorubicin has a high affinity for the path-
ogenic spindle cell in KS lesions, and, when available, is currently
the standard of care for first line therapy of KS (Northfelt et al.,
1998; Cianfrocca et al., 2010). It was also possible that it could
help target the KSHV-infected MCD plasmablasts. In an ongo-
ing study, we have treated 12 patients with this R/Dox regimen
(Uldrick et al., 2010b). R/Dox was highly effective even in heav-
ily pretreated patients. All achieved a clinical CR by NCI-HAMB
criteria (after median two cycles therapy, range 1-5); nine (75)
achieved a biochemical CR, one (8%) biochemical PR, and two
(17%) biochemical SD; while best radiographic response (nodes
and spleen) was CR in six (50%) and PR in six (50%). Toxic-
ity was not marked, comprising predominantly infusion reactions
and neutropenia.

Until recently, the expected survival of most patients with
KSHV-MCD was 2 years or less (Oksenhendler et al., 2000). With
the recent advances in therapy, along with the use of highly active
anti-retroviral therapy (HAART) for those patients with HIV-
associated KSHV-MCD, the overall prognosis of patients with
KSHV-MCD has improved markedly, and a number of patients
can now attain long remissions. Nonetheless, patients with flares
of KSHV-MCD can rapidly become critically ill, with a clinical
presentation similar to patients with sepsis, and may require care-
ful monitoring, sometimes in an intensive care unit, during the
initial treatment. Our experience is that some patients may ben-
efit from short-term glucocorticoids during initial KSHV-MCD

treatment, although patients should be probably weaned as soon
as possible as glucocorticoids may mask intercurrent infections
and can exacerbate KS (Gill et al., 1989). It should be noted, how-
ever, that there is no standard therapy for KSHV-MCD and it
may be worthwhile to consider a variety of approaches, depend-
ing on disease severity and other parameters. Our group has
been exploring the use of consolidation therapy after patients
achieve remissions with several months of either interferon-alpha
or high dose zidovudine with valganciclovir. Additional stud-
ies will be needed to explore new therapies, to establish the
best therapy for KSHV-MCD, and perhaps through a combina-
tion of treatments, to establish the best way to optimize ther-
apy for different patients with the goal of durable long-term
remission.

Because of the small number of patients with KSHV-MCD,
there is little commercial interest in developing drugs specifically
for this disease, and it is unlikely that a therapeutic antibody to
vIL-6 will be developed in the near future. However, an antibody
to the IL-6 receptor is in clinical use for rheumatoid arthri-
tis, while a different antibody against IL-6 is being evaluated in
the setting of MCD not associated with KSHV. Because hIL-6 is
markedly elevated and believed to contribute to disease patho-
genesis in KSHV-MCD, antibodies targeting IL-6 signaling may
have activity, and we are currently conducting a clinical study
of tocilizumab, an anti-IL-6 receptor antibody in patients with
symptomatic KSHV-MCD (NCT01441063).

Kaposi sarcoma-associated herpesvirus inflammatory cytokine
syndrome is a newly described syndrome, and there is little clinical
experience to guide therapy. In those cases where KICS accom-
panies KS or PEL, it is reasonable to hypothesize that treatment
of the underlying tumor may help reduce the KSHV-associated
cytokines. However, it should be noted that in the original series
describing this syndrome KS was often quite difficult to treat, per-
haps because of stimulation by the IL-6 or other cytokines. It
may be worthwhile to consider treatment approaches to KICS
similar to those used for KSHV-MCD. These may include, for
example, antiviral drugs such as ganciclovir with activity against
KSHYV, the use of high doses of zidovudine or ganciclovir that
can be activated by KSHV to toxic moieties as described above,
the use of rituximab to kill B cells that may harbor KSHV or
be producing cytokines, or the use of liposomal doxorubicin
to kill KS spindle cells. In the original series of six patients of
KICS, one patient received high dose zidovudine and valganci-
clovir, one patient received valganciclovir alone, and two received
liposomal doxorubicin alone (Uldrick et al., 2010a). The patient
who received zidovudine/valganciclovir demonstrated an initial
improvement in laboratory parameters, though his clinical course
was later complicated significantly by intercurrent illness, while
one patient who received valganciclovir monotherapy had a tran-
sient clinical response. The two patients who received liposomal
doxorubicin (both with KS requiring therapy) also had transient
clinical responses.

SUMMARY AND FUTURE CONSIDERATIONS

Soon after the discovery of KSHV in 1994, it became apparent
that KSHV-associated PEL and KSHV-MCD were separate dis-
ease entities. Since that time, we have learned much about the
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pathogenesis of these diseases, and for KSHV-MCD in partic-
ular, therapeutic advances have led to substantial improvement
in survival. At the same time, many questions remain concerning
KSHV-MCD and its relationship to other KSHV-induced diseases.
More recently, KICS has been described as a new syndrome caused
by KSHYV; but there is much to be learned about this entity. What
cells are primarily responsible for the cytokine overproduction in
KICS, and what pathophysiologic mechanisms are responsible for
its overproduction? What is the spectrum of disease, and what is its
incidence and prevalence in different populations? How is it best
managed? It is not unreasonable to hope that answers to many of
these questions will be forthcoming in the next decade and that
this research will help lead to improved tools to diagnose and treat

these entities.

REFERENCES

Abend, J. R, Uldrick, T., and Ziegel-
bauer, J. M. (2010). Regulation of
tumor necrosis factor-like weak
inducer of apoptosis receptor
protein  (TWEAKR) expression
by Kaposi’s sarcoma-associated
herpesvirus microRNA  prevents
TWEAK-induced apoptosis
inflammatory cytokine expression.
J. Virol. 84,12139-12151.

Aoki, Y., Jones, K. D., and Tosato, G.
(2000). Kaposi’s sarcoma-associated
herpesvirus-encoded interleukin-6.
J. Hematother. Stem Cell Res. 9,
137-145.

Aoki, Y., Tosato, G., Fonville, T. W., and
Pittaluga, S. (2001a). Serum viral
interleukin-6 in AIDS-related multi-
centric Castleman disease. Blood 97,
2526.

Aoki, Y., Yarchoan, R., Wyvill, K.,
Okamoto, S., Little, R. E, and Tosato,
G. (2001b). Detection of viral
interleukin-6 in Kaposi sarcoma-
associated herpesvirus-linked disor-
ders. Blood 97, 2173.

Ayers, L. W,, Lukande, R., NDung'y, J.
R., Chumba, D. K., and Turnwine,
L. K. (2011). “Multicentric Castle-
man’s disease (MCD) and other
related KSHV lymphoproliferations
in East Africa,” in International Con-
ference on Malignancies in AIDS and
Other Acquired Immunodeficiencies,
Bethesda, MD.

Boulanger, M. J., Chow, D., Brevnova, E.,
Martick, M., Sandford, G., Nicholas,
J., and Garcia, K. C. (2004). Molec-
ular mechanisms for viral mimicry
of a human cytokine: activation of
gp130 by HHV-8 interleukin-6. J.
Mol. Biol. 335, 641-654.

Bower, M. (2010). How I treat HIV-
associated multicentric Castleman
disease. Blood 116, 4415-4421.

Bower, M., Powles, T., Williams, S.,
Davis, T. N., Atkins, M., Montoto,
S., Orkin, C., Webb, A., Fisher, M.,
Nelson, M., Gazzard, B., Stebbing,

and

J., and Kelleher, P. (2007). Brief

communication: rituximab in HIV-

associated multicentric Castleman

disease. Ann. Intern. Med. 147,
836-839.

Bower, M., Veraitch, O., Szydlo, R.,
Charles, P, Kelleher, P., Gazzard, B.,
Nelson, M., and Stebbing, J. (2009).
Cytokine changes during rituximab
therapy in HIV-associated multicen-
tric Castleman disease. Blood 113,
4521-4524.

Brandt, S. J., Bodine, D. M., Dunbar,
C. E., and Nienhuis, A. W. (1990).
Dysregulated interleukin 6 expres-
sion produces a syndrome resem-
bling Castleman’s disease in mice. J.
Clin. Invest. 86, 592-599.

Cannon, J. S., Hamzeh, E, Moore,
S., Nicholas, J., and Ambinder, R.
FE (1999). Human herpesvirus 8-
encoded thymidine kinase and phos-
photransferase homologues confer
sensitivity to ganciclovir. J. Virol. 73,
4786-4793.

Cesarman, E., Chang, Y., Moore, P. S.,
Said, J. W.,, and Knowles, D. M.
(1995). Kaposi’s sarcoma-associated
herpesvirus-like DNA sequences
in AIDS-related body-cavity-based
lymphomas. N. Engl. J. Med. 332,
1186-1191.

Chadburn, A., Hyjek, E. M., Tam,
W., Liu, Y., Rengifo, T., Cesar-
man, E., and Knowles, D. M.
(2008). Immunophenotypic analy-
sis of the Kaposi sarcoma her-
pesvirus (KSHV; HHV-8)-infected B
cells in HIV+ multicentric Castle-
man disease (MCD). Histopathology
53,513-524.

Chang, Y., Cesarman, E., Pessin, M.
S., Lee, E, Culpepper, J., Knowles,
D. M., and Moore, P. S. (1994).
Identification of herpesvirus-like
DNA sequences in AIDS-associated
Kaposi’s sarcoma. Science 266,
1865-1869.

Chatterjee, M., Osborne, J., Bestetti, G.,
Chang, Y., and Moore, P. S. (2002).

ACKNOWLEDGMENTS

This work was supported by the Intramural Research Program on
the NIH, National Cancer Institute. The authors thank the patients
who volunteered for the protocols and their families. The authors
also acknowledge the help of Dr. Stefania Pittaluga, Dr. Denise
Whitby, Dr. Richard Little, Dr. Victoria Wang, all of the NCI, the
research nurses of HAMB, NCI, and the nurses, physicians, and
medical staff of the Medical Oncology Branch of the NCI, and the
medical staff of the NIH Clinical Center.

NOTE

The authors wrote this paper as part of their duties as US Govern-
ment employees and no Copyright is claimed by them. The work

is in the public domain.

Viral IL-6-induced cell proliferation
and immune evasion of interferon
activity. Science 298, 1432-1435.

Chen, D., Choi, Y. B. Sandford,
G., and Nicholas, J. (2009a).
Determinants of secretion and
intracellular localization of human
herpesvirus 8 interleukin-6. J. Virol.
83, 6874-6882.

Chen, D., Sandford, G., and Nicholas,
J. (2009b). Intracellular signaling
mechanisms and activities of human
herpesvirus 8 interleukin-6. J. Virol.
83,722-733.

Cianfrocca, M., Lee, S., Von Roenn, J.,
Tulpule, A., Dezube, B. J., Aboulafia,
D. M., Ambinder, R. F, Lee, J. Y,
Krown, S. E., and Sparano, J. A.
(2010). Randomized trial of pacli-
taxel versus pegylated liposomal
doxorubicin for advanced human
immunodeficiency virus-associated
Kaposi sarcoma: evidence of symp-
tom palliation from chemotherapy.
Cancer 116, 3969-3977.

Corbellino, M., Bestetti, G., Scalam-
ogna, C., Calattini, S., Galazzi,
M., Meroni, L., Manganaro, D,
Fasan, M., Moroni, M., and Galli,
M. (2001). Long-term remission
of Kaposi  sarcoma-associated
herpesvirus-related ~ multicentric
Castleman disease with anti-CD20
monoclonal antibody therapy. Blood
98, 3473.

Cronin, D. M., and Warnke, R.
A. (2009). Castleman disease: an
update on classification and the
spectrum of associated lesions. Adv.
Anat. Pathol. 16, 236-246.

Davis, D. A, Singer, K. E., Reynolds, L. P,
Haque, M., and Yarchoan, R. (2007).
Hypoxia enhances the phosphoryla-
tion and cytotoxicity of ganciclovir
and zidovudine in Kaposi’s sarcoma-
associated herpesvirus infected cells.
Cancer Res. 67,7003-7010.

Della Bella, S., Taddeo, A., Calabro, M.
L., Brambilla, L., Bellinvia, M., Berg-
amo, E., Clerici, M., and Villa, M. L.

(2008). Peripheral blood endothelial
progenitors as potential reservoirs
of Kaposi’s sarcoma-associated her-
pesvirus. PLoS ONE 3, el520.
doi:10.1371/journal.pone.0001520

Dispenzieri, A., and Gertz, M. A.
(2005). Treatment of Castleman’s
disease. Curr. Treat. Options Oncol.
6, 255-266.

Du, M. Q., Liu, H,, Diss, T. C,
Ye, H., Hamoudi, R. A., Dupin,
N., Meignin, V., Oksenhendler, E.,
Boshoff, C., and Isaacson, P. G.
(2001). Kaposi sarcoma-associated
herpesvirus infects monotypic (IgM
lambda) but polyclonal naive B cells
in Castleman disease and associ-
ated lymphoproliferative disorders.
Blood 97, 2130-2136.

Ganem, D. (2010). KSHV and the
pathogenesis of Kaposi sarcoma: lis-
tening to human biology and medi-
cine. J. Clin. Invest. 120, 939-949.

Ganem, D., and Ziegelbauer, J. (2008).
MicroRNAs of Kaposi’s sarcoma-
associated herpes virus. Semin. Can-
cer Biol. 18, 437-440.

Gill, P. S., Loureiro, C., Bernstein-
Singer, M., Rarick, M. U,, Sat-
tler, F, and Levine, A. M. (1989).
Clinical effect of glucocorticoids
on Kaposi sarcoma related to the
acquired immunodeficiency syn-
drome (AIDS). Ann. Intern. Med.
110, 937-940.

Gregory, S. M., West, J. A., Dillon,
P. J., Hilscher, C., Dittmer, D. P,
and Damania, B. (2009). Toll-like
receptor signaling controls reac-
tivation of KSHV from latency.
Proc. Natl. Acad. Sci. U.S.A. 106,
11725-11730.

Gustafson, E. A., Schinazi, R. E, and
Fingeroth, J. D. (2000). Human her-
pesvirus 8 open reading frame 21 is
a thymidine and thymidylate kinase
of narrow substrate specificity that
efficiently phosphorylates zidovu-
dine but not ganciclovir. J. Virol.
74, 684.

www.frontiersin.org

March 2012 | Volume 3 | Article 73 | 13


http://dx.doi.org/10.1371/journal.pone.0001520
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

Polizzotto et al.

KSHV-MCD and KICS

Heinrich, P. C., Behrmann, 1., Muller-
Newen, G., Schaper, E, and Graeve,
L. (1998). Interleukin-6-type
cytokine signalling through the
gp130/Jak/STAT pathway. Biochem.
J. 334,297-314.

Hu, F, and Nicholas, J. (2006). Signal
transduction by human herpesvirus
8 viral interleukin-6 (vIL-6) is mod-
ulated by the nonsignaling gp80
subunit of the IL-6 receptor com-
plex and is distinct from signaling
induced by human IL-6. J. Virol. 80,
10874-10878.

Jenner, R. G., Alba, M. M., Boshoff,
C., and Kellam, P. (2001). Kaposi’s
sarcoma-associated herpesvirus
latent and lytic gene expression as
revealed by DNA arrays. J. Virol. 75,
891-902.

Jones, K. D., Aoki, Y., Chang, Y.,
Moore, P. S., Yarchoan, R., and
Tosato, G. (1999). Involvement of
interleukin-10 (IL-10) and viral
IL-6 in the spontaneous growth
of Kaposi’s sarcoma herpesvirus-
associated infected primary effu-
sion lymphoma cells. Blood 94,
2871-2879.

Lei, X., Bai, Z., Ye, E, Xie, J., Kim, C.
G., Huang, Y., and Gao, S. J. (2010).
Regulation of NF-kappaB inhibitor
IkappaBalpha and viral replication
by a KSHV microRNA. Nat. Cell
Biol. 12,193-199.

Lu,C.C, Li,Z.,Chu, C.Y., Feng, J., Feng,
J., Sun, R., and Rana, T. M. (2010).
MicroRNAs encoded by Kaposi’s
sarcoma-associated herpesvirus reg-
ulate viral life cycle. EMBO Rep. 11,
784-790.

Marecelin, A. G., Aaron, L., Mateus, C.,
Gyan, E., Gorin, 1., Viard, J. P,, Calvez,
V., and Dupin, N. (2003). Ritux-
imab therapy for HIV-associated

Castleman disease. Blood 102,
2786-2788.

Meads, M. B., and Medveczky, P.
G. (2004). Kaposi’s sarcoma-
associated herpesvirus-encoded

viral interleukin-6 is secreted and
modified differently than human
interleukin-6: evidence for a unique
autocrine signaling mechanism. J.
Biol. Chem. 279, 51793-51803.

Monini, P,, Colombini, S., Sturzl, M.,
Goletti, D., Cafaro, A., Sgadari, C.,
Butto, S., Franco, M., Leone, P, and
Fais, S. (1999). Reactivation and
persistence of human herpesvirus-8
infection in B cells and monocytes by
Th-1 cytokines increased in Kaposi’s
sarcoma. Blood 93, 4044.

Moore, P. S., Boshoff, C., Weiss, R.
A., and Chang, Y. (1996). Molecu-
lar mimicry of human cytokine and
cytokine response pathway genes by
KSHV. Science 274, 1739-1744.

Moore, P. S., and Chang, Y. (1998).
Kaposi’s sarcoma-associated herpes-
virus-encoded oncogenes and onco-
genesis. J. Natl. Cancer Inst. Monogr.
23,65-71.

Mylona, E., Baraboutis, I. G., Georgiou,
0., Rondogianni, D., Lekakis, L. J.,
Papastamopoulos, V., Apostolidis, I.,
and Skoutelis, A. T. (2008). Solid
variant of primary effusion lym-
phoma in successfully treated HIV
infection: a case report. Int. J. STD
AIDS 19, 570-572.

Naresh, K. N., Rice, A. J., and Bower,
M. (2008). Lymph nodes involved
by multicentric Castleman dis-
ease among HIV-positive individ-
uals are often involved by Kaposi
sarcoma. Am. J. Surg. Pathol. 32,
1006-1012.

Naresh, K. N., Trivedi, P., Horncas-
tle, D., and Bower, M. (2009).
CD20 expression in the HHV-8-
infected lymphoid cells in multicen-
tric Castleman disease. Histopathol-
0gy 55,358-359.

Neipel, E, Albrecht, J. C., Ensser, A.,
Huang,Y. Q.,Li,].]., Friedman-Kien,
A. E., and Fleckenstein, B. (1997).
Human herpesvirus 8 encodes a
homolog of interleukin-6. J. Virol.
71, 839.

Neuville, S., Agbalika, F, Rabian, C.,
Briere, J., and Molina, J. M. (2005).
Failure of rituximab in human
immunodeficiency virus-associated
multicentric Castleman disease. Am.
J. Hematol. 79, 337-339.

Northfelt, D. W., Dezube, B. J.,
Thommes, J. A., Miller, B. J., Fischl,
M. A,, Friedman-Kien, A., Kaplan, L.
D., Du Mond, C., Mamelok, R. D.,
and Henry, D. H. (1998). Pegylated-
liposomal doxorubicin versus dox-
orubicin, bleomycin, and vincristine
in the treatment of AIDS-related
Kaposi’s sarcoma: results of a ran-
domized phase IIT clinical trial. J.
Clin. Oncol. 16, 2445-2451.

Ocio, E. M., Sanchez-Guijo, F. M., Diez-
Campelo, M., Castilla, C., Blanco, O.
J., Caballero, D., and San Miguel, J.
F. (2005). Efficacy of rituximab in
an aggressive form of multicentric
Castleman disease associated with
immune phenomena. Am. J. Hema-
tol. 78, 302-305.

Oksenhendler, E. (2009). HIV-
associated multicentric Castleman
disease. Curr. Opin. HIV AIDS 4, 16.

Oksenhendler, E., Carcelain, G., Aoki,
Y., Boulanger, E., Maillard, A., Clau-
vel, J. P,, and Agbalika, F. (2000).
High levels of human herpesvirus
8 viral load, human interleukin-
6, interleukin-10, and C reactive
protein correlate with exacerbation
of multicentric Castleman disease

in HIV-infected patients. Blood 96,
2069-2073.

Oksenhendler, E., Duarte, M., Soulier, J.,
Cacoub, P., Welker, Y., Cadranel, J.,
Cazals-Hatem, D., Autran, B., Clau-
vel, J. P., and Raphael, M. (1996).
Multicentric Castleman’s disease in
HIV infection: a clinical and patho-
logical study of 20 patients. AIDS 10,
61.

Osborne, J., Moore, P. S., and Chang,
Y. (1999). KSHV-encoded viral IL-6
activates multiple human IL-6 sig-
naling pathways. Hum. Immunol. 60,
921-927.

Parravicini, C., Chandran, B., Cor-
bellino, M., Berti, E., Paulli, M.,
Moore, P. S., and Chang, Y.
(2000). Differential viral protein
expression in Kaposi’s sarcoma-
associated herpesvirus-infected dis-
eases: Kaposi’s sarcoma, primary
effusion lymphoma, and multicen-
tric Castleman’s disease. Am. J.
Pathol. 156, 743-749.

Polizzotto, M. N., Millo, C., Uldrick, T.
S, Aleman, K., Whatley, M., Wyvill,
K. M., O’'Mahony, D., Marshall, V.,
Whitby, D., Steinberg, S. M., Little,
R. F, and Yarchoan, R. (2010).
“[18F]-fluoro-D-deoxyglucose-
positron  emission tomography
findings in Kaposi sarcoma-
associated herpesvirus associated
multicentric  Castleman  disease
in people with HIV: correlation
with clinical, inflammatory and
virologic parameters,” in Conference
on Retroviruses and Opportunistic
Infections, Boston, MA.

Polizzotto, M. N., Uldrick, T. S., Wang,
V., Aleman, K., Wyvill, K. M., Mar-
shall, V., Pittaluga, S., O’Mahony, D.,
Whitby, D., Tosato, G., Steinberg,
S. M., Little, R. E, and Yarchoan,
R. (2011). “Distinct human and
viral interleukin-6 profiles and other
viral and immunologic abnormal-
ities in KSHV-associated multicen-
tric Castleman disease: relationship
with disease activity and individ-
ual disease manifestations,” in Amer-
ican Society of Hematology Annual
Meeting, San Diego, CA, A1573.

Powles, T., Stebbing, J., Bazeos, A., Hatz-
imichael, E., Mandalia, S., Nelson,
M., Gazzard, B., and Bower, M.
(2009). The role of immune suppres-
sion and HHV-8 in the increasing
incidence of HIV-associated mul-
ticentric Castleman’s disease. Ann.
Oncol. 20, 775-779.

Qin, Z., Kearney, P, Plaisance, K., and
Parsons, C. H. (2010). Kaposi’s
sarcoma-associated herpesvirus
(KSHV)-encoded microRNA
specifically induce IL-6 and IL-10
secretion by macrophages and

monocytes. J. Leukoc. Biol. 87,
25-34.

Soulier, J., Grollet, L., Oksenhendler, E.,
Cacoub, P,, Cazals-Hatem, D., Babi-
net, P., d’Agay, M. E, Clauvel, J. P,
Raphael, M., Degos, L.,and Sigaux, F.
(1995). Kaposi’s sarcoma-associated
herpesvirus-like DNA sequences in
multicentric Castleman’s disease.
Blood 86, 1276-1280.

Staskus, K. A., Sun, R., Miller, G.,
Racz, P, Jaslowski, A., Metroka, C.,
Brett-Smith, H., and Haase, A. T.
(1999). Cellular tropism and viral
interleukin-6 expression distinguish
human herpesvirus 8 involvement
in Kaposi’s sarcoma, primary effu-
sion lymphoma, and multicentric
Castleman’s disease. J. Virol. 73,
4181-4187.

Stebbing, J., Pantanowitz, L., Dayyani,
F, Sullivan, R. J., Bower, M., and
Dezube, B. J. (2008). HIV-associated
multicentric Castleman’s disease.
Am. J. Hematol. 83, 498-503.

Stone, S. E, Price, P, Brochier, J.,
and French, M. A. (2001). Plasma
bioavailable interleukin-6 is elevated
in human immunodeficiency virus-
infected patients who experience
herpesvirus-associated immune
restoration disease after start of
highly active antiretroviral therapy.
J. Infect. Dis. 184, 1073-1077.

Sun, R., Lin, S. F, Staskus, K,
Gradoville, L., Grogan, E., Haase,
A., and Miller, G. (1999). Kinetics
of Kaposi’s sarcoma-associated her-
pesvirus gene expression. J. Virol. 73,
2232.

Teruya-Feldstein, J., Zauber, P., Set-
suda, J. E., Berman, E. L., Sor-
bara, L., Raffeld, M., Tosato, G., and
Jaffe, E. S. (1998). Expression of
human herpesvirus-8 oncogene and
cytokine homologues in an HIV-
seronegative patient with multicen-
tric Castleman’s disease and primary
effusion lymphoma. Lab. Invest. 78,
1637-1642.

Uldrick, T. S., Polizzotto, M. N., Aleman,
K., O’'Mahony, D., Wyvill, K. M,,
Wang, V., Marshall, V., Pittaluga, S.,
Steinberg, S. M., Tosato, G., Whitby,
D., Little, R. E, and Yarchoan, R.
(2011a). High-dose zidovudine plus
valganciclovir for Kaposi sarcoma
herpesvirus-associated multicentric
Castleman disease: a pilot study
of virus-activated cytotoxic therapy.
Blood 117, 6977—-6986.

Uldrick, T. S., Polizzotto, M. N.,
Wyvill, K. M., Aleman, K., Mar-
shall, V., Little, R. F, Filie, A.,

Raffeld, M., Steinberg, S. M,
Pittaluga, S., Whitby, D., and
Yarchoan, R. (2011b). “Patients

with Kaposi sarcoma herpesvirus

Frontiers in Microbiology | Virology

March 2012 | Volume 3 | Article 73 | 14


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive

Polizzotto et al.

KSHV-MCD and KICS

(KSHV)-associated aggressive lym-
phomas have markedly elevated
interleukin-10, abnormalities in
other inflammatory cytokines, and
high circulating KSHV viral load,” in
International Conference on Malig-
nancies in AIDS and Other Acquired
Immunodeficiencies, Bethesda, MD.
Uldrick, T. S., Wang, V., O’'Mahony, D.,
Aleman, K., Wyvill, K. M., Marshall,
V., Steinberg, S. M., Pittaluga, S.,
Maric, L., Whitby, D., Tosato, G., Lit-
tle, R. E, and Yarchoan, R. (2010a).
An interleukin-6-related systemic
inflammatory syndrome in patients
co-infected with Kaposi sarcoma-
associated herpesvirus and HIV but
without multicentric Castleman dis-
ease. Clin. Infect. Dis. 51, 350-358.
Uldrick, T. S., Polizzotto, M. N,
O’Mabhony, D., Aleman, K., Wyvill,
K. M., Steinberg, S. M., Pittaluga,
S., Marshall, V., Whitby, D., Tosato,

G., Little, R. F, and Yarchoan, R.
(2010b). Rituximab combined with
liposomal doxorubicin (R-Dox) in
HIV-infected patients with severe
Kaposi sarcoma-associated herpes
virus (KSHV) associated multi-
centric Castleman disease (MCD).
Infect. Agents Cancer 5(Suppl. 1),
A72.

Umbach, J. L., and Cullen, B. R. (2010).
In-depth analysis of Kaposi’s
sarcoma-associated herpesvirus
microRNA  expression  provides
insights into the mammalian
microRNA-processing machinery. J.
Virol. 84, 695-703.

Waterston, A., and Bower, M. (2004).
Fifty years of multicentric Castle-
man’s disease. Acta Oncol. 43,
698-704.

Wen, K. W,, and Damania, B. (2010).
Kaposi
pesvirus

sarcoma-associated  her-

(KSHV): molecular

biology and oncogenesis. Cancer
Lett. 289, 140-150.
‘Wu, W., Vieira, J., Fiore, N., Baner-

jee, P, Sieburg, M., Rochford,
R.,, Harrington, W.,, and Feuer,
G. (2006). KSHV/HHV-8 infec-

tion of human hematopoietic prog-
enitor (CD34+) cells: persistence
of infection during hematopoiesis
in vitro and in vivo. Blood 108,
141-151.

Yarchoan, R. (2006). Key role for
a viral lytic gene in Kaposi’s
sarcoma. N. Engl. J. Med. 355,
1383-1385.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 30 December 2011; paper pend-
ing published: 19 January 2012; accepted:
12 February 2012; published online: 02
March 2012.

Citation: Polizzotto MN, Uldrick TS,
Hu D and Yarchoan R (2012) Clin-
ical manifestations of Kaposi sarcoma
herpesvirus lytic activation: multicen-
tric Castleman disease (KSHV-MCD)
and the KSHV inflammatory cytokine
syndrome. Front. Microbio. 3:73. doi:
10.3389/fmicb.2012.00073

This article was submitted to Frontiers
in Virology, a specialty of Frontiers in
Microbiology.

Copyright © 2012 Polizzotto, Uldrick,
Hu and Yarchoan. This is an open-access
article distributed under the terms of
the Creative Commons Attribution Non
Commercial License, which permits non-
commercial use, distribution, and repro-
duction in other forums, provided the
original authors and source are credited.

www.frontiersin.org

March 2012 | Volume 3 | Article 73 | 15


http://dx.doi.org/10.3389/fmicb.2012.00073
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

REVIEW ARTICLE
published: 25 August 2011
doi: 10.3389/fmicb.2011.00175

{frontiers in
MICROBIOLOGY

e

Pathology of Kaposi's sarcoma-associated herpesvirus
infection

Hitomi Fukumoto'?, Takayuki Kanno', Hideki Hasegawa' and Harutaka Katano'*

" Department of Pathology, National Institute of Infectious Diseases, Tokyo, Japan
2 Military Medicine Research Unit, Japan Ground Self Defense Force, Tokyo, Japan

Edited by:
Keiji Ueda, Osaka University Graduate
School of Medicine, Japan

Reviewed by:

Hiroki Isomura, Aichi Cancer Center
Research Institute, Japan

Keiji Ueda, Osaka University Graduate
School of Medicine, Japan

*Correspondence:

Harutaka Katano, Department of
Pathology, National Institute of
Infectious Diseases, 1-23-1 Toyama,
Shinjuku-ku, Tokyo 162-8640, Japan.
e-mail: katano@nih.go.jp

Kaposi's sarcoma-associated herpesvirus (KSHV; human herpesvirus 8) is a human her
pesvirus, classified as a gamma-herpesvirus. KSHV is detected in Kaposi's sarcoma (KS),
primary effusion lymphoma (PEL), and some cases of multicentric Castleman’s disease
(MCD). Similar to other herpes viruses, there are two phases of infection, latent and lytic. In
KSHV-associated malignancies such as KS and PEL, KSHV latently infects almost all tumor
cells. Quantitative PCR analysis revealed that each tumor cell contains one copy of KSHV
in KS lesions. The oncogenesis by KSHV has remained unclear. Latency-associated nuclear
antigen (LANA)-1 plays an important role in the pathogenesis of KSHV-associated malignan-
cies through inhibition of apoptosis and maintenance of latency. Because all KSHV-infected
cells express LANA-1, LANA-1 immunohistochemistry is a useful tool for diagnosis of KSHV
infection. KSHV encodes some homologs of cellular proteins including cell-cycle regula-
tors, cytokines, and chemokines, such as cyclin D, G-protein-coupled protein, interleukin-6,
and macrophage inflammatory protein-1 and -2. These viral proteins mimic or disrupt host
cytokine signals, resulting in microenvironments amenable to tumor growth. Lytic infec-
tion is frequently seen in MCD tissues, suggesting a different pathogenesis from KS and
lymphoma.

Keywords: Kaposi’s sarcoma-associated herpesvirus, HHV-8, latency-associated nuclear antigen, LANA-1, primary

effusion lymphoma

INTRODUCTION

The 1994 discovery of Kaposi’s sarcoma-associated herpesvirus
(KSHV, human herpesvirus 8, HHV-8) in Kaposi’s sarcoma (KS)
tissues had a huge impact, not only in the field of virology, but
also on bioscience generally (Chang et al., 1994; Ganem, 2005).
Before the discovery of KSHYV, almost all viruses had been identi-
fied using conventional virus isolation methods with cell cultures.
DNA fragments of KSHV were identified in KS tissues by repre-
sentational difference analysis, which is a subtraction PCR-based
method to purify restriction-endonuclease-digested fragments
present in one population of DNA fragments but not in others
(Chang et al., 1994). Thus, KSHYV is the first virus whose frag-
ments were identified directly by the PCR method before any cell
culture methods. In 1996, KSHV-infected cell lines were estab-
lished, based on the fragments’ DNA sequences (Renne et al.,
1996b). Herpesvirus-like particles of this virus were found in lym-
phoma cells by electron microscopic analysis. Finally, KSHV’s full
DNA sequence was determined (Russo et al., 1996). Over the
15-years since the discovery of KSHYV, it has been established as
a tumor virus (Ganem, 2005). Some KSHV-encoded genes are
homologous to oncogenes or cell-cycle-associated genes (Russo
et al., 1996); some are transformational genes, able to transform
human cells (Gao et al., 1997; Bais et al., 1998; Lee et al., 1998;
Muralidhar et al., 1998). However, expression of KSHV-encoded
genes is severely restricted; only a few viral genes are expressed
in KSHV-infected cells. The KSHV-encoded latency-associated
nuclear antigen 1 (LANA-1) is the only protein whose expression is

stably detected by immunohistochemistry in KSHV-infected cells
(Dupin et al., 1999; Katano et al., 2000b). LANA-1 is a multifunc-
tional protein, but has no full transforming activity. In compari-
son, Epstein—Barr virus (EBV) encodes a full oncogenic protein,
latent membrane protein-1 (LMP1), which is expressed in a subset
of EBV-latently infected cells (Cohen, 2000). Thus, KSHV onco-
genesis is not simple. Many KSHV-encoded non-transforming
proteins apparently collaborate to establish and maintain onco-
genesis in KSHV-infected cells. In this review, the pathological
aspects of KSHV infection and KSHV-associated diseases are
summarized.

VIRUS AND ITS GENE EXPRESSION

Usually, viral particles are not observed in KS samples by electron
microscope because of the small number of KSHV copies. How-
ever, they can be seen in primary effusion lymphoma (PEL) cell
lines stimulated by 12-O-tetradecanoylphorbol-13-acetate (TPA).
A complete viral particle of KSHYV, consisting of a capsid and an
envelope (Renne et al., 1996b; Said et al., 1996, 1997; Orenstein
etal., 1997; Ohtsuki et al., 1999), is 150—200 nm in diameter, which
is similar to other human herpes viruses and indistinguishable
from other herpes viruses. The unenveloped capsid is produced in
the host nucleus and is 100 nm in diameter. It contains a central
DNA core, which appears to have a high electron density. The enve-
lope is derived from the inner nuclear membrane, as viral particles
bud into the cytoplasm from the nucleus. The tegument protein
fills the space between the nucleocapsid and envelope. This feature
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of viral particles is apparently quite similar among herpes viruses,
but related structures forming in infected cells seem to depend on
the type of virus.

The KSHV genome consists of linear, double-stranded DNA
of about 170kbp (Renne et al., 1996a; Russo et al., 1996). The
KSHYV genome consists of a long unique region (LUR) and a ter-
minal repeat (TR) at both termini, which resembles the herpes
virus saimiri structure (Russo et al., 1996). The TRs consist of
801-bp direct repeat units having 84.5% GC content. The number
of repeats in TRs may vary. The LUR is 140.5 kbp and has 53.5%
GC content. KSHV encodes more than 80 viral proteins on LUR.
KSHYV also encodes 17 microRNAs (miRNAs), which are derived
by processing from 12 pre-miRNAs (Cai et al., 2005). Kinetics of
KSHV-encoded genes were mainly investigated in KSHV-infected
PEL cell lines stimulated with phorbol ester such as TPA (Sun
et al., 1999). Like other herpesviruses, viral genes were catego-
rized into lytic and latent genes, and also into immediate-early
(IE), early (E), and late (L) genes based on their expressions.
The function of each KSHV-encoded gene was summarized in
the Table 1. Open reading frame 50 (ORF50) is an IE gene
that is a homolog of Rtg, a transcriptional activator encoded by
EBV (Lukac et al., 1999; Seaman et al., 1999; Sun et al., 1999;
Zhu et al., 1999). Transcription of ORF50 results in its expres-
sion within 4 h after stimulation by TPA. This expression could
not be blocked by phosphonoacetic acid (a herpesvirus-DNA
polymerase inhibitor) nor cycloheximide (a protein synthesis
inhibitor). Transfection of ORF50 to KSHV-infected cells resulted
in the activation of lytic gene expression (Lukac et al., 1999). Thus,
ORF50 protein is a lytic switch protein. Expression of ORF50 pro-
tein is required for expression of many KSHV-encoded lytic genes
such as K3, and K5 (homologs of the IE gene of BHV-4), viral
interleukin-6 (vIL-6), viral macrophage inflammatory proteins
(vMIPs), polyadenylated nuclear RNA (PAN), vBcl-2, K12, viral
G-protein-coupled receptor (vGPCR), viral dihydrofolate reduc-
tase (vDHFR), DNA replication factors, and thymidylate synthase
(Sarid et al., 1998). ORF50 protein also induces expression of
K8 (K-bZIP, a positional homolog of EBV BZLF1) protein, an
early protein. K8 protein plays a role as transactivation repressor
for ORF50 protein, leading to a negative autoregulation system
duringlyticinfection (Liao et al., 2003). Late genes, including tegu-
ment proteins, and virion-associated protein are then expressed
(Table 1).

Latent infection is predominant in KSHV infection. KSHV
codes a latency-associated gene cluster including ORF73 (LANA-1,
LNA, or LNA-1), v-cyclin (ORF72), viral FLICE-inhibitory pro-
tein (K13, v-FLIP), Kaposin (K12), and viral-encoded miRNAs.
LANA-1 is always detected as a dot-like staining pattern in KSHV-
infected cells by immunohistochemistry. KSHV-encoded 17 miR-
NAs, which are derived by processing from 12 pre-miRNAs, are
expressed during viral latency (Cai et al., 2005; Samols et al., 2005).

KSHV ONCOGENESIS

The first evidence of transformation activity by KSHV came from
a report describing that human umbilical vein endothelial cells
(HUVEC) were transformed and immortalized by KSHV infec-
tion in vitro (Flore et al., 1998). However, such KSHV-infected

Table 1 | Kaposi’s sarcoma-associated herpesvirus genes and their
functions.

Gene Phase Functions

LANA-1 Latent Always express in KSHV-infected cells
Maintain and replicate viral genome
during mitotic division by holding KSHV
episome at chromosome

Bind to p53 and inhibit p53-dependent
apoptosis

Bind to Rb and inhibit Rb-E2F pathway
Bind to GSK-3B, and induce accumulation
of B-catenin

LANA-2 Latent Expressed in only PEL cells, not in KS
cells

Homolog of IRF

Inhibit p53-dependent apoptosis
Kaposin Latent Kaposin A: transformation activity?
Kaposin B, C: associate with cytokine
expression as adaptor protein of MAP
kinase-associated protein kinase 2 (MK2)
v-cyclin Latent Homolog of cyclin D1

Inhibit P27Kip1, and induce cell-cycle to
S-phase

v-FLIP Anti-apoptosis

ORF50 (RTA)

Latent
Lytic (IE) Lytic switch protein
Transactivator for K8
K1 Lytic

K8 Lytic (early)
K3, K5 Lytic (IE/early)

Transformation activity
Transcriptional repressor for RTA
Down-regulation of MHC class |
expression

vIl-6 Lytic (early) Induce VEGF expression

Induce constitutional activation of Stat3
Disrupt anti-viral function by IFN-a
VIRF-1 Lytic (early) Disrupt IFN signal
Transformation activity?
vMIPs Lytic (early) Bind to chemokine receptors and induce
angiogenesis

vBcl-2

vGPCR

Lytic (early)
Lytic (early)

Inhibit apoptosis

Transformation activity

Bind to IL-8

Induce VEGF expression

Bind to TRAF family, and induction of
NF-kB activation

K15 Lytic

HUVEC did not express any KSHV gene, and the immortaliza-
tion by KSHV infection was not confirmed by any other groups
(Gao et al., 2003; Tang et al., 2003). KSHV efficiently infects
primary cultures of human endothelial cells in vitro (Sakurada
et al., 2001; Gao et al., 2003). KSHV-infected cells express LANA-
1 within several hours after infection. One week after infection,
a large portion of culture cells will be infected by KSHV and
expressing LANA-1. Interestingly, expression of any lytic proteins
encoded by KSHV is not observed at that time. Latent infec-
tion is dominant in KSHV-infected cells in vivo and in vitro.
Although some KSHV-encoded proteins such as K1 and vGPCR
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are shown to have a transformation activity on mammalian cells,
these transforming proteins are not usually expressed in KSHV-
infected cells (Bais et al., 1998; Lee et al., 1998; Montaner et al.,
2003). However, LANA-1, a major KSHV-encoded latency protein,
is always expressed in KSHV-infected cells both in vivo and in vitro
(Dupin et al., 1999; Katano et al., 1999b; Kellam et al., 1999).
Moreover, latency is maintained during the presence of KSHV in
the cells. Thus, LANA-1 clearly plays an important role in the
pathogenesis of KSHV infection, and has been shown to be a mul-
tifunctional protein. Probably the most important role of LANA-1
is to establish and maintain the latency in KSHV-infected cells by
tethering KSHV DNA to host chromosomes (Ballestas et al., 1999).
LANA-1 binds directly to TR sequences of the KSHV genome,
and recruits it to the host chromosome (Figure 1E). The DNA
of KSHYV is replicated during host cell divisions using host DNA
replicative machinery (Sakakibara et al., 2004). Thus, daughter
cells inherit KSHV genome without any virus particle. LANA-
1 is also associated with signal transduction in KSHV-infected
cells. LANA-1 binds directly to p53, a major tumor repressor
and anti-apoptotic factor (Friborg et al., 1999). Viral infection
usually induces p53 expression and p53-dependent apoptosis as
self-defense system. Direct interaction with p53 by LANA-1 results
in inhibition of p53-dependent apoptosis in KSHV-infected cells.
Moreover, LANA-1 stabilizes B-catenin by binding to the nega-
tive regulator GSK-38, promoting cell-cycle induction by nuclear
accumulation of GSK-3f8 (Fujimuro et al., 2003). Thus, LANA-
1 plays a central role in the pathogenesis of KSHV infection,
but LANA-1 itself does not have any full transformation activ-
ity. Many other factors besides LANA-1 are required to establish
KSHV oncogenesis.

Another important factor in KSHV oncogenesis is that KSHV
encodes many homologs of human genes. The viral genes of
human gene homologs cooperate to establish suitable growth con-
ditions for KSHV-infected cells. Among them, vIL-6 is the most
important factor for KSHV pathogenesis. vIL-6 induces angiogen-
esis by vascular endothelial cell growth factor (VEGF) expression
(Aoki et al., 1999), and stimulates the constitutive Jak-Stat path-
way through the Stat3 signal, resulting in cell growth (Aoki et al.,
2003). In addition, vIL-6 represses the anti-viral function of inter-
feron by binding to a subunit of human IL-6 receptor and sup-
pressing p21 expression (Chatterjee et al., 2002). KSHV-encoded
vMIP-1, vMIP-2, vBcl-2, VIRF-1, v-cyclin D, and v-FLIP mimic
their human homologs, and work sometimes as inhibitors and
sometimes as mimics, resulting in growth of KSHV-infected cells.
Because almost all these mimics are lytic proteins, their expres-
sion is not usually observed. However, some cytokines may induce
their expression independently to lytic and latent infection as nec-
essary. Thus, KSHV oncogenesis is established by cooperation of
many viral proteins such as LANA-1 and by the mimic, rather
than the primary functions of oncogenetic transformation genes
encoded by the virus.

Recently, miRNA has been shown to affect tumor biology. Sev-
eral KSHV miRNAs were shown to modulate host gene expression,
suggesting some roles for miRNA in the pathogenesis of KSHV-
induced malignancies. Thrombospondin 1, a potent inhibitor of
angiogenesis that is reportedly downregulated in KS lesions, is tar-
geted by multiple miRNAs (Samols et al., 2007). The target of

sl
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FIGURE 1 | Histological analysis on KSHV-associated diseases. (A)
Nodular stage of KS; HE staining. (B) LANA-1 immunohistochemistry of KS.
(C) Giemsa staining of PEL. (D) LANA-1 immunofluorescence staining in
mitosis of PEL cells. (E) LANA-1 immunostaining of mitosis of PEL cell line,
TY-1. Yellow signals indicate LANA-1. Red is counter staining of chromosome.
(F) HE staining of MCD. (G) LANA-1 immunohistochemistry of MCD.

miR-K5 is Bcl2-associated factor BCLAF1, which promote apop-
tosis (Lei etal.,2010). MiR-K1 targets IkBa, an inhibitor of NF-kB.
NF-kB inhibits the activation of lytic viral promoters. By activat-
ing NF-kB, miR-K1 suppresses viral lytic replication, maintaining
latent infection (Ziegelbauer et al., 2009). So far, miRNASs’ roles in
viral infection and replication remain unclear.

EPIDEMIOLOGY

Serological studies have revealed that KSHV-infected individu-
als are found all over the world. Serum antibody to KSHV is
detected with ELISA using lysate of KSHV viral particles or recom-
binant viral proteins as antigens, or immunofluorescence assay
using KSHV-infected cells. The seroprevalence of KSHV infection
differs among regions/countries. Among the general population,
KSHV seropositivity is less than 10% in northern Europe, Amer-
ica, and Asia, 10—30% in the Mediterranean region, and more than
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Table 2 | Kaposi’s sarcoma-associated herpesvirus genotypes.

Table 3 | Kaposi’s sarcoma-associated herpesvirus and diseases.

Genotype Patients, infected persons

A AIDS-KS patients in the US, Europe, Eurasia

B KS patients of African heritage

C Classic KS, iatrogenic, and AIDS—-KS in Eurasia, US AIDS-KS,
Taiwan, Korea, China, Middle East

D KS patients of Pacific island

E South American (partial), Brazil Amerindian, Guinea
Amerindian

50% in most of sub-Saharan Africa (Davis et al., 1997; Kedes et al.,
1997; Chatlynne et al., 1998; Mayama et al., 1998; Rabkin et al.,
1998; Katano et al., 2000a). The homosexual population exhibits
higher positivity (8-25%) than the general population (Grulich
et al., 2005; Casper et al., 2006; Engels et al., 2007). Although
the transmission modes of KSHV have not yet been clarified,
transmission though saliva is likely (Pauk et al., 2000), because
high KSHV copy numbers are detected in saliva of seroposi-
tives. Horizontal transmission through the saliva transmission
is suggested among children in endemic countries, while sex-
ual transmission may be predominant among homosexual men
in non-endemic countries. Organ transplantation can transmit
KSHV (Regamey et al., 1998). Transmission of KSHV through
blood transfusion is controversial. While KSHV seroconversion
was found in US transfusion recipients (Hladik et al., 2006),
later studies found no significant association of KSHV infection
between transfusion groups and non-transfusion groups (Cannon
et al., 2009).

Genotypes of KSHV are categorized based on sequences of the
hypervariable regions in its KI gene (Meng et al., 1999; Zong et al.,
1999; Biggar et al., 2000; Kazanji et al., 2005; Hayward and Zong,
2007; Kanno et al., 2010). The KSHV K1 genes are classified into at
five groups: A, B, C, D, and E (Table 2). Geographical differences
in KSHV genotypes may reflect the history of migration of human
populations (Zong et al., 1999). Subtypes A and C were detected in
Japan and subtype A was seen more frequently in AIDS-associated
cases than non-AIDS patients (Kanno et al., 2010). There is no cor-
relation between genotype and KSHV-related disease, including
KS, PEL, and multicentric Castleman’s disease (MCD).

KSHV-RELATED DISEASES

Fragments of the KSHV genome have been detected in DNA sam-
ples extracted from various diseases by PCR. However, the only dis-
eases whose associations with KSHV infection are widely accepted
among researchers in this field are KS, PEL, and MCD (Table 3).
KSHYV is distributed all over the world, and there are many individ-
uals with KSHV infections. Therefore, alow KSHV titer, as detected
by PCR, does not mean that a disease is associated with KSHV
infection. Because KSHV LANA-1 is always expressed in KSHV-
infected cells, LANA-1 immunohistochemistry is a powerful and
confirmative tool to detect KSHV-infected cells in pathological
samples, and the association with KSHV infection in diseases
should be examined by LANA-1 immunohistochemistry on tissue
samples.

Usually detected (Confirmed Kaposi's sarcoma (all subtypes),
association in all cases)

Partially detected (Confirmed

primary effusion lymphoma
Multicentric Castleman'’s disease
including POEMS (polyneuropathy,
organomegaly, endocrinopathy, M

association only in KSHV* cases)

protein, skin changes) syndrome,

febrile maculopapular skin rash,

hemophagocytic syndrome
Detected in reports, but no Multiple myeloma, primary pul-
association with KSHV infection monary hypertension, Bowen
disease, squamous cell carcinoma,

Paget disease, actinic keratosis etc.

PRIMARY KSHV INFECTION

A mass study of immunocompetent children in Egypt, where
KSHV infection is common, suggested that a febrile macu-
lopapular skin rash was associated with primary KSHV infection
(Andreoni et al., 2002). Seroconversion for KSHV was confirmed
in those patients and transmission through saliva was implied by
DNA sequences in saliva. A study of homosexual men without HIV
infection suggested that diarrhea, fatigue, localized skin rash, and
lymphadenopathy were also symptoms of primary KSHV infec-
tion (Wang et al., 2001). Moreover, active KSHV infection may be
associated with non-malignant illnesses such as fever, cutaneous
rash, and hepatitis after peripheral blood stem cell/bone marrow
transplantation (Luppi et al., 2000).

KAPOSI'S SARCOMA

Kaposi’s sarcoma is most important and common of KSHV-
associated diseases. Four clinical subtypes have been recog-
nized: classic, AIDS-associated, post-transplantational (iatrogenic
or immunodeficient), and African (endemic) subtypes (Antman
and Chang, 2000). These four subtypes of KS are histologically
indistinguishable. In the AIDS-KS subtype, KS occurs only in
homosexual men. KS occurs in the skin, oral cavity, gastrointestinal
tract, lung, liver, lymph node, etc. Skin lesions of KS are most com-
mon; they are clinically classified as patchy, plaque, and nodular
stages. In the patchy stage, small red flat lesions are observed on the
skin. Histologically, dilated, abnormally shaped blood vessels with
extravasated red blood cells and edema are found in KS lesions.
In the plaque stage, patchy lesions fuse together to form plaque
lesions. Proliferation of the spindle-shaped cells is seen around
vessels in the plaque stage. In the final nodular stage, brown nodu-
lar, and elevated lesions are observed. Histologically, proliferation
of spindle cells with slit-like vascular spaces is found (Figure 1A).
Multiple KS lesions in the extremities or face are often complicated
with lymphedema. Pulmonary lesions may lead to fatal respiratory
compromise.

Kaposi’s sarcoma should be diagnosed with histology and
immunohistochemistry. Immunohistochemical staining with
anti-LANA-1 antibody shows that the viral protein is expressed in
KS cells, irrespective of clinical type or disease stage (Dupin et al.,
1999; Katano et al., 1999b). Expression of LANA-1 can be seen in
nuclei of KS spindle cells with a speckled pattern (Figure 1B). The
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lymphatic marker, podoplanin (D2-40), is also expressed in KS
cells (Weninger et al., 1999). In addition to histological investiga-
tion, PCR analysis is useful for the KS diagnosis. Because each KS
cell contains about one copy of the KSHV genome, KSHV DNA
fragments are consistently detected by PCR, even in formalin-
fixed paraffin-embedded KS tissues (Asahi-Ozaki et al., 2006).
PCR sometimes, but not always, detects KSHV DNA in the sera
of KS patients. Serum antibody to KSHYV is usually positive in KS
patients.

Highly active anti-retroviral therapy (HAART) is effective on
KS. Incidence of KS in HIV-infected persons has dramatically
decreased in the HAART era. Regression of KS is often observed
in patients administrated with HAART. In patients with low CD4
counts, KS progresses earlier than in patients with high CD4
counts. These data suggest that KS progression depends on the
host’s immune status (Bower et al., 2009). Recently, patients with
KS were administrated with HAART. Patients with aggressive KS
received a combination therapy of HAART and chemotherapy of
pegylated liposomal doxorubicin (Martin-Carbonero et al., 2008).
Irradiation or surgical resection is also performed for the case
of small skin lesion in addition to HAART. There is no effective
anti-KSHV therapy for KS. Although vaccine is the most effec-
tive method to prevent viral diseases, no vaccine against KSHV is
commercially available at present.

The pathological roles of KSHV in KS have been intensely
investigated for a long time. The origin of KS cells is thought
to be endothelial cells. However, cellular protein expression in
KS cells is very different from those of endothelial cells. Infec-
tion by KSHV induces a dynamic alteration of gene expression
in endothelial cells (Hong et al., 2004; Wang et al., 2004). Analy-
sis via DNA array revealed that endothelial cells reduce expres-
sion of blood vascular genes and induce markers of lymphatic
endothelial cells after KSHV infection in vitro. Thus, KSHV can
affect the expression level of cellular proteins in endothelial cells.
LANA-1 is expressed in the nucleus by almost all KS spindle
shaped cells (Figure 1B), whereas the expression of lytic pro-
teins is limited in KS lesions. Therefore, it is likely that latent
infection by KSHV is important for the pathogenesis of KS.
As described above, LANA-1 plays a central role in the estab-
lishment and maintenance of latency. In addition to LANA-1,
cytokines are important for KS pathogenesis. Some cytokines have
been detected in the sera of KS patients at high levels. It has
been demonstrated that bFGEF IL-6, oncostatin M (OSM), and
tumor necrosis factor (TNF)-alpha are required for growth of
KS cells in vitro (Liu et al., 1997; Faris et al., 1998; Murakami-
Mori et al.,, 1998). IL-6 is known to be an important growth
factor of KS cells especially in vitro. KSHV-encoded vIL-6 inter-
acts with the receptor of human IL-6, mimics its function par-
tially, and contributes to immune escape mechanism by KS cells
as described above. KSHV-infected cells have several immune
escape mechanisms besides that of vIL-6. K5, a lytic protein of
KSHYV, down-regulates MHC class I and co-activation molecules,
enabling productively infected cells to escape both cytotoxic T
cell and NK cell responses (Ishido et al., 2000). In addition,
latently infected cells are also resistant to cytotoxic T cell responses
owing to reduced levels of MHC class I molecules, impaired
antigen processing, and expression of the anti-apoptotic KSHV

ORF-K13/viral FLICE-inhibitory protein (v-FLIP; Thome et al.,
1997).

PRIMARY EFFUSION LYMPHOMA

Primary effusion lymphoma is a rare disease occurring mainly in
immunosuppressed patients, in particular HIV-infected homosex-
ual males (Cesarman et al., 1995; Nador et al., 1996). PEL appears
as lymphomatous effusions occurring in the pleural, abdominal,
or pericardial effusion in the absence of a contiguous tumor mass.
Some patients with PEL secondarily develop solid tumors in adja-
cent structures such as the pleura; these solid tumors have been
termed extracavity PEL (Chadburn et al., 2004). About half of PEL
patients have KS. These tumors always carry KSHV and are com-
monly co-infected by EBV. Histologically, the tumor cells exhibit
various appearances, from large immunoblastic or plasmablas-
tic cells to cells with more anaplastic morphology (Figure 1C).
Nuclei vary from large and round to more irregular in shape, with
prominent nucleoli. The cytoplasm can be abundant and is deeply
basophilic with vacuoles in occasional cells. Binucleated or multin-
ucleated cells resembling Reed—Sternberg cells can be seen. Mitotic
figures are typically numerous. PEL cells are derived from post-
germinal center B-cells (Jenner et al., 2003). Their immunopheno-
typesare undetermined,i.e., CD45 (+),CD138 (+), B-cell markers
(=), T cell markers (—); however, their immunoglobulin genes
are clonally rearranged and hypermutated. PEL cells contain high
copy numbers (about 50 copies/cells) of KSHV DNA (Cesarman
et al., 1995; Asahi-Ozaki et al., 2006). PEL cells are sometimes
co-infected with EBV, while others are infected only with KSHV.
However, expressions of LMPs and EBNAs are suppressed in PEL
cells. Several KSHV-infected cell lines have been established from
PEL cells (Carbone et al., 2010). A KSHVT/EBV~ cell line, TY-1,
was even established from EBV' and KSHV™* PEL cases, sug-
gesting that KSHV plays an essential role in the pathogenesis of
PEL (Katano et al., 1999a). Infection by KSHV is predominantly
latent in PEL cells, which has made PEL cell lines the most widely
studied models for KSHV latency. PEL cells express latent genes
coded in the latent cluster in KSHV genome (Figure 1D). How-
ever, it is not easy to detect latent viral protein expressions other
than LANA-1. The expression pattern of KSHV-encoded proteins
is almost the same as KS, except that PEL cell express LANA-2
protein (Rivas et al., 2001). Most PEL lines display a very small
subpopulation of cells that stain for markers of lytic reactivation
such as ORF50, ORF59, and K8.1 (Katano et al., 2000b). Although
KSHV-encoded vIL-6 is thought as a lytic protein, vIL-6 is detected
more frequently in PEL cells than other lytic proteins. It has been
demonstrated that vIL-6 is a multifunctional protein; vIL-6 can
bind to IL-6 receptor gp130 in the absence of another subunit of
IL-6 receptor, gp80, suggesting vIL-6 can induce cytokine signals
in a broader range of cell types (Chatterjee et al., 2002). The signal
from gp130 often secretes human IL-6 itself, raising the possibility
of an autocrine loop. vIL-6 also induces VEGF expression, result-
ing in an indirect proliferation effect on PEL cells (Aoki et al.,
1999).

MULTICENTRIC CASTLEMAN'S DISEASE
Multicentric Castleman’s disease is characterized by plasmacytic
lymphoadenopathy with polyclonal hyperimmunoglobulinemia
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and high levels of IL-6 in the serum. Histologically, follicular
hyperplasia with proliferation of plasma cells and hyaline vascular
alterations are observed in the lymph nodes (Figure 1F). Two dis-
tinct histopathologic subtypes have been reported; the hyaline vas-
cular type (HV type) and the plasma cell type (PC-type). The HV
type is characterized by enlarged lymphoid follicles, hyalinized ger-
minal centers within an expanded mantle zone, and a highly vascu-
larized interfollicular area. In contrast, in the PC-type, remarkable
infiltration of plasma cells is observed in the interfollicular area.
Among these mantle zone cells, there are variable numbers of the
larger cells, which are approximately twice the size of mantle zone
lymphocytes. These cells are characterized by a moderate amount
of amphophilic cytoplasm and a large vesicular nucleus containing
one or sometimes two prominent nucleoli. These cells have been
called plasmablasts, although they frequently have immunoblas-
tic features (Dupin et al., 2000). The plasmablasts are also found
in the interfollicular area of PC-type MCD frequently. In some,
but not all cases of MCD, KSHYV is detected (Soulier et al., 1995).
Using PCR, KSHV is frequently detected in tissues obtained from
patients with MCD associated with HIV infection, but is very rare
in MCD cases without HIV infection (Suda et al., 2001). KSHV
was also detected with high frequency in MCD complicated with
polyneuropathy, organomegaly, endocrinopathy, M protein, and
skin changes (POEMS) syndrome (Belec et al., 1999). Immuno-
histochemistry for LANA-1 revealed that KSHV-infected cells are
localized in the mantle zone of lymphoid follicles (Figure 1G).
Besides LANA-1, other KSHV-encoded lytic proteins such as vIL-
6, K8, and K8.1 are also detected in these cells, suggesting KSHV*
MCD is associated with KSHV-lytic infection (Dupin et al., 1999;
Katano et al., 2000b). The KSHV-encoded vIL-6 plays a role in the
proliferation of plasma cells, and is also detected in patients’ sera
at high levels, suggesting high levels of vIL-6 are associated with
MCD pathogenesis (Parravicini et al., 1997). High levels of KSHV
DNA are also detected in the serum, which can be a marker of
progressive MCD.

LARGE B-CELL LYMPHOMA ARISING IN KSHV-ASSOCIATED MCD

Large B-cell lymphoma arising in KSHV-associated MCD is char-
acterized by a monoclonal proliferation of KSHV-infected lym-
phoid cells resembling plasmablasts expressing IgM, arising in the

setting of MCD (Dupin et al., 2000; Oksenhendler et al., 2002).
The small confluent sheets of LANA-1" plasmablasts are seen in
the interfollicular zone of KSHV-associated MCD. This type of
lymphoma occurs in the lymph node or spleen with generalized
lymphadenitis and/or massive splenomegaly. Plasmablasts show
stippled nuclear staining for LANA-1 and cytoplasmic staining for
vIL-6, and strongly express cIgM with \ light-chain restriction.

CONCLUSION

Since the discovery of KSHYV, 16 years have passed. During the
period, some useful diagnostic tools have been developed for
pathological examination. Anti-LANA-1 antibody is the most
powerful tool for diagnosis of pathological samples of KSHV infec-
tion. LANA-1 expression is specific to KSHV infection, because
all KSHV-infected cells express LANA-1. Real-time PCR is also a
powerful tool for diagnosis. Thus, it is not difficult to diagnose
KSHYV infection in pathological samples. On the other hand, the
pathogenesis, and especially the oncogenesis, of KSHV remain
unknown. Although many KSHV-encoded proteins have been
characterized and their in vitro functions revealed, it is still not
clear if KSHV can fully transform or immortalize endothelial
cells. It has been shown that LANA-1 plays a central role in KSHV
pathogenesis. However, LANA-1 is not enough for KSHV oncoge-
nesis. KSHV-encoded non-transforming proteins may collaborate
to establish and maintain appropriate environment for KSHV-
infected cells. Further studies should reveal the mechanism of the
collaboration by KSHV-encoded proteins.
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Herpesvirus infection of target cells is a complex process involving multiple host cell sur
face molecules (receptors) and multiple viral envelope glycoproteins. Kaposi's sarcoma
associated herpesvirus (KSHV or HHV-8) infects a variety of in vivo target cells such as
endothelial cells, B cells, monocytes, epithelial cells, and keratinocytes. KSHV also infects
a diversity of in vitro target cells and establishes in vitro latency in many of these cell
types. KSHV interactions with the host cell surface molecules and its mode of entry in the
various target cells are critical for the understanding of KSHV pathogenesis. KSHV is the
first herpesvirus shown to interact with adherent target cell integrins and this interaction
initiates the host cell pre-existing signal pathways that are utilized for successful infection.
This chapter discusses the various aspects of the early stage of KSHV infection of target
cells, receptors used and issues that need to be clarified, and future directions. The various
signaling events triggered by KSHV infection and the potential role of signaling events in
the different stages of infection are summarized providing the framework and starting point

e-mail: mohanan.veettil@
rosalindfranklin.edu

for further detailed studies essential to fully comprehend the pathogenesis of KSHV.

Keywords: KSHYV, entry, tropism, integrins, signaling, endocytosis, receptors

INTRODUCTION

Viruses are obligatory parasites that critically rely on their ability to
transmit their genome from infected to uninfected host organisms.
Being an inert particle, viruses have successfully evolved to exploit
the behavior and physiology of their host. Viral infection induces
the activation of various endogenous responses that enable it to
permeate through cell membranes and other barriers to reach the
cytoplasm or nucleus.

Herpesviruses have a large double stranded DNA genome
enclosed in the viral protein shell (capsid) surrounded by a
tegument layer which is enclosed in a lipid envelope with at
least eight distinct viral envelope glycoproteins. A characteris-
tic property of these viruses is that after primary infection they
establish lifelong latent infection in the infected host with peri-
odic reactivation and re-infection. KSHV or human herpesvirus-8
(HHV-8) is a member of the y2-lymphotropic-oncogenic her-
pesviruses. KSHV is etiologically associated with Kaposi’s sar-
coma (KS) and with at least two lymphoproliferative malignan-
cies, primary effusion lymphoma (PEL) and multicentric Castle-
man’s disease (MCD). It is the newest member of the human
herpesvirus family and is closely related to y-1 Epstein—Barr
virus (EBV), y-2 herpesvirus saimiri (HVS) and Rhesus mon-
key rhadinovirus (RRV; Ganem, 2007a,b). KSHV has a double
stranded DNA genome of about ~160-kb encoding more than
90 ORFs designated 4-75 by their homology to HVS ORFs.
The genome contains gene blocks conserved with other her-
pesviruses as well as divergent regions encoding more than 20
KSHV unique genes (K genes). KSHV encodes several pro-
teins that are homologs of host proteins with immunomodula-
tory, anti-apoptotic, signal induction, transcriptional regulation,

and other functions (Cesarman et al., 1996; Neipel et al,
1997).

The first step of any viral infection is governed by binding
and entry into target cells. Therefore, to control KSHV infec-
tion, a detailed understanding of how KSHV infects its target
cells utilizing the varied set of cellular receptors, envelope gly-
coproteins, signaling, and modes of entry is essential. Recent
advances indicate that KSHV interacts with multiple host cell sur-
face receptors of adherent target cells and these interactions induce
a network of rapid intracellular signaling pathways, which facili-
tate the various steps of successful infection. Here, we review the
important steps involved in KSHV entry into target cells utilizing
viral envelope—cellular receptor interactions, and signal cascades
inducing dynamic cell membrane changes leading to a productive
latent infection.

KSHV TROPISM

To better understand the underlying multistep complex entry
mechanism(s) initiated by KSHYV, one must appreciate the broad
variety of cell types infected both in vivo and in vitro.

In vivo KSHV has a broad tropism as suggested by the detec-
tion of its genome and transcripts in a variety of in vivo cell types
such as CD19+ peripheral blood B cells, endothelial cells, mono-
cytes, keratinocytes, and epithelial cells (Ganem, 2007b). Latent
KSHV DNA is present in vascular endothelial and spindle cells of
KS lesions, associated with expression of latency-associated ORF73
(LANA-1), ORF 72 (v-cyclin D), K13 (v-FLIP), and K12 (Kaposin)
genes and microRNAs (Boshoff et al., 1995; Dupin et al., 1999;
Ganem, 2007b). Lytic infection is also detected in <1% of infil-
trating inflammatory monocytic cells of KS lesions (Dourmishev
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et al.,, 2003; Ganem, 2007b). Available evidences suggest that B
cells and monocytes are the major reservoir of in vivo latent infec-
tion. Cell lines with B cell characteristics, such as BC-1, BC-3,
BCBL-1, HBL-6, and JSC have been established from PEL tumors
(Dourmishev et al., 2003; Ganem, 2007b). In PEL cells, in addi-
tion to the above set of latent genes, K10.5 (LANA-2) gene is also
expressed (Parravicini et al., 2000; Ganem, 2007b). About 1-3%
of PEL cells spontaneously enter lytic cycle and virus induced
from these cells by chemicals serve as the source of virus. Mul-
tiple genome copies of both KSHV and EBV exist in latent form
in BC-1, HBL-6, and JSC cells while BCBL-1 and BC-3 cells carry
only the KSHV genome (Ganem, 2007b). An endothelial cell line
carrying KSHV has not been established from KS lesions since KS
cells grow poorly in cell culture and viral DNA is lost within a few
passages (Ganem, 2007b).

Kaposi’s sarcoma associated herpesvirus has been shown
in vitro to infect several types of human cells such as B, endothelial,
epithelial, fibroblast cells, CD34+ stem cell precursors of dendritic
cells (DCs), and monocytes (Ganem, 2007b). KSHV also infects
owl monkey kidney cells, baby hamster kidney (BHK-21) cells,
Chinese hamster ovary (CHO) cells, and mouse fibroblasts cells
(Parravicini et al., 2000; Akula et al., 2001a,b, 2002; Birkmann et al.,
2001; Bechtel et al., 2003; Inoue et al., 2003; Garrigues et al., 2008;
Jarousse et al., 2008).

Infection of primary B cells by KSHV does not result in
immortalization and a lytic KSHV replication is seen in acti-
vated B cells. Another characteristic feature of in vitro infection
of human microvascular dermal endothelial cells (HMVEC-d),
human umbilical vein endothelial cells (HUVEC), human fore-
skin fibroblasts (HFF), human endothelial cells immortalized
by telomerase (TIME), and human endothelial cells (HEK-293),
monkey kidney cells (VERO, CV-1), and mouse fibroblasts (Bech-
tel et al., 2003) by KSHV is the expression of latency-associated
genes and the absence of productive lytic replication and thus
providing a reasonable model for studying in vitro latency. How-
ever, latent infection of KSHV in vitro is not persistent and leads
to the loss of viral genome over time (Grundhoff and Ganem,
2004).

Analysis of in vitro KSHV interaction with adherent target
cells and quantitation of infection has been hampered by the
absence of a lytic replication cycle and hence a plaque assay.

Since in vitro KSHV infection results in the expression of latency-
associated genes, various methods have been devised to assess
the different phase(s) of KSHV infection (Parravicini et al., 2000;
Table 1).

KSHV BINDING AND ENTRY INTO TARGET CELLS

Kaposi’s sarcoma associated herpesvirus uses multiple envelope
glycoproteins to complete the binding and entry processes. KSHV
binding to the target cells and identity of the receptors involved in
binding and entry were elucidated by using labeled virus binding
to the target cells at 4°C as well as other methods (Table 1). These
studies have demonstrated that KSHV binds and enters a variety
of target cells which include human (293, HFF, HeLa, HMVEC-
d, HUVEC, TIME, BCBL-1, BJAB, Raji), monkey (Vero, CV-1),
hamster (BHK-21, CHO), and mouse (Dul7) cells. This is demon-
strated by the detection of viral DNA, limited viral gene expression,
and GFP expression (Table 1). Real-time DNA PCR of internalized
KSHV DNA demonstrates a rapid internalization of viral DNA in
the infected endothelial and HFF cells (Krishnan et al., 2004).

KSHV ENVELOPE GLYCOPROTEINS-MEDIATORS OF BINDING
AND ENTRY

Kaposi’s sarcoma associated herpesvirus envelope glycoproteins
play critical roles in mediating virus attachment, entry, assembly,
and egress of virus. Like other herpesviruses, KSHV encodes five
conserved glycoproteins gB (ORF 8), gH (ORF 22), gL (ORF 47),
gM (ORF 39), and gN (ORF 53; Cesarman et al., 1996; Neipel
et al., 1997; Ganem, 2007a). In addition to these glycoproteins,
KSHYV also encodes the unique lytic cycle associated glycoproteins
ORF 4, gpK8.1A, gpK8.1B, K1, K14, and K15 (Cesarman et al.,
1996; Neipel et al., 1997; Ganem, 2007a). Among these, ORF 4, gB,
gH/gL, gM/gN, and gpK8.1A are associated with KSHV envelopes
(Baghian et al., 2000; Parravicini et al., 2000; Akula et al., 2001a,b;
Birkmann et al., 2001; Wang et al., 2001; Naranatt et al., 2002;
Koyano et al., 2003).

Kaposi’s sarcoma associated herpesvirus gB is a major enve-
lope glycoprotein. It is synthesized as a 110-kDa precursor protein
which undergoes cleavage and processing to yield envelope asso-
ciated disulfide linked 75 and 54-kDa polypeptides with high
mannose and complex sugars (Baghian et al., 2000; Akula et al,,
2001a; Wang et al., 2003). KSHV-gB mediates viral binding and

Table 1 | Methods employed to study the various stages of in vitro KSHV infection.

Stage of infection Detection methods

1. Binding

[H3] Thymidine labeled virus and FITC labeled (FACS) binding assay; viral DNA (ORF73 gene) DNA

guantitation by real-time DNA PCR; electron and confocal microscopy.

2. Signal induction

Quantitation of signal molecules induction by Western blots and ELISA; use of chemical inhibitors or

dominant-negative signal molecules.

3. Viral DNA internalization (entry)

Real-time DNA PCR for KSHV ORF73 gene after removal of unbound/partially bound virus by

trypsin—-EDTA; electron and confocal microscopy.

4. Cytoplasmic trafficking of KSHV
ligand uptake assays.

5. Nuclear delivery of KSHV DNA

6. Viral gene expression, host gene manipulation

Confocal microscopy by colocalizing virus with microtubules and endosomal vesicles; physiological

Real-time DNA PCR for ORF73 gene in the isolated nuclei of infected cells.
Real-time RNA PCR for KSHV and host gene expression; confocal microscopy and FACS for KSHV

ORF73 gene and GFP expression.
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entry by interacting with cell surface heparan sulfate and inte-
grins a3B1, aVP3, and aVP5 (Akula et al., 2001a,b, 2002; Veettil
et al., 2008). KSHV-gB interaction with target cells modulates
the host cell signaling pathways by inducing integrin associated
focal adhesion kinases (FAK), Src, PI3-K, and Rho-GTPase activ-
ities (Sharma-Walia et al., 2004). Studies have demonstrated that
besides playing a role in KSHV binding and entry of target cells, gB
is critical for virus maturation and egress (Krishnan et al., 2005).

Distinct from other herpesviruses, the KSHV gpK8.1 gene
encodes two alternatively spliced messages yielding glycoprotein
gpK8.1A and gpK8.1B. Both gpK8.1A and gpK8.1B contain N- and
O-linked sugars, and gpK8.1A is the predominant form detected
within infected cells and in the virion envelopes (Neipel et al., 1997;
Zhu et al., 1999a,b). Like gB, gpK8.1A also possesses the heparan
sulfate binding motif and interacts with cell surface heparan sul-
fate molecules (Wanget al., 2001). Similar to herpes simplex type 1
(HSV-1) gB glycoprotein, recent studies have reported that KSHV
gB and gpK8.1A are enriched in membrane microdomains, lipid
rafts (LRs), during early infection in endothelial cells (Bender et al.,
2003; Chakraborty et al., 2011).

Like in other o, B, and y-herpesviruses, KSHV gH and gL form
a non-covalently linked complex consisting of 120-kDa gH and
42-kDa gL proteins. KSHV gL is required for processing and intra-
cellular transport of gH and this complex is critical for KSHV
entry (Naranatt et al., 2002). Recent studies show that KSHV gH,
as well as complement binding KSHV ORF4, also interacts with
cell surface heparan sulfate (Mark et al., 2006; Hahn et al., 2009).
Studies have demonstrated that anti-gH and anti-gL antibodies
inhibit KSHV entry without affecting binding to the target cells
(Naranatt et al., 2002).

Kaposi’s sarcoma associated herpesvirus gM and gN also form
a glycosylated heterodimeric complex and are involved in virus
penetration and egress. gN has been shown to be essential for
proper post translational modification and transport of gM to the
cell surface (Koyano et al., 2003). KSHV gM and gN forms a het-
erodimeric complex and were shown to inhibit cell fusion in an
in vitro cell fusion assay (Koyano et al., 2003).

CELLULAR RECEPTORS RECOGNIZED BY KSHV

Most cell surface molecules that herpesviruses bind fall into two
main categories depending on the functional consequences of the
interaction. The major groups include the attachment or binding
factors and entry receptors. Attachment factors promote binding
and concentration of viruses on target cells but may not be very
specific. Often, these involve charge interactions involving heparan
sulfate or other carbohydrate moiety bearing molecules.

The other group comprises entry receptors, including a broad
variety of cell surface molecules capable of either viral fusion to cell
membranes or initiating signaling to promote endocytosis. Entry
receptors are highly specific and vary by cell types. Often, these
molecules are internalized along with the virus, hence are actively
utilized by viruses.

HEPARAN SULFATE AS KSHV ATTACHMENT FACTOR IN
TARGET CELLS

Like many herpesviruses, KSHV utilizes ubiquitous heparan sul-
fate (HS) molecule for binding to most of its target cells. HS

bears carbohydrate residues that facilitate concentration of virus
particles on target cells owing to charge interactions. KSHV infec-
tion can be inhibited by soluble heparin but not by chondroitin
sulfates A and C (Akula et al., 2001a). Pre-treatment of KSHV
with soluble heparin prevents virus binding and subsequent sig-
nal induction. This is a specificity control for KSHV-induced
phenomena. Several B cell lines and primary B cells lack the
Extl enzyme, which promotes glycosylation in HS biosynthe-
sis. Due to this, B cells have low HS expression, and thereby
refractory to KSHV infection. However, expression of HS in
BJAB (EBV negative cell line) results in greater susceptibility
to KSHV infection (Jarousse et al., 2008). These studies sug-
gest that KSHV infection of BJAB cells depends on the level of
expression of HS; BJAB cells expressing HS were readily infected
while cells lacking HS were not infected (Kabir-Salmani et al.,
2008).

Kaposi’s sarcoma associated herpesvirus envelope glycopro-
teins gB, gpK8.1A, ORF4, and gH bind to cell surface HS molecules,
thereby emphasizing the importance of cell surface HS for KSHV
attachment to target cells (Birkmann et al., 2001; Akula et al.,
2002; Wang et al., 2003; Hahn et al., 2009). Incubation of KSHV
with soluble heparin and enzymatic removal of cell surface HS
by heparinase I and III inhibits KSHV infectivity. Binding of the
soluble forms of gB and gpK8.1A to target cells is saturable and
can be blocked by soluble heparin (Birkmann et al., 2001; Wang
et al., 2001, 2003).

Many proteins possess more than one of the two heparin bind-
ing domains (HBD), containing the XBBXBX and XBBBXXBX
sequences, where B is a positively charged basic amino acid (lysine,
arginine, or histidine) flanked by an additional positively charged
residue separated by hydrophobic amino acids “X.” The extracel-
lular domain of KSHV gB possesses 108HIFKVRRYRK117, which
is a BXXBXBBXBB type HBD, and is conserved throughout the y2
herpesviruses. KSHV gpK8.1A also possesses two possible atypi-
cal heparin-binding motifs, '>°SRTTRIRV'>7 (XBXXBXBX) and
IB2TRGRDAHY'® (XBXBXXBX) whereas KSHV gH lacks the
typical HBD.

Several lines of evidence indicate that KSHV-gB and gpK8.1A
bind to cell surface HS molecules (Akula et al., 2001b; Birkmann
et al., 2001; Wang et al., 2003). Binding of soluble forms of the
proteins made in baculovirus is saturable and can be blocked
by soluble heparin (Wang et al., 2001, 2003). Full length gB and
gpK8.1A in the virion envelope specifically bind heparin—agarose,
and can be eluted by high concentrations of soluble heparin, but
not by chondroitin sulfates (Wang et al., 2001; Akula et al., 2002).
KSHV-gpK8.1A binds to heparin with an affinity comparable to
that of glycoproteins B and C of herpes simplex virus and gpK8.1A
binds more strongly than gB (Wang et al., 2003).

DC-SIGN AS KSHV ENTRY RECEPTORS

Dendritic cell specific intercellular adhesion molecule-3 (ICAM-
3) grabbing non-integrin (DC-SIGN; CD209) is a C-type lectin
present on the dermal DC surface. It has been shown to be used
by many viruses as a receptor including human immunodeficiency
virus (HIV) and more recently by Bunyaviruses (Geijtenbeek et al.,
2003; Lozach et al., 2011). Similarly, KSHV also appears to utilize
DC-SIGN during infection of human myeloid DCs, macrophages,
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and activated B cells (Rappocciolo et al., 2006, 2008). DC-SIGN
blocking monoclonal antibodies and mannan efficiently inhib-
ited KSHV binding and infection. However, the pre-treatment
of cells with anti-DC-SIGN antibodies did not completely block
KSHYV binding and infection possibly due to binding to HS and/or
other receptors. KSHV envelope glycoprotein(s) interacting with
DC-SIGN is not known yet and KSHV gB with its high man-
nose sugar is a potential candidate. Recent studies have shown
that activated B cells are infected more efficiently due to increased
expression of DC-SIGN. However, whether HS and other KSHV
receptors are also expressed at higher levels possibly contributing
to the increased infectivity in activated B cells need to be studied
further.

Recent studies have also elucidated that KSHV effectively binds
and enters THP-1, a human acute monocytic leukemic cell line,
using heparan sulfate and integrins (Kerur et al., 2010). Block-
ing DC-SIGN in these cells did not affect KSHV binding; however
KSHV entry was reduced, suggesting that KSHV utilized DC-SIGN
as part of the entry receptor(s) in addition to the previously identi-
fied integrins (a3B1, aVP3, and aVP5) in THP-1 cells (Kerur et al.,
2010).

KSHV IS THE FIRST HERPESVIRUS SHOWN TO UTILIZE
INTEGRINS AS ENTRY RECEPTORS IN ADHERENT CELLS
Several viruses utilize multiple integrins for target cell infection
and engaging integrin receptors leading to induction of potent
signaling responses critical for virus infectivity. KSHV-gB pos-
sesses an integrin-binding RGD (Arg-Gly-Asp) motif at amino
acids 27-29. The RGD motif is the minimal peptide sequence of
many integrin ligands known to interact with subsets of cellu-
lar integrins. Several studies have demonstrated that a3p1, aVp3,
and aVPB5 integrins play roles in KSHV infection. Using RGD
peptides, antibodies against RGD-gB (RGDTFQTSSSPTPPGSSS),
and the extracellular matrix (ECM) protein fibronectin studies
have shown the role of integrins in KSHV infection of HMVEC-d
and HFF cells (Akula et al., 2002). In HMVEC-d and HFF cells,
KSHYV interacts with integrin a3f1 as demonstrated by a 30-50%
reduction in infection by pre-treating cells with function block-
ing anti-a3 and B1 antibodies and by mixing virus with soluble
a3p1 integrin before infection, as well as the immunoprecipita-
tion of virus-a3 and B1 complexes by anti-KSHV-gB antibodies
(Akula et al., 2002). Though expression of a3 integrin in CHO
cells increases infectivity, the levels of infection do not reach that
observed in the HMVEC-d and HFF cells strongly suggesting that
KSHV uses multiple receptors (Akula et al., 2002; Naranatt et al.,
2003; Krishnan et al., 2004).

Virus binding and DNA internalization studies suggest that
integrins aVB3 and aVP5 also play roles in KSHV entry (Veet-
til et al., 2008). Variable levels of inhibition of virus entry into
adherent HMVEC-d, 293 and Vero cells, and HFF was observed by
pre-incubating virus with soluble aVB3, aVB5, and a3B1 integrins,
and cumulative inhibition was observed with a combination of
integrins. Confocal microscopy studies confirmed the association
of KSHV with a3p1 integrins (Veettil et al., 2008; Chakraborty
et al., 2011). A study also revealed the roles of integrins (31,
aVP3, and aVP5) in the entry of KSHV in THP-1 and primary
monocyte cells (Kerur et al., 2010).

DISCREPANCIES REGARDING THE ROLE OF INTEGRINS IN
KSHV BIOLOGY

Two studies did not detect a role for a3f1 in KSHV infection. How-
ever, methodological differences could explain the discrepancies.
For example, Inoue et al. (2003) reported the inability of solu-
ble a3p1 integrin and RGD peptides to block KSHV infectivity
in the 293-T cell line. However, the validity of this observation is
questionable since in this study, cells were pre-treated with RGD
peptide and infected with KSHV by using centrifugation and poly-
brene. Both centrifugation and polybrene are known to enhance
virus infection without the need for the virus to interact with spe-
cific receptors. It is well known that polybrene forming a complex
with viral envelope is used for gene delivery into various target cells
bypassing the need of specific receptors. Moreover, Inoue et al.
(2003) studies also pre-incubated the cells with integrins, washed,
and infected with KSHV. This is not a correct design of experiment
since to demonstrate the role of integrin in any viral infection cells
need to be incubated first with anti-integrins antibodies, but not
soluble integrins, prior to viral infections. Similarly, virus needs to
be pre-incubated with soluble integrins before addition to cells to
demonstrate the role of respective integrin in viral infection.

Another study utilized a 15-mer-AHSRGDTFQTSSGCG pep-
tide of KSHV-gB and demonstrated that this peptide mediated the
human fibrosarcoma HT1080 cell adhesion which was blocked by
aVB3 and aVP5 antibodies while peptide bound beads detected
only aVB3 integrin (Garrigues et al., 2008). The GCG amino acids
in the peptide used in this study are not present in the KSHV-gB
sequence and may potentially give rise to dimers and multimers
due to the cystine residue (Garrigues et al., 2008). Though HT1080
cell infection was inhibited by anti-aV@3 antibodies, the ability of
anti-a3p1 and aVP5 antibodies to block infection was not exam-
ined (Garrigues et al., 2008). Moreover, co-immunoprecipitation
and colocalization studies to demonstrate the direct association of
KSHV with integrins were not done in these studies. Hence, to dis-
proof that KSHV infection depends upon a3p1, studies should be
carried out with the same target cells that have been used to show
the role of a3B1 integrin in KSHV target cell infection. Moreover,
the differential ability of integrins to block infection remains ques-
tionable in HT'1080 cells since another study could not infect these
cells (Veettil et al., 2008). Mouse keratinocytes lacking a3p1 were
infectable with KSHV and expression of human a3 resulted in only
55% of infection in these cells. Even though the level of aVB3 in
these cells and the ability of anti-aVP3 to block KSHV infection
were not tested, it was concluded that a3p1 expression must have
a dominant-negative effect on aVB3 integrin. Later studies clearly
demonstrating the association of KSHV with a3p1 integrin and
LR-KSHV and a3f1 integrins (Veettil et al., 2008; Chakraborty
etal., 2011), it is clear the conclusions from the above two studies
is not correct and should not be considered further.

The discrepancies in the usage of different integrins were
expected since it is common for different cells to express dif-
ferent combinations of integrins and a specific integrin could
be one of the receptors in some but not in all target cells of
KSHV. Since herpesvirus—cell receptor interactions are temporar-
ily coordinated events mediated by interactions of viral glycopro-
teins with one receptor leading to conformational changes in the
viral glycoproteins allowing interaction with the next receptor(s),
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detection of a3 and 1 in HFF or HMVEC-d cells incubated with
virus or purified gB (Akula et al., 2002) could be representing the
event occurring during virus—host cell interactions under physio-
logical conditions. Further studies are required to determine the
role of additional receptor(s) in different target cells of KSHV.

Later studies demonstrated that aVB3 and aVB5 integrins also
play roles in KSHV entry of adherent target cells (Veettil et al.,
2008; Chakraborty et al.,2011; Table 2; Figure 1). Studies have also
demonstrated the neutralization of KSHV infection in HMVEC-d
and HFF cells upon blocking with anti-aVp3 and aVB5 antibodies.
Supporting these findings, KSHV entry was inhibited by soluble
a3B1, aVB3, and aVP5 integrins in HMVEC-d, HFE, 293, and
Vero cells (Veettil et al., 2008). Though a cumulative inhibition
was observed with combinations of integrins, complete block in
infection was not achieved which may be due to KSHV’s first inter-
action with HS. The role of integrin in KSHV infection of HUVEC
cells, B cells, monocytes, keratinocytes, and other cells has not been
studied (Table 2).

ROLE OF xCT AS A KSHV ENTRY RECEPTOR

Kaleeba and Berger (2006) identified the 12-transmembrane gluta-
mate/cysteine exchange transporter protein xCT as a fusion-entry
receptor in adherent cells. Ectopic expression of xCT rendered
the non-susceptible adherent target cells to become susceptible
to KSHV infection (Kaleeba and Berger, 2006). xCT is part of
the cell surface 125-kDa disulfide linked heterodimeric membrane
glycoprotein CD98 (4F2 antigen) complex containing a common
glycosylated heavy chain (80-kDa) and a group of 45kDa light
chains. The xCT molecule is one of the light chains (Fenczik et al.,
2001; Feral et al., 2007; Kabir-Salmani et al., 2008; Veettil et al.,
2008). CD98 was initially identified as a molecule associated with
integrin a3 and plays multiple roles including amino acid trans-
port, cell adhesion, fusion, proliferation, and integrin activation.
It is interesting to note that CD98 and integrin a3 were identified
as fusion regulation protein 1 (FRP-1) and FRP-2, respectively, as
this interaction was shown to play crucial roles in cell—cell fusion
and virus-induced cell fusion (Fenczik et al., 2001; Feral et al.,
2007; Kabir-Salmani et al., 2008; Veettil et al., 2008). Studies show
that xCT is a component of a multimolecular signaling complex
formed during KSHV macropinocytosis in HMVEC-d cells (Veet-
til et al., 2008; Chakraborty et al., 2011). This suggests that xCT
plays a role within a multimolecular complex that may help to reg-
ulate the signaling pathways associated with the endocytic pathway

of the virus. It is possible that the xCT present in the multimole-
cular complex may initiate a distinct cellular signaling pathway to
control the various events associated with KSHV infection. Since
a direct interaction of KSHV envelope glycoproteins with xCT has
not been shown as yet, the exact role of xCT in the multimolecular
complex and its role in KSHV infection need to be investigated
further.

MULTIMOLECULAR INTEGRIN COMPLEX FORMATION
DURING EARLY KSHV INFECTION

CD98 also mediates membrane clustering, f1 integrin-mediated
signaling events, and stimulation of a3p1-dependent adhesion of
cells and signal transduction cascade of aVP3 integrin (Fenczik
et al., 2001; Feral et al., 2007; Kabir-Salmani et al., 2008; Veettil
et al., 2008). Co-immunoprecipitation and immunofluorescence
studies in KSHV infected HMVEC-d cells have shown a time-
dependent interaction of CD98/xCT with integrins a3p1, aVB5,
and aVB3 (Veettil et al., 2008). Three different time-dependent
temporal patterns of association and dissociation of KSHV inter-
actions with cell surface molecules were observed. Integrin aVB5
interaction with CD98/xCT predominantly occurred by 1min
post-infection (p.i.) and dissociated at 10 min p.i., whereas a3p1-
CD98/xCT interaction was maximal at 10 min p.i. and dissociated
at 30 min p.i., and aVB3—-CD98/xCT interaction was maximal at
10 min p.i. and remained at the observed 30 min p.i. Confocal
microscopy studies confirmed the association of CD98/xCT with
a3B1 and KSHYV. Studies also showed that a3f1-CD98/xCT inter-
actions could be inhibited by pre-incubating KSHV with soluble
heparin and a3p1 strongly suggesting that KSHV’s first contact
occurs with HS, and integrins are essential elements in subse-
quent CD98—xCT interactions (Veettil et al., 2008). These studies
demonstrated temporal interactions of KSHV with a family of
functionally related proteins such as HS, integrins, and CD98—
xCT molecules in endothelial, epithelial, and fibroblast cells (Wang
et al., 2001, 2003; Akula et al., 2002; Veettil et al., 2008).

BIOLOGICAL RELEVANCE OF UTILIZING MULTIPLE ENTRY
RECEPTORS BY KSHV

It is fascinating to note that KSHV uses multiple molecules to
enter target cells. The presence of multiple receptors is evolution-
arily advantageous for KSHV and one of the major reasons for
the broad tropism of the virus. Although virus—receptor interac-
tions are highly specific, the affinity of interactions are low (Marsh

Table 2 | Binding and entry receptors and entry pathways of KSHV in various in vitro human target cells.

Target cells

Receptors recognized

Entry pathway

Human foreskin fibroblast cells (HFF)
Human microvascular dermal endothelial cells (HMVEC-d)
Human umbilical vein endothelial cells (HUVEC)

Human embryonic kidney epithelial cells (HEK-293 with
adenovirus 5 DNA nts 1-4344 integrated into chromosome

19 (19913.2)
Monocytes HS, DC-SIGN
B cells HS, DC-SIGN

Heparan sulfate (binding), a3p1, aVR3, aVB5, xCT/CD98
Heparan sulfate (binding), a3p1, aVR3, aVp5, xCT/CD98
Heparan sulfate (binding)

Heparan sulfate (binding)

Clathrin-mediated endocytosis
Macropinocytosis
Macropinocytosis mediated
endocytosis

Endocytosis

Endocytosis
Endocytosis
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FIGURE 1 | Schematic model depicting the different overlapping phases
of KSHV entry and infection in endothelial (HMVEC-d) target cell. KSHV
infection is initiated by binding to the cell surface proteoglycan heparan
sulfate [HS; Stage 1: binding; inset electron microscopic, (EM) picture],
followed by subsequent temporal associations with integrins (a3p1, VB3,
aVBb) and xCT molecules in the non-lipid raft (NLR) parts of the membranes.
KSHV's interactions with integrins activate FAK at tyrosine 397, which creates
a binding site for the SH2 domain containing Src family kinases, subsequently
leading to the activation of PI3-K and Rho-GTPases (Stage 2: signal induction).
These rapid overlapping host cell signal induction play roles in actin
modulation, formation of endocytic vesicles, and virus entry and trafficking
through the cytosol leading into a productive infection (Blue arrows). KSHV
infection induces the phosphorylation of ¢-Cbl and the phosphorylated c-Cbl
forms a complex with p85-PI3-K, leading into the interaction of c-Cbl with
downstream molecules. c-Cbl mediates a rapid selective translocations of
KSHV into the lipid rafts (LRs) along with the a3p1, aVB3, and xCT receptors.
KSHV-associated aVB5 remains in the NLR parts of the membranes. Activated
c-Cbl localizes with LRs, associates with myosin IIA and actin, and is rapidly
recruited to membrane blebs. This also leads into c-Cbl mediated

Rapid c-Cbl mediated a3f1, aV3

and xCT LR transloaction

2

6. VIRAL GENE EXPRESSION AND HOST GENE MANIPULATION

Persistent KSHYV latency and regulated, transient lytic gene expression
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ubiquitination of actin and myosin. c-Cbl mediated monoubiquitination of
translocated receptors is followed by productive macropinocytic entry.
Myosin lIA interactions with actin may be providing the ATP-dependent force
to generate actomyosin contraction, bleb retraction to form macropinosomes
along with KSHV (Stage 3: internalization; inset EM picture). NLR associated
KSHV bound aVB5 and other receptors are polyubiquitinated and directed to a
clathrin-dependant lysosomal non-productive pathway. RhoA activates Dia-2
aiding in formation and movement of endosomes through the cytoplasm.
KSHV capsid is released from the endocytic vesicles by fusion of viral
envelope with endosomal vesicles (Stage 3: internalization; inset EM picture).
Released capsids are transported toward the nucleus utilizing a Rho-GTPase
dependant pathway that involves acetylation of microtubules (MT, Stage 4:
movement in cytoplasm). KSHV capsid disassembly at or near the nuclear
pore results in the delivery of KSHV DNA into the infected cell nucleus (Stage
5: nuclear delivery) followed by viral and host gene expression (Stage 6)
initiated by KSHV binding and entry induced ERK and NF-«kB pathways. All
these events demonstrate that KSHV has evolved to utilize its interactions
with cellular receptors to manipulate host cell signaling and to induce an
environment that is conducive for a productive infection.

and Helenius, 2006). Hence, KSHV binding to multiple receptors
(mainly integrins) possibly increases binding avidity that leads to
receptor clustering, a key step to activate signaling pathways. It is
widely known that integrins are a signaling hub for a variety of
processes including adhesion, motility, and endocytosis.
Deciphering the interactions between entry receptors and sig-
naling leading to active endocytosis of viruses has been an active
area of research for the past decade. However, in KSHV biol-
ogy, recent advancements have revealed that receptor recruitment

by KSHYV is tightly succeeded by an active modulation of host
cell membranes involving actin—myosin and other cellular signal-
ing (Raghu et al., 2009; Valiya Veettil et al., 2010; Chakraborty
et al,, 2011). Detailed understanding of how KSHV induced such
changes in the cell membrane very early during infection comes
from its ability to manipulate a variety of host cell molecules to
regulate signaling. The usage of multiple receptors possibly adds
greater gradient to the succeeding signaling events required for
efficient entry into target cells.
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KSHV-INDUCED SIGNALING DURING EARLY INFECTION
Many viruses, including KSHV make use of host cell signaling to
enter target cells and establish productive infection. Binding and
interaction of KSHV glycoproteins with integrins and other cellu-
lar receptors initiates intracellular signaling cascades to induce
internalization. This internalization appears to be very rapid,
reaching a peak by 60-min p.i. (Krishnan et al., 2004) and there-
fore signaling induced by the virus is very active within this time
frame. Integrins are closely associated with FAK and Src kinases
and is known to regulate them through a variety of other pathways.
Since KSHYV utilized a variety of integrins as its cellular receptor,
it is evident that the virus has evolved ways to induce the integrin
associated signaling.

Kaposi’s sarcoma associated herpesvirus induces the phospho-
rylation of FAK and the subsequent phosphorylation of a variety
of focal adhesion associated signal molecules such as Src, PI3-
K, Rho-GTPases (RhoA, Rac, and Cdc42), and diaphanous-2, as
well as several other downstream effector molecules, producing
actin rearrangements that eventually lead to the internalization
of KSHV. Induction of these signaling pathways is critical for
active internalization of KSHYV in target cells. The fact that a
low multiplicity of infection is able to induce a sequential cas-
cade of signaling events is a unique feature of KSHV infection.
Several studies have elucidated that a low dose of KSHV (5-10
DNA copies/cell) is able to induce signaling events critical for
entry, expression of viral genes, and latent infection (Sharma-
Walia et al., 2005; Veettil et al., 2008; Valiya Veettil et al., 2010;
Chakraborty et al., 2011). KSHV induces macropinocytic blebs as
early as 1 min p.i., engage clustering of integrins, activate adaptors
like c-Cbl, mediate receptor translocations, and induce ERK1/2
for establishing latent infection (Sharma-Walia et al., 2005; Veet-
til et al., 2008; Valiya Veettil et al., 2010; Chakraborty et al.,
2011).

INTEGRIN ASSOCIATED SIGNALING: FOCAL ADHESION
KINASES AND THEIR RELEVANCE IN KSHV ENTRY

Focal adhesions are multifunctional organelles that mediate
cell-ECM adhesion, force transmission, cytoskeletal regulation,
and signaling. Focal adhesions consist of a complex network
of trans-plasma-membrane integrins and cytoplasmic linking
of the ECM to the actin cytoskeleton (Riveline et al., 2001).
FAK, a major component of focal adhesions, is a multido-
main non-receptor tyrosine kinase involved in signaling down-
stream of integrins. Ligand interaction with integrins activates
FAK by autophosphorylation at tyrosine 397, a key step ini-
tiating integrin outside-in signaling (Calderwood et al., 20005
Giancotti, 2000). Activated FAK associates with a lot of other
signal molecules to regulate a broad range of functions includ-
ing cell growth, endocytosis, and apoptosis (Giancotti, 2000,
2003).

Kaposi’s sarcoma associated herpesvirus infection induced
tyrosine phosphorylation of FAK within minutes of infection
in HMVEC-d, HFFE, 293, and FAK +/4 mouse Dul7 fibrob-
lasts (Akula et al., 2002; Naranatt et al., 2003; Wang et al., 2003;
Sharma-Walia et al., 2004, 2005; Veettil et al., 2006; Raghu et al.,
2007). Soluble glycoprotein gB also induced FAK autophospho-
rylation (Wang et al., 2003; Sharma-Walia et al., 2004) and the

phosphorylated FAK colocalizes with Src, RhoA, and cytoskele-
tal proteins like vinculin and paxillin in the infected cells (Akula
et al., 2002; Wang et al., 2003; Sharma-Walia et al., 2004; Veettil
et al., 2006). Additionally, virus or gB pre-incubated with sol-
uble a3B1 integrin or a soluble form of gB in which the RGD
sequence had been mutated inhibited the activation of FAK (Akula
et al., 2002; Wang et al., 2003; Sharma-Walia et al., 2004). Since
FAK activation is a hallmark of integrin-mediated signaling, FAK
knockout cells or cells transfected with integrin have been used to
study the role of FAK in integrin-mediated signaling. KSHV infec-
tion studies with FAK negative (Du3) and FAK positive (Dul7)
mouse fibroblasts and CHO cells transfected with human a3 inte-
grin demonstrated a significant role of FAK in KSHV infection
(Naranatt et al., 2003; Krishnan et al., 2006). Heparin inhibited
the binding of KSHV in both DU3 and DU17 cell types. FAK
negative Du3 cells showed an approximately 70% reduction in
KSHV DNA internalization and over-expression of FAK (Dul7)
increased viral DNA internalization, thus suggesting that FAK
plays a significant role in signaling and KSHV entry. In addition to
this, over-expression of FAK-related non-kinase (FRNK), a FAK
dominant-negative inhibitor, significantly decreased KSHV entry
in DU17 cells. Decreased viral entry, nuclear delivery, and viral
gene expression in Du3 cells suggest that another protein may
be able to compensate for FAK’s function early during infection.
KSHYV infection in Du3 cells induced the phosphorylation of the
FAK-related proline-rich tyrosine kinase (Pyk2) molecule, which
demonstrated that the Pyk2 molecule compensate for the loss of
some of the functions of FAK in FAK negative cells during KSHV
infection. Moreover, inhibition of Pyk2 by an autophosphoryla-
tion mutant of Pyk2 also significantly reduced viral entry in DU3
cells (Krishnan et al., 2006). Since activation of FAK plays a central
role in integrin-mediated signaling, rearrangement of actin and
endocytosis, KSHV must have evolved to take advantage of these
signaling pathways both to promote entry and the subsequent steps
of infection (Figure 1).

ROLE OF Src AND PI3-KINASES IN KSHV ENTRY AND
INFECTION

The autophosphorylation site of FAK (Tyr397) creates a binding
site for the SH2 domain of Src kinases and the p85 subunit of PI3-
K. KSHYV infection induced a strong phosphorylation of Src within
minutes of infection, and the phosphorylated Src colocalized with
FAK (Veettil et al., 2006). KSHV-gB also induced the FAK depen-
dent Src phosphorylation in adherent target cells (Sharma-Walia
et al., 2004) and the activated Src kinases then phosphorylate a
number of FA components. Furthermore, Src is required for the
activation of PI3-K and other downstream targets such as Rho-
GTPases. The critical role of Src in the KSHV entry process has
been validated by multiple lines of evidences such as the failure of
KSHV to enter Src negative mouse fibroblast cells (unpublished
observation), increase in Src activity by LR disruption resulting in
enhanced virus entry (Raghu et al., 2007). Another observation
showed that RhoA-GTPase facilitated KSHV entry into adher-
ent target cells in a Src-dependent manner. This study suggests
that KSHV-induced Src is involved in RhoA activation, which in
turn results in positive feedback activation of Src to increase viral
entry.
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PI3-Kinases (PI3-K) are heterodimeric proteins, consisting of
a p85 regulatory subunit and a catalytic p110 subunit while phos-
phorylation of specific tyrosine residues on the p85 subunit is an
indication of PI3-K activation. PI3-kinases play crucial roles in
several signaling pathways and regulate multiple functions such as
Rho-GTPase activation, apoptosis, survival, and migration (Gian-
cotti, 2000; Sastry and Burridge, 2000). KSHV induces PI3-K
within 5min p.i. which decreased after 15 min and this response
can be inhibited either by pre-incubating virus with integrin or
by the PI3-K inhibitors wortmannin and LY294002 (Naranatt
et al., 2003). LY294002 and wortmannin did not affect KSHV-
gB induced Src phosphorylation whereas the Src kinase inhibitor
SU6656 completely blocked KSHV-gB induced p85-PI13-K phos-
phorylation suggesting that PI3-K is downstream of Src (Sharma-
Walia et al., 2004). In FAK positive Dul7 cells, KSHV-gB induced
PI3-K p85 phosphorylation whereas in FAK-null Du3 cells there
was no significant induction of PI3-K p85 phosphorylation. This
study suggests that FAK is an essential molecule for the induction
of PI3-K during KSHV infection. Treatment of cells with PI3-K
inhibitors wortmannin and LY294002 reduced PI3-K activation
and viral entry in a concentration dependent manner suggest-
ing the role of PI3-K activation in the entry of KSHV in target
cells. Induction of PI3-K eventually leads to the induction of Rho-
GTPases and their effectors (Sharma-Walia et al., 2004; Veettil et al.,
2006) which in turn regulates the remodeling of actin, endosome
formation, and the movement of endocytic vesicles. Therefore,
these studies using chemical inhibitors, dominant-negative pro-
teins, or cells lacking these molecules have demonstrated that FAK,
Src, and PI3-K activation were necessary for KSHV entry.

ACTIVATION OF RhoA AND ACTIN DYNAMICS DURING KSHV
INFECTION

RhoA, Rac, and Cdc42-Rho-GTPases are master regulators of
a diverse set of signaling pathways, including cytoskeleton
rearrangement and morphological changes (Giancotti, 2000; Hall
and Nobes, 2000; Ishizaki et al., 2001; Palazzo et al., 2001). Imme-
diately following infection, KSHV induces PI3-K Rho-GTPase-
dependent cytoskeletal rearrangements and the formation of
structures such as filopodia (Cdc42), lamellipodia (Rac), and stress
fibers (RhoA) in the target cells (Naranatt et al., 2003; Veettil
et al., 2006; Greene and Gao, 2009; Raghu et al., 2009). Soluble
gB induced the FAK-Src-PI3-K Rho-GTPase signaling pathway
and extensive cytoskeletal rearrangement in target cells (Sharma-
Walia et al., 2004). KSHV-induced RhoA colocalized with Src in
the infected cells (Sharma-Walia et al., 2004). Ezrin, an actin cross
linking protein with the plasma membrane, was also induced by
KSHYV via Rho-GTPases, thereby modulating membrane changes
(Sharma-Walia et al., 2004). Treatment of target cells with a potent
RhoA inhibitor, Clostridium difficile toxin B (CdTxB), or transfect-
ing dominant-negative constructs of RhoA resulted in significant
inhibition of KSHV entry by modulation of Src activity (Veettil
et al., 2006).

Several studies have demonstrated that RhoA-GTPases mediate
rearrangement of cytoskeleton through the activation of its down-
stream effector molecules, formin family diaphanous 1 and 2 (Hall
and Nobes, 2000; Ishizaki et al., 2001; Palazzo et al., 2001). KSHV
infection induced diaphenous-2 without any significant activation

of Rac-1 and Cdc42-dependent PAK1/2 and stathmin molecules.
Dia-2 co-immunoprecipitated and colocalized with activated Src
in the infected cells which were inhibited by Src inhibitors (Veet-
til et al., 2006). Together with the reduced virus entry in RhoA
dominant-negative cells, these results suggest that activated RhoA-
dependent Dia-2 probably functions as a link between RhoA and
Src in KSHYV infected cells, mediates the sustained Src activation,
and that KSHV-induced Src and RhoA play roles in facilitating
entry and nuclear delivery of viral DNA.

KSHV-INDUCED ADAPTOR MOLECULE c-Chl AND
ASSOCIATED MEMBRANE DYNAMICS
The Cbl family of adaptor proteins plays important roles in signal
transduction as negative regulators by mediating the ubiquitina-
tion and down-regulation of proteins while it acting as a positive
regulator through their scaffold function in assembling signaling
complexes (Thien and Langdon, 2001; Schmidt and Dikic, 2005).
Recent evidences have elucidated that KSHV-induced c-Cbl tyro-
sine phosphorylation is required for membrane ruffling known as
blebs (Valiya Veettil et al., 2010). Blebs are protrusions from the
plasma membrane that have often been characterized as a pre-
ceding step in macropinocytosis and are known to be induced
by many viruses including vaccinia virus and KSHV early during
infection (Mercer and Helenius, 2008; Raghu et al., 2009; Valiya
Veettil et al., 2010). The role of c-Cbl in the entry and signaling of
any viral infection has not been reported. Hence it opens up new
directions of studies on the broad cellular requirements required
by viruses for infecting target cells.

Kaposi’s sarcoma associated herpesvirus is known to induce
a variety of endothelial cell membrane alterations including
filopodia and bleb formation (Raghu et al., 2009; Valiya Veettil
et al., 2010). These studies elegantly deciphered the mechanism
behind KSHV-induced membrane bleb formation. KSHV infec-
tion increased c-Cbl interaction with PI3-K in a time dependant
manner. In KSHV infected cells, activated c-Cbl is recruited to
the macropinocytic blebs and associated with its novel interact-
ing partner, myosin IIA inside the membrane blebs very early by
5min p.i. Studies using shRNA against c-Cbl not only reduced
the macropinocytic blebs induced by KSHYV, but also significantly
reduced viral entry by >70% and hence KSHV gene expres-
sion by 90% (Valiya Veettil et al., 2010). This study demon-
strates that recruitment of c-Cbl-myosin in macropinocytic blebs
very early during KSHV infection is essential for its entry via
macropinocytosis in endothelial cells. Although many viruses uti-
lize macropinocytosis to enter target cells, the mechanisms behind
it were unclear (Mercer and Helenius, 2008); however, the role
c-Cbl and myosin IIA in macropinocytic modulation of KSHV
potentiate new avenues of interest in the phenomena of membrane
dynamicity induced by viruses.

ROLE OF LIPID RAFTS: A SIGNALING PLATFORM UTILIZED BY
KSHV IN ENDOTHELIAL CELLS

Lipid rafts, the detergent resistant microdomains in the exo-
plasmic leaflet of plasma membranes, are made up of choles-
terol and sphingolipids (sphingomyelin and glyco-sphingolipids)
and play roles in clustering cell surface receptors and signal
molecules (Simmons, 2001). Lipid microdomains favor specific
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protein—protein interactions including ligand receptor interac-
tions activating signal cascades. KSHV binding was not affected
upon disruption of LRs by methyl beta cyclodextrin or nystatin,
but pre-treatment of HMVEC-d with these LR disrupting drugs
significantly reduced the expression of ORF73 and ORF50 (Raghu
etal., 2007). Although internalization of viral DNA was increased,
the association of internalized viral capsids with microtubules
was reduced upon LR disruption, microtubules disorganized, and
nuclei associated viral DNA decreased (Raghu et al., 2007).

Mechanistic studies on the role of LRs in KSHV infection
revealed more intricate details with relation to entry receptors
and signal molecules. A recent study reported that very early
during infection (1 min p.i.), c-Cbl induced the selective translo-
cation of KSHV into LRs along with a3p1, aVB3, and xCT
receptors, but not aVB5 (Chakraborty et al., 2011). Evidence also
suggests that activated c-Cbl localized to LRs at the junctional
base of macropinocytic blebs, thereby aiding macropinocytosis
(Chakraborty et al., 2011). Such partitioning of entry receptors
in LRs by specific signaling adaptors was not reported before and
evokes new insights to the molecular mechanisms of viral-host
cell interactions, often favoring viral internalization.

The role of LRs is complex and affects KSHV-induced signal-
ing. For instance Raghu et al. (2007) reported that LR disruption
affects signal pathways induced by KSHV such that phospho-Src
levels had increased without affecting FAK or ERK1/2. However,
KSHV-induced PI3-K, Rho-GTPases, and NF-kB activation were
significantly reduced. The fact that p-Src increased with LR dis-
ruption is indicative of a strong regulation of Src by LRs. LR
disruption also affects PI3-K and RhoA with subsequent reduction
in KSHV-induced RhoA mediated acetylation and aggregation of
MTs (Raghu et al., 2007).

Cellular signaling can be generated in many ways. Viruses
most often activate cellular signaling directly by using receptors
or induce signaling by clustering specific cell-surface proteins
or lipids (Marsh and Helenius, 2006). KSHV serves an excellent
model system in this regard as it utilizes both pathways; firstly
by activating associated integrin signaling and secondly by clus-
tering activated integrins and signal molecules in LRs, generating
significant amplification of the signaling response; however, the
molecular partners behind such signaling amplification are yet to

be studied.

RECEPTOR UBIQUITINATION: A CRITICAL STEP REQUIRED
FOR PRODUCTIVE KSHV INTERNALIZATION

Ubiquitination of receptors has been recognized as an internaliza-
tion signal based on the nature and type of ubiquitin modifications
(Levkowitz et al., 1998; Dupin et al., 1999). Studies have revealed
an important role of c-Cbl, an E3-ubiquitin ligase, in differential
ubiquitination of KSHV integrin receptors (Chakraborty et al.,
2011). Essentially, LR translocated integrins (a3B1 and aVB3) were
monoubiquitinated leading to productive macropinocytic entry,
whereas non-LR associated aVB5 was polyubiquitinated leading
to clathrin mediated entry that was targeted to lysosomes, the
non-infectious pathway (Chakraborty et al., 2011). This elucidates
the complexities of viral endocytic mechanisms and the ability
of KSHV to utilize E3-ubiquitin ligases to regulate and sort out
productive pathways.

DIVERSE INTERNALIZATION PATHWAYS OF KSHV IN TARGET
CELLS

Current evidences show that KSHV enters human B cells (Rappoc-
ciolo et al., 2008), fibroblast (Akula et al., 2003), epithelial (Inoue
et al., 2003; Liao et al., 2003), and endothelial cells (Raghu et al,,
2009) by endocytosis. KSHV was detected by electron microscopy
in large endocytic vesicles within 5min of HMVEC-d and HFF
cell infection while fusion of virion envelope with the endocytic
vesicles was also observed (Akula et al., 2001a, 2003). Viral capsids
were detected in the vicinity of the nuclear membrane by 15 min
p.i. and anti-KSHV-gB and gpK8.1A antibodies colocalized with
virus-containing endocytic vesicles (Akula et al., 2001a; Greene
and Gao, 2009; Raghu et al., 2009; Table 2).

The roles of different endocytic pathways have been studied
using specific inhibitors of each type. Clathrin-mediated endocy-
tosis is the predominant pathway of entry in HFF cells. Chlor-
promazine, an inhibitor of clathrin-mediated endocytosis, signif-
icantly inhibited entry in HFF cells, whereas nystatin, an inhibitor
of caveolae and cholera toxin B, a LR inhibiting agent did not
have any effect on entry. A significant inhibition of gene expres-
sion was also observed after blocking endosomal acidification
by NH4Cl and bafilomycin A in HFF cells (Akula et al., 2003;
Raghu et al., 2009) suggesting that post internalization endoso-
mal acidification was required for KSHV trafficking. In addition
to this, electron microscopy revealed KSHV virions in large endo-
cytic vesicles within 5-min of HFF cell infection and fusion of
virion envelope with endocytic vesicles was also observed (Akula
et al., 2003; Raghu et al., 2009). Evidence for clathrin-mediated
endocytosis has also been observed in BJAB and 293 cells (Akula
et al., 2001a; Inoue et al., 2003). KSHV enters THP-1 cells and
primary monocytes by clathrin and caveolin dependant endo-
cytosis, which required endosomal acidification (Kerur et al,
2010).

In HMVEC-d and HUVEC cells, entry and gene expression of
KSHV were significantly blocked by macropinocytosis inhibitors
EIPA and rottlerin. Macropinocytosis of KSHV is an actin depen-
dant endocytic pathway and it was also inhibited by cytochalasin
D (Raghu et al., 2009). Cytochalasin D inhibited actin polymer-
ization and formation of lamellipodial extensions significantly
inhibited the entry and expression of KSHV (Naranatt et al.,
2003; Greene and Gao, 2009; Raghu et al., 2009). The LR inhibit-
ing agents reduced viral gene expression in HMVEC-d cells but
not in HUVEC or HFF cells, indicating the role of LRs in KSHV
infection (Greene and Gao, 2009; Raghu et al., 2009). Colocaliza-
tion studies using clathrin-mediated endocytosis marker, trans-
ferrin and macropinocytosis marker, dextran showed significant
association of KSHV with dextran but not with transferrin or
the caveolar marker caveolin. The dynamin inhibitor, dynasore,
did not affect viral entry into endothelial cells while inhibit-
ing entry into HFF cells (Raghu et al., 2009). The small GTPase
Rab34, a key regulator of macropinocytosis, associated with KSHV
and Rab34-siRNA considerably decreased KSHV gene expression
(Raghu et al., 2009). These studies suggested that KSHV uti-
lizes the actin polymerization-dependent, dynamin-independent
macropinocytic pathway involving a Rab34 GTPase-dependent
late endosome and low-pH environment for its infectious entry
into HMVEC-d and HUVEC cells (Table 2).
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Recent studies have confirmed the role of LRs in aiding the
macropinocytosis of KSHV bound receptors in endothelial cells,
whereas non-LR bound receptors were targeted toward a clathrin
mediated non-infectious lysosomal pathways (Chakraborty et al.,
2011). This study suggests that both macropinocytosis and
clathrin-mediated endocytosis are occurring in endothelial cells,
however the former being productive while the latter is degrada-
tive. KSHV internalized by clathrin-mediated endocytosis clearly
associated with lysosomal compartments (Chakraborty et al,
2011). Another report suggested that clathrin-mediated endocy-
tosis is the predominant pathway of entry in endothelial cells. This
discrepancy could be due to optimal concentration of the inhibitor
used and the method of quantification used to analyze the entry of
KSHV (Greene and Gao, 2009). The detection of KSHV by ORF65
(KSHYV capsid protein) in perinuclear regions of HUVECs does
not necessarily correlate with a productive endocytosis pathway
and hence needs further clarification (Table 2).

Some evidences have also revealed the role of fusion of KSHV
envelope glycoproteins with target cell membranes (Akula et al.,
2001a; Wang et al., 2001, 2003; Naranatt et al., 2002). The min-
imal fusion machinery of KSHV probably comprises of gB, gH,
and gL since anti-gB, gH, gL, and gpK8.1A antibodies neutralize
KSHYV infection without affecting virus binding to the target cells
(Akula et al., 2001a; Wang et al., 2001, 2003; Naranatt et al., 2002).
However the mechanism of neutralization is not known. Multiple
mechanisms could be possible depending upon the glycoprotein
and the targeted region of the glycoproteins. For example, neu-
tralization could be due to: (a) interference in the interaction of
KSHYV glycoproteins with integrins and other receptors; (b) inter-
ference at the activation of a subset of signal molecules that are
essential for the c-Cbl mediated receptor translocation, ubiquiti-
nation, bleb formation, and macropinocytosis; and (c) interference
of fusion of viral envelope with the endosomal membrane. Further
studies need to be carried out to precisely define the mechanism
behind the neutralization by these antibodies. Nevertheless, these
studies suggested that these glycoproteins play critical roles in the
entry process after attachment has occurred, possibly as a result of
interaction with additional cell surface molecules.

POST ENTRY STEPS: KSHV TRAFFICKING AND PRODUCTIVE
INFECTION OF KSHV

Like most herpesviruses, KSHV replicates in the nucleus of
infected cells. Therefore, to reach the nucleus KSHV capsids traffic
through the crowded cytosol before releasing viral DNA into the
nucleus (Lyman and Enquist, 2009). Delivery of KSHV DNA into
the infected cell nucleus reached a peak by 90 min p.i. suggesting
the rapidness of the host cellular trafficking utilized by the virus
(Naranatt et al., 2003, 2005; Krishnan et al., 2004; Veettil et al.,
2006; Raghu et al., 2009).

Productive infection comprised of KSHV internalized by
macropinocytosis in endothelial cells or by clathrin-mediated
endocytosis in fibroblast cells utilize the extensive microtubule
(MT) network to traffic through the cytosol, tightly regulated
by Rho-GTPases. Microtubule bundles colocalized with KSHV
capsids and this colocalization was abolished by the microtubule
destabilizing agent, nocodazole, and PI3-K inhibitor affecting the
Rho-GTPases (Naranatt et al., 2003, 2004). Depolymerization of

microtubules did not affect KSHV binding and internalization, but
nuclear delivery of viral DNA and infection in HFF, HMVEC-d,
and HUVEC cells was inhibited (Naranatt et al., 2005; Veettil et al.,
20065 Raghu et al., 2009). Inhibition of Rho-GTPase activities by
CdTxB abolished microtubular acetylation and subsequently the
delivery of viral DNA to the nucleus. Conversely, activation of
Rho-GTPases by Escherichia coli cytotoxic necrotizing factor sig-
nificantly increased the intracellular trafficking and delivery of
viral capsids to the nucleus. Similarly, nuclear delivery of viral
DNA was increased in cells expressing a constitutively active RhoA
mutant and decreased in cells expressing a dominant-negative
mutant of RhoA (Naranatt et al., 2005). Taken together, these
studies indicate that KSHV induces Rho-GTPases, modulates sta-
bilization of microtubules and promotes the rapid trafficking of
viral capsids toward the nucleus (Table 3).

Kaposi’s sarcoma associated herpesvirus utilizes ATP depen-
dant directional transport along microtubules governed by motor
proteins. Dynein motor proteins responsible for minus-end trans-
port from the periphery to the cell center actively carry KSHV
to the vicinity of the nuclear membrane. Inhibition of dynein
activity by sodium orthovanadate significantly reduced the infec-
tion and delivery of KSHV DNA into the nucleus (Naranatt et al.,
2005). These studies demonstrate that KSHV movement across
the cytoplasm to reach the nucleus is a series of well-orchestrated
phenomenon probably involving viral proteins and host pro-
teins. Further studies are essential to define this process and the
mediating viral and host proteins.

Cross talk between ECM and integrins activates FAK, which
initiates a cascade of intracellular signals that eventually acti-
vate the mitogen activated protein kinase (MAPK) pathways. As
early as 5 min p.i., KSHV activates MEK (MAPK/ERK kinase) and
extracellular-signal-regulated kinase (ERK; Naranatt et al., 2005).
Soluble KSHV gpK8.1A, but not gB, induced MEK-mediated
ERK1/2 phosphorylation as early as 5 min p.i., and ERK1/2 phos-
phorylation facilitated the establishment of KSHV infection in
HFF and HMVEC-d cells (Sharma-Walia et al., 2005). PI3-K and
protein kinase C-g (PKC-zeta) are recruited as upstream mediators
of the KSHV ERK pathway and inhibitors specific for PI3-K, PKC-
¢, MEK, and ERK significantly reduce virus infectivity without
affecting virus binding to the target cells (Table 3).

Table 3 | Host molecules and their roles in KSHV entry/infection in
HMVEC-d and HFF cells.

Molecules Function in KSHV biology

Heparan sulfate (HS)
Integrins (a3p1, aVR3, aVB5)

Binding receptor
Entry receptors

xCT/CD98 Entry (fusion) receptor
FAK Initiate endocytosis
Src Initiate endocytosis

PI3-K, RhoA, Dia-2, Ezrin Entry, actin modulation, endocytosis, and
nuclear trafficking

c-Chl KSHV-receptor translocations into LR and
adaptor for macropinocytosis in HMVEC-d
cells

ERK and NF«B Viral and host gene expression
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Rapid activation of NF-kB as early as 5-15min p.i. led to
the translocation of p65-NF-kB into the nucleus (Sadagopan
et al., 2007). KSHV incubated with heparin significantly reduced
NEF-kB activation. During the observed 72h periods of in vitro
KSHYV latency, a sustained moderate level of NF-kB induction
was observed, and inhibition of IkB phosphorylation by Bay11-
7082 drastically reduced this activation (Sadagopan et al., 2007).
In contrast, high levels of ERK1/2 activation during the earlier time
points and a moderate level of activation at later time points were
observed. The p38-MAP kinase was activated only during the later
time points, and AKT was activated at lower levels in a cyclic man-
ner. Studies with UV-KSHYV suggested a role for virus entry stages
in NF-kB induction and requirement of KSHV viral gene expres-
sion for sustained induction. Though inhibition of NF-«kB did not
have any effect on KSHV entry into cells, expression of viral latent
ORF 73 and lytic ORF 50 genes was significantly reduced. Sev-
eral transcription factors were activated during KSHYV infection,
and inhibition of NF-kB significantly affected the activation of
Jun D, Jun B, phospho-c-Jun, cFos, and FosB factors. These results
suggested that during in vitro infection, KSHV induces sustained
levels of NF-kB to regulate viral genes thus possibly regulating the
establishment of latent infection.

Productive KSHV primary infection in adherent cells involves
an initial lytic phase (2h p.i.) succeeded by a latent phase (24h
p-i.) with a decline of lytic phase (Krishnan et al., 2004). A report
by Yoo et al. (2005) suggests that KSHV infection is permissive in
HUVEC: at early time points with an initial production of infec-
tious virus particles (lytic cycle), while the surviving cells later
enter a latent phase with spontaneous lytic replication. However,
the percentage of cells that were infected, cells that entered into
lytic cycle and cells that entered latency were not determined in
these studies. Hence, these studies need to be reexamined.
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PERSPECTIVES AND FUTURE DIRECTIONS

Kaposi’s sarcoma associated herpesvirus exemplifies an excellent
model for viruses requiring multiple cellular molecules to enter
target cells. Although, integrins and associated signaling, adaptor
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in infectable cell types, making this interesting story more com-
plicated. What is clear from studies so far is that KSHV overcomes
cellular barriers making conditions conducive to infection by uti-
lizing more than one endocytic mechanism. However, further
studies need to be performed to ensure whether differential activa-
tion of signal responses by KSHV coupled to different endosomal
vesicles accounts for the varied modes of entry. Moreover, whether
KSHYV utilizes more than one E3-ubiquitin ligase and their mod-
ulation by viral induced cellular targets remains to be explored.
Another interesting future study involves the recognition of KSHV
in the endosomal vesicles that direct productive trafficking of virus
away from the lysosomal compartments. Cellular signaling targets
of KSHV are broad and hence critical molecules regulating such
multiple pathways need to be targeted for therapeutics. These stud-
ies will shed valuable insights into the molecular mechanisms of
cytosolic entry of KSHV.
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INTRODUCTION

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.

Keywords: KSHV, herpesvirus, reactivation, DNA/protein interactions, DNA binding, RBP-Jk, Rta

KSHV and Epstein—Barr virus (EBV), belong to the family

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,

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

www.frontiersin.org

February 2012 | Volume 3 | Article 30 | 38


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/Virology/10.3389/fmicb.2012.00030/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=38768&d=1&sname=DavidLukac&name=Science
mailto:Lukacdm@umdnj.edu
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

Guito and Lukac

Regulation of KSHV Rta function

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 KSHYV 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
KSHYV 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
KSHYV, these proteins are called K-Rta and K-bZIP. Transient trans-
fection of vectors that expressed K-Rta in BC-1 PEL cells induced
thelytic 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
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www.frontiersin.org

February 2012 | Volume 3 | Article 30 | 40


http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

Guito and Lukac

Regulation of KSHV Rta function

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 90kDa 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 RtaASTAD (also known as
ORF50ASTAD; 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
RtaASTAD bound to WT K-Rta and specifically inhibited K-Rta-
mediated transactivation. Proving that K-Rta was necessary for
KSHYV reactivation, Rta ASTAD 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 BAC36A50). Viral infection was estab-
lished by transfecting 293 cells with BAC36 A50 DNA and selecting
with hygromycin. TPA failed to reactivate BAC36 A 50, 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 BAC36A50, 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-1yt”)
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 RtaASTAD 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 (RtaALR; aa 244-275; Figure 1) inhibited it’s transacti-
vation of the K-bZIP and PAN promoters without affecting its
nuclear localization. The ALR 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
RtaASTAD, deletion of the LR (Rta ASTAD ALR) 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 RtaASTAD,
the L3P mutant (RtaASTAD-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 etal.,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
etal.,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 (Songetal.,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 (Kp)
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).

O L L T iy 2
K12 -102 5’ GGGAAATGGGTGGCTAACCCCTACATAAGC 3’ -73

| |
ori-Lyt (L) -245 5’ CCCCAGAACATGGGTGGCTAACGCCTACAT 3’ -216

Mta 5D -100 5’ AGTGTAACAATAAT

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., 2005¢). 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-Rtal-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
OREF 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 Notchl (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
RtaASTAD, 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
etal.,2006). These data suggested that Rta ASTAD stimulated DNA
binding of RBP-Jk/VP16 in vivo. Proving that RtaASTAD could
similarly stimulate DNA binding of endogenous, WT RBP-Jk to
DNA, RtaASTAD also rescued the ability of NICD1 to activate the
native Mta promoter (Carroll etal., 2006; Palmerietal.,2011). This
effect of RtaASTAD was promoter specific: although the viral TK
promoter also contains a consensus RBP-Jk site, and RBP-Jk/VP16
also failed to transactivate TK, RtaASTAD did not rescue RBP-
Jk/VP16 transactivation of TK (Carroll et al., 2006). RtaASTAD
also failed to stimulate transactivation of a Gal4 reporter by
Gal4/VP16, proving that the effect of RtaASTAD on RBP-Jk/VP16
requires the RBP-Jk portion of the VP16 fusion molecule (Palmeri
etal., 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, RtaASTAD 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
RtaASTAD 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 RtaASTAD 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., 2005¢). 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 39bp K-Rta responsive ele-
ments from the Mta and vMIP-I promoters, although it bound
to the PAN and kaposin elements (Chang et al., 2005¢). A series
of proteins from cellular extracts, including RBP-Jk, bound to the
vMIP-I and Mta elements (Chang et al., 2005¢). 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.,
2005¢). 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
etal.,2011).

To determine the qualitative interactions of K-Rta with the
Mta promoter, the DNAse I footprint of recombinant RtaASTAD
was determined (Palmeri et al., 2011). WT RtaASTAD, but not
a DNA binding mutant, footprinted four distinct stretches of
the promoter (Figure 4A, underlined sequence). The foot print
extended over 64bp 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/12/1T, 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).

[A/T]3"'N7‘[A/T]3"N7‘[A/T]3

Liao, et al., 2003a [A/T],-N,,-[A/T],

Chen,etal., 2009  TTCCAGGAT N, ,; TTCCTGGGA

Ziegelbauer, et al., 2006 CCCACTTT

Palmeri, et al., 2011 ANTGTAACANT?/*/,T

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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RBP-Jk

AP-1

Bottom Strands

Mta -136 3’ AGTGCCATTGTGAATAC

K-bZIP -114 3’ GAGT

RBP-Jk

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/T; 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

A AP-1
57
Mta -136 30
B
Top Strands
Mta -136 5’ TCAC
K-bZIP -114 5° AATCTGGTTGATTGTGACTATTTG

RBP-Jk

Mta 5D

RBP-Jk

37-62

AAGGGGGTGGTATTTCCTCC 3’-40

5-62

FTCCCCCACCATAAAGGAGG 5'-40

Oct

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.

RtaASTAD’s affinity for Mta —136/—62 was 5.7 nM (Palmeri
etal.,2011),similar to K-Rta’s affinity measured for its shorter PAN
promoter binding site (Song et al., 2003). RtaASTAD’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 ashort Mta element in (Songet 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
RtaASTAD 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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5’TCAC

A
Mta -136 5, ) GTGCCATTGTGAATAC

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

RBP-Jk

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 MATa2 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 6h 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)o-16 TTCCTGGGA (Figure 3). The study iden-
tified a new Rta responsive element within the first intron of the
K15 P gene.

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

for contributing to Rta-mediated transactivation. However, since
the consensus binding site for C/EBPa (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/EBPa in vitro and in vivo, and deletion of aa 151-167 of K-Rta
inhibits (1) the interaction of K-Rta with C/EBPa 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/EBPa (Wang et al., 2003a,b) ChIPs demonstrated
that C/EBPa 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/EBPa 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/EBPa 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 and Yuan, 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
etal.,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 516530 (NLS2)
eliminated both K-Rta-mediated transactivation and reactivation
(Buetal.,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
(RtaANLS1,2-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 RtaANLS1,2-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, RtaANLS1,2-ER was
expressed in Vero-rKSHV.219 cells for 3h 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 KSHYV 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

www.frontiersin.org

February 2012 | Volume 3 | Article 30 | 48


http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

Guito and Lukac

Regulation of KSHV Rta function

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 1.4kb 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
OREF 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 RtaASTAD (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 itis 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
etal.,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-1. 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; Changetal., 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 RtaASTAD 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 12h 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) Bl
binds and bends DNA, and enhances K-Rta DNA binding. The
effect of HMGBI 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 KSHYV 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., 2005¢; 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 62bp 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,, 2005¢). 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 6h 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/EBPa (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 KSHYV 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/EBPa, K-RBP, HMGBI, 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, Heyl, 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 Heyl 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-
ecchiaetal.,2010). RtaASTAD, but not the non-functional mutant
RtaASTADALR, reduced growth of BC-1 cells within 24 h after
transfection. As a control, RtaASTAD 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
RtaASTAD 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 RtaASTAD’s growth
effect in BC-1 cells has not been examined, it is reasonable to pre-
dict a similar contribution of RtaASTAD 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 RtaASTAD in PEL cells inhibits sponta-
neous KSHYV 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, vVIRF1,and K14 (Buetal.,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
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INTRODUCTION

The replication and transcription activator (RTA) of Kaposi's sarcoma-associated herpesvirus
(KSHV), K-RTA, is a lytic switch protein that moderates the reactivation process of KSHV
latency. By mass spectrometric analysis of affinity purified K-RTA, we showed that Thr513
orThr-514 was the primary in vivo phosphorylation site. Thrr513 and Thr-514 are proximal to
the nuclear localization signal (°2/KKRK®30) and were previously hypothesized to be target
sites of Ser/Thr kinase hKFC. However, substitutions of Thr with Ala at 513 and 514 had no
effect on K-RTA subcellular localization or transactivation activity. By contrast, replacement
of Ser with Ala at Ser634 and Ser-636 located in a Ser/Pro-rich region of K-RTA, designated
as S634A/S636A, produced a polypeptide with ~10 kDa shorter in molecular weight and
reduced transactivation in a luciferase reporter assay relative to the wild type. In contrast
to prediction, the decrease in molecular weight was not due to lack of phosphorylation
because the overall Ser and Thr phosphorylation state in K-RTA and S634A/S636A were
similar, excluding that Ser634 or Ser636 motif served as docking sites for consecutive
phosphorylation. Interestingly, S634A/S636A lost ~30% immuno-reactivity to MPM2, an
antibody specific to pSer/pThr-Pro motif, indicating that 834SPSP837 motif was in vivo phos-
phorylated. By in vitro kinase assay, we showed that K-RTA is a substrate of CDK9, a
Pro-directed Ser/Thr kinase central to transcriptional regulation. Importantly, the capabil-
ity of K-RTA in associating with endogenous CDK9 was reduced in S634A/S636A, which
suggested that Ser634 and Serr636 may be involved in CDK9 recruitment. In agreement,
S634A/S636A mutant exhibited ~25% reduction in KSHV lytic cycle reactivation relative
to that by the wild type K-RTA. Taken together, our data propose that Ser-634 and Ser
636 of K-RTA are phosphorylated by host transcriptional kinase CDK9 and such a process
contributes to a full transcriptional potency of K-RTA.

Keywords: Kaposi’s sarcoma-associated herpesvirus, replication and transcription activator, phosphorylation,
negative elongation factor B, CDK9

et al., 2002; RBPJ/CSL, Liang and Ganem, 2003; C/EBPa, Wang

In a cell latently infected with Kaposi’s sarcoma-associated her-
pesvirus (KSHV), the switch to viral lytic replication can be
achieved via signals transmitted from interferon-y, phorbol ester,
HDAC inhibitors, or with the ectopic expression of KSHV repli-
cation and transcription activator, referred to as K-RTA (also
known as ORF50 and Lyta, reviewed in Ganem, 2007). Consecu-
tive expression of KSHV lytic genes induced by either chemicals or
K-RTA has been previously demonstrated (Sarid et al., 1998; Lukac
et al., 1999; Sun et al., 1999; Gradoville et al., 2000; Fakhari and
Dittmer, 2002; Nakamura et al., 2003; Yoo et al., 2005). In addition,
the combination of sodium butyrate plus ectopic K-RTA yielded
synergistic effects in an HEK293 cell background (Vieira and
O’Hearn, 2004). K-RTA interacts with various cellular molecules
involved in the transcription process. These include transcription
factors (POU2F1/Oct-1, Sakakibara et al., 2001; STAT3, Gwack

et al., 2003; ZNF426/K-RBP, Yang and Wood, 2007) and chro-
matin modifiers/remodelers (CBP, HDAC1, MED12/TRAP230,
SMARCA4; Gwack et al., 2001, 2003a). Depending on the cellular
context and promoters, association of these host factors results in
either activation or repression of K-RTA transactivation activity. It
bears noting that K-RTA-mediated gene regulation is not limited
to the KSHV genome; a number of cellular genes are also mod-
ulated by K-RTA, as evidenced by genome-wide transcriptome
analysis (Chang et al., 2005; Brown et al., 2010). Either on viral or
host genomes, K-RTA requires host RNA polymerase IT (RNA Pol
II) for mRNAs synthesis since no RNA polymerase homolog was
found in the KSHV genome.

The process of RNA Pol II-directed transcription can be divided
into four distinct phases: (1) pre-initiation complex formation,
(2) promoter clearance (escape), (3) RNA Pol II stalling at a
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promoter-proximal pausing site, and (4) productive elongation
(Peterlin and Price, 2006; Saunders et al., 2006). The advancement
of the transcription machinery from one stage to the next is tightly
regulated by protein phosphorylation. Specifically, promoter clear-
ance depends on CDK7-mediated Ser-5 phosphorylation of the
tandem heptapeptide repeats (YSPTSPS) located in the carboxyl
terminal domain (CTD) of RNA Pol II. Next, Ser-5 phosphorylated
CTD undergoes a conformational change that unmasks the Ser-2
in the heptapeptide repeats (YSPTSPS), which serves to recruit
positive transcription elongation factor b (P-TEFb; Lolli, 2009).
P-TEFb not only phosphorylates Ser-2 but also phosphorylates
negative elongation factor complex (NELF and DSIF) by which
RNA Pol II is released from the pausing site and enters the pro-
ductive elongation stage. Accumulating evidence demonstrate that
RNA Pol II pausing is enriched in the 5’ region of genes involved
in central regulatory processes, including developmental switches
that are required for embryogenesis and rapidly inducible mol-
ecules involved in cellular responses to stimuli (Zeitlinger et al.,
2007; Gilchrist et al., 2008). Recently, RNA Pol II pausing was
also documented in controlling the expressions of viral genes
in the KSHV and Epstein—Barr virus (EBV) genomes (Kang and
Lieberman, 2011; Palermo et al., 2011).

Because expression of the viral transcriptome is usually RNA
Pol II dependent, hijacking P-TEFb activity by viral molecules
could be advantageous for viral transcription. The first example
was in human immunodeficiency virus type I (HIV-I). P-TEFb
is composed of a catalytic subunit (CDK9) and a transcription
regulatory cyclin (cyclin T or K). By modifying the substrate speci-
ficity of CDK9, HIV-1 Tat increased noticeably the efficiency of
the elongation step during HIV-1 transcription (Garber et al,
2000; Zhou et al., 2000). By contrast, CDK9 dominant negative
mutants severely impaired HIV-1 replication in cultured human
cells (Foskett et al., 2001; Fujinaga et al., 2002). Furthermore,
CDK9 was recently shown to complex with ICP22 of herpesvirus
type 1 (Durand and Roizman, 2008). The CDK9-bound ICP22
was required for optimal expression of certain viral late genes tran-
scribed by RNA Pol II (Durand and Roizman, 2008). In the case of
human cytomegalovirus, recruitment of cyclin T1 and CDK9 by
IE2 86 kDa protein was critical to establishing an active immediate-
early transcriptome in the first 8 h after viral infection (Kapasi and
Spector, 2008; Kapasi et al., 2009). Finally, viral latent promoters
activated by nuclear protein of EBV EBNA2 are enriched with the
CDK9-mediated, elongated form of RNA Pol IT (Bark-Jones et al.,
2006).

In addition to moderating components of the RNA Pol II
apparatus, phosphorylation of viral factors also contributes to the
expression of the viral lytic transcriptome. Phosphorylation of Ser-
186 located in the DNA binding domain of EBV BZLF1/ZEBRA is
required for the disruption of EBV latency (Francis et al., 1997).
Such a phosphorylation event is essential to bind and then activate
with high preference methylated EBV immediate-early promoter
(Bhende et al., 2005). In addition, phosphorylation of Ser-167 and
Ser-173 leads BZLF1/ZEBRA to function as a repressor in expres-
sion of one late gene (El-Guindy and Miller, 2004). In human
cytomegalovirus, the phosphorylation status of a Ser-rich domain
encompassing amino acids 258-275 of immediate-early protein
IE2 orchestrates the temporal expression of distinctive viral genes

(Barrasa et al., 2005). Furthermore, the immediate-early protein
ICPO of human herpesvirus type 1 contains eleven potential phos-
phorylation sites clustered into three regions adjacent to domains
required for transactivation. Mutation of the first phosphorylation
region in ICPO altered its E3 ligase activity that in turn led to virus
replication defect (Boutell et al., 2008).

As every regulator needs to be regulated, in the present study
we focus on the role of phosphorylation in the latent-lytic switch
activity of K-RTA. Previous studies by Lukac et al. (1999) estab-
lished that K-RTA is a highly phosphorylated protein evidenced
by the alleviation of ~20kDa molecular mass on SDS-PAGE by
calf intestinal phosphatase treatment. To extend this finding fur-
ther, we performed computational analysis of K-RTA amino acid
sequence using NetPhosK (Blom et al., 2004) and GPS 2.0 (Xue
et al., 2008) for potential phosphorylation sites, and, Blast search
in various protein databases for homologous protein motifs. We
found: (1) K-RTA is a Ser- and Thr-rich protein (122 of 691,
17.7%) with the most abundant region located at amino acids
500-550 (33%). (2) In addition to multiple PKC and casein kinase
IT consensus sites, K-RTA harbors seven potential CDK phospho-
rylation motifs (T449, T540, T628, S634, S636, S644, S650). (3) In
the Human Proteinpedia database, the sequences between amino
acids 633—652 share high homology with an in vivo phosphory-
lated tryptic peptide derived from negative elongation factor B
(NELF-B; Beausoleil et al., 2004; Olsen et al., 2006). In addition,
PredictNLS (Cokol et al., 2000) identified one nuclear localiza-
tion signal (NLS) in K-RTA, which is equivalent to the NLS-2
designated by Lukac and colleagues (Lukac et al., 1998, 1999;
Bu et al., 2008). Among these predictions, we showed that Ser-
634 and Ser-636 located in the NELF-B homologous region are
involved in CDK9 recruitment and phosphorylation. Substitu-
tions of Ser with Ala at Ser-634 and Ser-636 impaired K-RTA
transactivation activity and altered its electrophoretic mobility on
SDS-PAGE. In addition, CDK9 inhibitors suppressed the expres-
sions of various K-RTA target genes and KSHV viral production
in a HEK293/rKSHV.219 cell model. Together, these results sup-
port an emerging notion that some regions of the latent KSHV
genome are consistently associated with paused RNA Pol IT whose
activity can be acutely induced by positive elongation factors such
as CDKO9 in response to various stimuli.

MATERIALS AND METHODS

PLASMIDS

pLenti4-FLAG-CPO is a gift from Dr. Dan Robinson at MCTP,
University of Michigan (Ann Arbor, MI, USA). pLenti4-FLAG-
CPO is a modified vector derived from pLenti4/TO/V5-DEST
(Invitrogen). Briefly, the original attR1 site to V5 epitope region
(nt 2405-4203) in pLenti4/TO/V5-DEST was replaced with an in-
frame DNA fragment encoding Kozak sequence, ATG, FLAG tag,
and a rare cutter CPO I site (5’ CGGTCCG). Accordingly, pLenti4-
FLAG-K-RTA was constructed by cloning the coding sequences
of K-RTA (GenelD: 4961526) into the CPO I site of pLenti4-
FLAG-CPO. The expression plasmid pLenti4-FLAG-NLSm was
generated by replacing 32’ KKRK>*® motif of K-RTA with AAAA
in pLenti4-FLAG-K-RTA by QuikChange® site-directed mutage-
nesis kit (Stratagene). Similarly, expression plasmids for the other
NLS and phosphorylation mutants, including NLSm;, NLSmy,
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T513A, T514A, T513A/T514A, S634A, S634T, S634D, S636A,
S636T, S636D, S644A, S652A, and S634A/S636A were generated
by using pLenti4-FLAG-K-RTA as template in the QuikChange®
site-directed mutagenesis reactions. In luciferase reporter assays,
the upstream sequences of PAN (nt 28159-28660 of U75698) and
ORF57 (nt 81556-82005) were cloned into Sacl-Xhol sites of
pGL3-Basic (Promega), yielding pGL3-Basic-PANp, and pGL3-
Basic-ORF57p, respectively. Expression plasmids for CDK9, dom-
inant negative CDK9 (D167N), and cyclin T have been described
previously (Chang and Li, 2008).

ESTABLISHMENT OF 293TetKR AND 293TetNLSm CONDITIONAL
EXPRESSION CELL LINES

The Tetracycline-Regulated Expression HEK293 (TREx™, Invit-
rogen) cell line were infected with lentivirions harboring pLenti4-
FLAG-K-RTA and pLenti4-FLAG-NLSm by using ViraPower™sys-
tem (Invitrogen). Forty-eight hour after infection, the cells were
selected with 400 g/ml zeocin (Invitrogen) for 2 weeks. Zeocin-
resistance clones were subjected to doxycycline-inducibility test
for the expression of desired genes by Western blot analysis
using M2 anti-FLAG antibody (Sigma-Aldrich). For each condi-
tional expression line, multiple positive clones with similar growth
rate and expression level were pooled, collectively designated as
293TetKR and 293TetNLSm, respectively.

CELLS AND CELL CULTURE

Conditional expression cell lines 293TetKR and 293TetNLSm
were maintained in DMEM supplemented with 10% Tet System
Approved FBS (Clontech Laboratories), 5 pg/ml blasticidin-S-HCI
(Invitrogen), and 200 pg/ml zeocin. HEK293 was maintained in
DMEM containing 10% FBS. 293/rKSHV.219 was maintained in
DMEM supplemented with 10% FBS and 660 ng/ml puromycin
(Becton Dickinson). All cells were grown in a humidified 37°C
incubator with 5% CO,.

TRANSFECTION AND LUCIFERASE REPORTER ASSAY

Transfection was performed in 24-well plates. HEK293 cells
(2.4 x 10°) were seeded into each well to reach a 90% conflu-
ence the next day before transfection. Transfection was carried out
using Lipofectamine™2000 (Invitrogen) conveying appropriate
plasmids according to the manufacturer’s instruction. Twenty-
four hour after transfection, cells were harvested for luciferase
activity assay. Firefly and renilla luciferase activities were measured
by using Dual-Glo Lucifearse Assay Kit (Promega). Transfection
efficiency was normalized with a cotransfected renilla luciferase
reporter (phRL-TK, Promega).

PROTEIN PURIFICATION AND MASS SPECTROMETRIC ANALYSIS

Immuno-purification of FLAG-tagged proteins from 293Tet-
inducible cell lines was carried out according to two previously
described procedures (Barlev et al., 2003; Trester-Zedlitz et al.,
2005) with minor modifications. Specifically, 103 cells with 80%
confluence were treated with 50 ng/ml doxycycline for 10 h before
cell harvest. Combined cell pellet (~1 g) was solubilized in 10 ml of
lysis buffer (50 mM Tris—HCIL, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 1 x protease inhibitors, 0.2 mM sodium ortho-
vanadate) at 4°C for 40 min with gentle shaking. Protein extracts

were clarified by centrifugation at 12,000 x g, 4°C for 15 min. Col-
lected protein supernatant was further filtrated through a 0.45
micron filter. The filtrated protein supernatant was applied onto
400 planti-FLAG M2 affinity resin (A2220, Sigma-Aldrich) equili-
brated with lysis buffer. The column eluate was re-loaded onto the
column for two more cycles. The column was alternatively washed
with one column volume of TBS (50 mM Tris—HCI, pH 7.4) fol-
lowed by one column volume of high salt (500 mM NaCl)-TBS
for three times. The column was washed with additional two col-
umn volumes of TBS buffer prior to elution. The FLAG-tagged
proteins were eluted from the column by TBS buffer supple-
mented with 100 pg/ml FLAG peptide (F3290, Sigma-Aldrich)
and 20% glycerol. For each purification, four eluted fractions
were collected and samples were immediately frozen in —70°C
for further studies. Approximately 500 ng affinity purified K-RTA
were resolved in a SDS-PAGE gel, stained with SYPRO® Ruby
(Invitrogen) followed by in-gel digestion. Phosphopeptides were
enriched by C18-functionalized Fe3O4 nanoparticles as described
in Hsiao et al. (2007) followed by LC/MS/MS analysis as described
previously (Lin et al., 2008).

WESTERN BLOT ANALYSIS AND CO-IMMUNOPRECIPITATION

Cells were lysed in RIPA buffer (50 mM Tris—HCI, pH 8, 150 mM
NaCl, 0.1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
1 mM phenylmethylsulfonyl fluoride, 200 uM sodium orthovana-
date, 1x protease inhibitors, 1x phosphatase inhibitors). The
protein concentration was measured spectrophotometrically at
562 nm using BCA protein assay reagent (Pierce, Rockford, IL,
USA). For each co-immunoprecipitation assay, the cells were lysed
in cold EBC lysis buffer (50 mM Tris—HCI, pH 7.4, 0.5% NP-40,
120 mM NaCl, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride,
200 M sodium orthovanadate, 1x protease inhibitors, 1 x phos-
phatase inhibitors). The protein extracts were incubated with
M2 anti-FLAG affinity resin or anti-CDK9 bounded Dynabeads-
protein G (Invitrogen) with continuous rocking at 4°C overnight.
After centrifugation or magnetic separation, the resin, or beads
were washed thoroughly with TBS (50 mM Tris—HCI, pH 7.4,
150 mM NaCl) three times followed by elution of immunocom-
plex in 1x sample buffer. Cell lysates or the eluted immuno-
complex were subjected to SDS-PAGE separation and analyzed
by Western blotting as described elsewhere (Chen et al., 2011).
For IP-kinase assay (Figures 5A,B), the eluted immunocomplex
were washed three times with TBS and once with kinase buffer
(25 mM Tris—HCl, pH 7.5, 5 mM B-glycerophosphate, 2 mM DTT,
0.1 mM sodium orthovanadate, 10 mM MgCl2, 10 uM ATP). The
immunocomplex were resuspended in 29 pl kinase buffer con-
taining 1 wCi [y->3P] ATP and incubated at 30°C for 30 min. After
eluting proteins from resin, the proteins were resolved by SDS-
polyacrylamide gel electrophoresis. The gel was dried, exposed to
an X-ray film and developed by autoradiography.

CALF INTESTINAL ALKALINE PHOSPHATASE TREATMENT

Cells were lysed in EBC lysis buffer without phosphatase inhibitors
or sodium orthovanadate. For each sample 50 g of cell extract was
incubated with 60 U calf alkaline phosphatase in buffer 3 (New
England Biolabs) at 37°C for 45 min. Extracts were separated by
SDS-PAGE followed by Western blot analysis.
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IMMUNOFLUORESCENCE ASSAY

In Figure 1B, 1day before transfection, cells at a density of
10°/0.4 ml/well were seeded on eight-well chamber slide (Nunc)
coated with poly-p-Lysine (Sigma-Aldrich). The cells were trans-
fected with indicated plasmids by using Lipofectamine™ 2000
(Invitrogen) and incubated for 24 h. In Figure 2A, cells were pre-
treated with doxycycline for 24 h before assay. Cells were fixed
with acetone/methanol (v/v=1:1) at —20°C for 20 min and per-
meablized with 0.4% Triton X-100 at RT for 5min. The slides
were blocked for 30 min in blocking buffer (PBS containing 1%
FBS) and incubated with anti-FLAG antibody at RT for 2 h. The
slides were washed with PBS three times for 5min each. The
slides were incubated with fluorescein isothiocyanate-conjugated
anti-mouse IgG for 2h and counterstained with DAPI (Sigma-
Aldrich) for 5 min at RT. The slides were observed under a confocal
fluorescence microscope.

SUBCELLULAR FRACTIONATION

Subcellular fractionation was conducted according to a previously
described procedure (Wang et al., 2005). Briefly, cells were incu-
bated with hypotonic buffer (10 mM HEPES, pH 7.4, 10 mM KClI,
1.5mM MgCl,, 0.34 M Sucrose, 10% glycerol, 0.1% Triton X-
100, 1 mM DTT, 1x protease inhibitors) on ice for 10 min. Cells
were centrifuged at 1300 x g for 4 min at 4°C. The resulting pellet
was the nuclear fraction. The supernatant was further centrifuged
at 20,000 x g for 15min at 4°C to remove debris. The resulting
supernatant was the cytosolic fraction.

FLOW CYTOMETRIC ANALYSIS

After transfection, the cells were harvested by trypsinization and
resuspended in 500 pul PBS. A total of 5,000 cells were acquired
by using a flow cytometer (FACSCalibur, Becton Dickinson) and
analyzed using the WinMDI v2.8 software. GFP and RFP signals
were detected at 488 and 540 nm, respectively.

TITRATION OF KSHV VIRAL PARTICLES

Filtrated (0.45 pm) viral supernatant (160 1) was incubated with
2U DNase I (Invitrogen) at 37°C for 30 min followed by extrac-
tion of encapsidated KSHV DNA using QIAamp MinElute virus
spin kit (QIAGEN). Each comparative quantitative PCR reaction
was composed of 2 ul diluted viral DNA, 5 ]l Power SYBR Green
Master Mix (Applied Biosystems), and 3 pl primer mix (0.66 wM).
The primers used for detecting KSHV genome are ORF9-forward
(5'-CCAACATCATCCAATGCCTC-3') and ORF9-reverse (5'-
GGGAAAAGTCACGGGAATG-3'). Known copy numbers of seri-
ally diluted cosmid GB11 DNA encompassing KSHV genome nt
1-35,022 (U75698) were used as standards in titrating KSHV
viral particles. The reaction was conducted and detected by
StepOnePlusTM Real-Time PCR system (Applied Biosystems).

QUANTITATIVE REVERSE TRANSCRIPTION-POLYMERASE CHAIN
REACTION

Total RNA was extracted from cells by using RNeasy kit (Qia-
gen). Reverse transcription of 2.5ug RNA was performed in a
10 pl SuperScript™III reaction mixtures (Invitrogen) according
to the manufacturer’s instructions. One percent of the resulting
cDNAs were used for each real-time PCR reaction composed of

399HPSKPTFLPPVKRKK*13
516KRKORSKERSSKKRK?>30

c 5§ & E E &
O e n n n
(0] 1 - - |
> X Z =z Z
130—
— - <114
95— - <-98/100
e C— Ayl
72— a-FLAG
T T T - oG APDH
D 14+ | 1
O 124 | | = p<0.001
‘.é 1.0 o I p<0.001
g, 0.8 4
= 0.6+ —_
T 04- = ==
© o024|1 0.52| |1.19 | |o0.46

K-RTANLSm NLSm,; NLSm,

FIGURE 1 | Characterization of a prototypic bipartite nuclear
localization signal (NLS) of K-RTA locating at amino acids 516-530. (A)
Alignment of NLS from EBV Rta (E-RTA), K-RTA, NLSm, NLSm;, and
NLSm,. The KRKK motif required for E-RTA nuclear localization (Hsu et al.,
2005) and the two clusters of basic amino acids located in the bipartite NLS
of K-RTA are underlined. (B) Subcellular localization of K-RTA and the three
NLS mutants in HEK293 cells revealed by an immunofluorescence assay
using M2 FLAG antibody followed by confocal microscopy. Only mutations
locating at the second basic motif affect the nuclear targeting (NLSm and
NLSm,). (C) Western blot analysis of HEK293 cells transiently transfected
with K-RTA or each of three NLS mutants. An additional 98/100 doublet was
detected only in the extract of variants harboring the second basic motif
mutation (NLSm and NLSm,). GAPDH served as a loading control. (D)
Luciferase reporter assay of KSHV ORF57 promoter responding to K-RTA
and NLS mutants transiently expressed in HEK293 cells. Each firefly
luciferase value was normalized to an internal control derived from
cotransfected plasmid phRL-TK. The value in K-RTA was set to 1. Data are
presented as means £ SD from triplicate transfections in an experiment.
Statistical evaluations were performed by using Student's t-test. Three
independent experiments were performed; a representative result is
shown.

2yl diluted cDNA, 5 .l Power SYBR Green Master Mix (Applied
Biosystems), and 3 pl primer mix (0.66 pM). The primers used
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FIGURE 2 | Thr-513 and Thr-514 of K-RTA is the primary in vivo 45 min followed by Western blot analysis. (B) MS/MS spectrum on [M + 2H]**
phosphorylation motif identified by mass spectrometry. (A) (Left) distinct (m/z 743.31) ion for the one phosphorylation-modified peptide
subcellular localization of K-RTA and NLSm was revealed in doxycycline (Do, DSTAAATAAEATTPK from K-RTA (rectangle). The product ion y; that carries a
50 ng/ml)-treated 293TetKR and 293TetNLSm cells by an phosphate indicated that Th514 was phosphorylated but its low intensity
immunofluorescence assay using M2 FLAG antibody. (Middle) subcellular among other background/unassigned peaks does not preclude the alternative
fractionation of protein lysates prepared from 6 to 24 h Dox-treated 293TetKR Thr513 site. A single phosphorylation on either site was unambiguously
and 293TetNLSm cells. T, total lysate; N, nuclear fraction; C, cytosolic fraction. supported by additional phosphorylated y ions. Product ions marked with
PARP and GAPDH served as the nuclear and cytosolic indicators, respectively.  starts resulted from elimination of H,O. Of note, the same spectrum was
(Right) protein lysate of the 293TetKR and 293TetNLSm was preincubated observed for 100 kDa NLSm (not shown). (C) Summary of various features
with (4) or without (=) calf intestinal alkaline phosphatase (CIP) at 37°C for identified in amino acids 502-530.

in the present study are listed in Table Al in Appendix. The
reaction was conducted and detected by StepOnePlus™Real-Time
PCR system (Applied Biosystems).

ANTIBODIES

Monoclonal and polyclonal anti-K-RTA antibodies were kindly
provided by Drs. Keiji Ueda (Osaka University Graduate School
of Medicine, Japan) and Yoshihiro Izumiya (University of Cal-
ifornia at Davis, Sacramento, CA, USA), respectively. Other
antibodies used in this study are M2 FLAG (F1804, Sigma),
B-actin (A5441, Sigma), mouse monoclonal CDK9 (sc-13130,
Santa Cruz), PARP (sc-8007, Santa Cruz), rabbit monoclonal
CDK9 (#2316, Cell Signaling), p44/42 MAPK (#9107, Cell Sig-
naling), phospho-p44/42 MAPK (#4376, Cell Signaling), MPM2
(#05-368, Upstate), a-tubulin (05-829, Millipore), phospho-serine

(AB1603, Millipore), phospho-threonine (AB1607, Millipore),
GAPDH (#54593, AnaSpec, Inc.).

RESULTS

THE KKRK MOTIF OF THE BIPARTITE NUCLEAR LOCALIZATION SIGNAL
CONTRIBUTES TO NUCLEAR TARGETING AND TRANSACTIVATION
ACTIVITY OF K-RTA

Computer-assisted identification of the NLS sequence in K-RTA
was achieved using PredictNLS, a program serving to iden-
tify in silico potential NLS present in a given sequence (Cokol
et al., 2000). Accordingly, a prototypic bipartite NLS located at
amino acids 516-530 (KRKQRSKERSSKKRK) was identified with
97.92% probability (Figure 1A). This subclass of bipartite NLS
can be found in 193 nuclear proteins collected in the PredictNLS
database as of September 2011. In agreement, functional domains
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encompassing amino acids 516—530 of K-RTA were recently shown
to be a bona fide NLS (Bu et al., 2008) or to possess inhibitory
effects on DNA binding (Chang et al., 2008). Noteworthy, Chen
et al. (2000) showed that amino acids 6-12 of K-RTA, designated
as NLS-1in Lukac’s et al. (1998) publication, was demonstrated to
be a functional NLS when fused to $-Gal protein, and, is required
for efficient nucleus-targeting since product of genomic ORF50
devoid of NLS-1 tends to localize to both the nucleus and the
cytoplasm. This finding suggests that NLS-1 can serve as a cryp-
tic NLS and may participate in correct folding of K-RTA that is
required for the exposure of the C-terminal bipartite NLS.
Alignment of amino acids 516-530 with the NLS derived from
EBV Rta (Hsu et al.,, 2005), a functionally homologous protein
to K-RTA, revealed little similarity except for the last four basic
residues (Figure 1A). To characterize further which of the two
basic motifs is responsible for nuclear localization, the Lys and
Arg located at amino acids 516-518 and 527-530, respectively,
were mutated to Ala (Figure 1A). Subcellular localization of K-
RTA and NLS mutants was inspected by an immunofluorescence
assay. As shown in Figure 1B, NLSm and NLSm; were clearly
retained in the cytoplasm, indicating that the mutation of the sec-
ond basic motif composed of KKRK is the determinant of nuclear
targeting. By contrast, modification of the first basic motif from
KRK to AAA did not seem to interfere with the nuclear target-
ing of K-RTA, as represented by NLSm;. In addition, compared
with the wild type that was estimated to be 114 kDa in size, muta-
tion of the second basic motif consistently yielded more abundant
but shorter 98/100kDa doublet bands in Western blot analysis
(Figure 1C). To assess whether mutations affect the transactiva-
tion capability of K-RTA, a luciferase reporter assay using ORF57
promoter sequences was performed. Again, mutation in the sec-
ond (NLSm and NLSm;), but not in the first (NLSm; ) basic motif
showed a dramatic decrease (50-60%) in transactivation activity
(Figure 1D). A similar result was obtained in a PAN promoter-
driven luciferase reporter assay (data not shown). Collectively,
these results revealed that the second basic motif KKRK of the
bipartite NLS is responsible for the targeting of K-RTA to the
nucleus and the full potency of transactivation, and is involved in
regulating protein abundance. Because NLSm requires the least
changes in altering subcellular localization, it was used as the
cytoplasmic version of K-RTA in the following studies.

K-RTA IS PHOSPHORYLATED IN BOTH CYTOPLASM AND NUCLEUS

The most probable explanation for the 14 kDa difference between
K-RTA and NLSm was that it is caused by different extents of phos-
phorylation taking place in different compartments of the cell. To
corroborate this hypothesis, cell lines conditionally expressing K-
RTA and NLSm were established by using the Virapower system
(Invitrogen). Briefly, TREx-293™ cells were stably transduced
with a lentiviral-based plasmid expressing FLAG-tagged K-RTA
or NLSm under the control of a doxycycline (Dox)-inducible
promoter, CMVTetO2™. The resulting cell lines were designated
as 293TetKR and 293TetNLSm, respectively. As expected, upon
Dox treatment, K-RTA was found predominantly in the nucleus
of 293TetKR cells using an immunofluorescence assay, while
NLSm was largely confined to the cytoplasm of 293TetNLSm cells
(Figure 2A, left). The protein extracts of Dox-treated 293TetKR

and 293TetNLSm cells were subjected to subcellular fractionation
followed by Western blot analysis. Clearly, the 114 kDa polypep-
tide and the 98/100 kDa protein bands existed in distinct fractions:
the 114kDa was exclusively in the nucleus and the 98/100 kDa
doublet in the cytoplasm (Figure 2A, middle). Further, when
protein extract was pre-treated with calf intestinal alkaline phos-
phatase (CIP), which should remove most of the phosphate groups
attached to K-RTA and NLSm, both molecules were converted to
a single 98 kDa species (Figure 2A, right). These results indicated
that the non-phosphorylated forms of K-RTA and NLSm were
similar, yet compartmental phosphorylation processes contribute
to their individual molecular masses. Thereby, we hypothesized
that K-RTA is mildly phosphorylated in the cytoplasm as indi-
cated by the smaller, 98/100kDa doublet polypeptides, and is
further phosphorylated once it enters the nucleus as indicated by
the mature 114 kDa protein.

IDENTIFICATION BY MASS SPECTROMETRY OF Thr-513 AND Thr-514 AS
THE PRIMARY /N VIVO PHOSPHORYLATION MOTIF IN K-RTA

In order to conclusively identify which residues are phospho-
rylated in vivo, affinity purified 114kDa K-RTA and 100kDa
NLSm derived from Dox-treated 293TetKR and 293 TetNLSm cells,
respectively, were subjected to LC/MS/MS analysis (Figure 2B). It
was expected that there would be more phosphorylated residues
identified in the 114 kDa nuclear K-RTA than in the 100 kDa cyto-
plasmic NLSm. Disappointedly, the same results were obtained
from both analyses: Thr-513 or Thr-514 located in the tryptic pep-
tides encompassing amino acids 502-516 (DSTAAATAAEATTPK)
of K-RTA and NLSm were the only amino acids with phosphate
potentially conjugated to them. Of these two residues, Thr-513 is
more likely to serve as an alternative position for phosphate mod-
ification (Figure 2B, detailed in the legend). From these results,
we can conclude that Thr-513 or Thr-514 is preferentially phos-
phorylated in the cytoplasm (NLSm), and this modified status is
retained in the nucleus (K-RTA).

Next, the role of phosphorylated Thr-513 or Thr-514 in K-
RTA activity was assessed by biological assays using three Ala
substitution mutants, which mimic the non-phosphorylated state
of 513 and 514. The three variants were primarily localized in
the nucleus and the protein expression levels and molecular
weights of the three variants were comparable to those of the
wild type K-RTA by Western blot analysis (data not shown).
A luciferase reporter assay using upstream sequences of KSHV
PAN RNA was performed to quantitate the transactivation activ-
ity of each Ala variant. No significant difference was observed
between any Ala mutant and the wild type K-RTA (not shown).
These results suggested that that phosphorylation of Thr-513 and
Thr-514 might play only an ancillary role in K-RTA activity.
Interestingly, Gwack et al. (2003b) noted previously that Ser-
503, Thr-504, Thr-508, Thr-513, and Thr-514 are five potential
phosphorylation sites for a Ste20-like kinase hKFC, and that phos-
phorylation of K-RTA by hKFC resulted in a negative effect in
K-RTA-mediated transactivation. Thus, our results excluded the
possibility that Thr-513 or Thr-514 is an hKFC target site. Taken
together, although located proximal to NLS and a DNA bind-
ing inhibitory/protein abundance regulatory signal (Figure 2C),
defective in phosphorylation of Thr-513 or Thr-514 has little
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influence in K-RTA nuclear localization, transcriptional activation,
or protein abundance.

IDENTIFICATION OF AN NELF-B HOMOLOGOUS MOTIF IN THE
C-TERMINUS OF K-RTA

In order to explore the existence of phosphorylated Ser or Thr
residues that had been missed by mass spectrometry (MS; dis-
cussed below), computer-assisted Blast search was employed
to look for known phosphorylated tryptic peptides that share
sequence similarity with K-RTA. Briefly, amino acid sequences
of several large tryptic peptides derived from K-RTA were used as

queries to find hits using a pre-calculated position-specific score
matrix in the NCBI Conserved Domain database as described by
Marchler-Bauer et al. (2005). Amino acids 633-652 were found
to share significant homology with an in vivo phosphorylated
tryptic peptide encompassing amino acids 554-573 of NELF-B
(Figure 3A). NELF-B is one of the five negative elongation factors
that control the processivity of RNA Pol II on an active promoter.
The in vivo phosphorylation sites of NELF-B have been identified
previously to be located at Ser-557, Thr-564, and Ser-573 (Beau-
soleil et al., 2004; Olsen et al., 2006), which were aligned to K-RTA
Ser-636, Ser-644, and Ser-652, respectively (Figure 3A). Although
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FIGURE 3 | Ser to Ala substitutions at Ser-634 and Ser-636 impaired
K-RTA transactivation potency and reduced KSHV reactivation. (A)
Alignment of a Serrich region (amino acids 633-652, 30% Ser) located in
the C-terminus of K-RTA with an in vivo phosphorylated peptide derived
from negative elongation factor B (NELF-B). /n vivo phosphorylated residues
in NELF-B identified previously are denoted by circled P (Beausoleil et al.,
2004; Olsen et al., 2006). Accordingly, a series of K-RTA variants with
mutations in Ser634, -636, -644, and -652 were generated. The four Ser to
Ala mutants and Ser-634 and Ser-636 double mutants are denoted. (B)
(Upper) the expression levels and patterns of K-RTA and the nine
phosphorylation site mutants were compared in parallel by Western blot
analysis using M2 FLAG antibody. a-tubulin served as a loading control.
(Lower) luciferase reporter assay of KSHV PAN promoter responding to the
wild type and the phosphorylation mutants transiently expressed in HEK293
cells. Data are presented as the means + SD for quadruplicate assays. Three
independent experiments were performed; a representative result is
shown. (C) (Upper) comparison by flow cytometry of potency for viral
latency disruption of K-RTA and S634A/S636A. 293/rKSHV.219 cells
transfected with K-RTA or S634A/S636A for 72 h were analyzed on a
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fluorescence-activated cell sorter followed by scoring the percentage of
double positive (GFP and RFP) cells in each population, as indicated in the
upper right of each panel. Untreated cells (mock) served as a control. (Lower
left) results derived from four independent experiments are summarized in
the schematic chart. Data are presented as the means + SD with K-RTA
group set to 1. Statistical evaluation was performed with Student's t-test.
(Lower right) induction of expression of lytic protein K-bZIP by K-RTA and
SB634A/S636A in 293/rKSHV.219 cells was compared in parallel by Western
blot analysis. B-actin served as a loading control. (D) (Left) total RNAs of
293/rKSHV.219 cells transfected with pLenti-FLAG-CPO (vector control),
pLenti-FLAG-K-RTA, and pLenti-FLAG-S634A/S636A for 48 h were analyzed
by quantitative RT-PCR for gene expressions of K-bZIF ORF59, ORF2, and
ORF36. Results from each reaction were normalized to cellular GAPDH.
Statistical evaluations were performed by using Student's t-test. (Right)
KSHV viral particles released from K-RTA or S634A/S636A-expressing cells
at 72 h were determined by comparative quantitative PCR of KSHV DNA
polymerase genes (ORF9). Data are presented as means + SD for three
PCR assays in an experiment. Similar results were obtained from two
independent experiments; one set of data is shown.
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the role of phosphorylated Ser-557, Thr-564, and Ser-573 in NELF-
B is still unclear, it was tempting to presume that the conserved
residues in K-RTA are also phosphorylated. To test our hypoth-
esis, Ser to Ala point mutation was individually introduced into
K-RTA Ser-636, Ser-644, and Ser-652 (Figure 3A). In addition, we
initially included S634A as a control variant since no conserved
Ser was matched in the corresponding site of NELF-B. We first
confirmed that all four Ser to Ala mutants correctly resided in
the nucleus of HEK293 cells (data not shown). Next, the protein
expression level of each mutant was compared by Western blot
analysis in parallel with that of wild type K-RTA. Noteworthy, the
major bands in S634A and S636A, but not in S644A and S652A
were estimated to be 104 kDa, approximately 10 kDa shorter than
that of the wild type (Figure 3B, compare lanes 1, 2, 5, 8, 9).
To investigate further, Ser to Thr, Ser to Asp, and double Ser to
Ala substitutions were introduced into amino acids 634 and 636,
yielding S634T, S634D, S636T, S636D, and S634A/S636A. Simi-
larly, each mutant was shown by an immunofluorescence assay
to localize in the nucleus (data not shown). Interestingly, the
discrepancy in molecular mass in S634A and S636A could be par-
tially or completely overcome by substitution of a functionally
conserved residue (e.g., S634T and S636T) or with a phosphory-
lation mimetic residue (e.g., S634D and S636D), suggesting that
phosphorylation of Ser-634 or Ser-636 is involved in migration
mobility of K-RTA (Figure 3B, lanes 3, 4, 6, 7). To corroborate the
molecular mass discrepancy with transactivation potential, a PAN
promoter-driven luciferase reporter assay was performed to com-
pare transactivation activity of K-RTA and the nine Ser-634 and
Ser-636 variants. As summarized in Figure 3B (lower panel), the
transactivation activities were 8—27% lower in S634A, S636A, and
S634A/S636A relative to that of the wild type and other variants.
Although the reductions were small, these results mirrored those
observed for migration mobility, namely substitution of Ser with
Ala at 634 or 636 produced a 104 kDa species of K-RTA that is less
potent. Because S634A/S636A yielded the most apparent changes
in migration pattern and transactivation activity, this mutant was
chosen for further investigation.

To extend these studies to cells infected with KSHV, K-RTA,
and S634A/S636A, respectively, were ectopically expressed in
293/rKSHV.219 cells (Vieira and O’Hearn, 2004), followed by
scoring of the percentage of GFP and RFP double positive cells,
an indicator of KSHYV lytic reactivation (Vieira and O’Hearn,
2004). The results showed that lytic reactivation induced by K-
RTA was impaired when Ser-634 and Ser-636 were replaced with
Ala, either by scoring of PAN promoter activity or by detecting K-
bZIP expression (Figure 3C). This defect in lytic cycle reactivation
of S634A/S636A was further validated by quantitative RT-PCR
analysis of additional lytic genes (ORF2, ORF36, and ORF59)
and determination of viral particles released in the culture media
(Figure 3D). Thereby, we provide evidence indicating that phos-
phorylation of Ser-634 and Ser-636 contributes to the full potency
of K-RTA in lytic cycle reactivation and virus production.

Taken together, we found that amino acids 633-652 of K-
RTA shares 70% homology with a phosphorylated tryptic peptide
derived from NELF-B. Among the three conserved Ser residues
between K-RTA and NELF-B, Ser-636 seemed to play a role
in K-RTA migration mobility and transactivation activity. In

conjunction with Ser-634, Ser to Ala substitutions resulted in
~25% decrement in K-RTA activity and was ~10kDa smaller in
molecular weight.

K-RTA 53*SPSP®’ |S A POTENTIAL CDK9 TARGET SITE

At first, we hypothesized that the 10kDa decrease in molecular
mass of S634A/S636A was caused by a deficiency in phosphory-
lation, namely Ser-634 or Ser-636 may serve as a priming site to
“dock” kinase(s), after which a successive, extensive phosphory-
lation is initiated. Thus, given a phosphate group is 80 Da, the
10kDa difference could be attributed to as many as 125 phos-
phates conjugating onto K-RTA, but not to the S634A/S636A
mutant; that is, the overall phosphorylation state in K-RTA should
be higher than that in S634A/S636A. To validate this hypothesis,
protein extracts of HEK293 cells transiently expressing FLAG-
tagged K-RTA or S634A/S636A were treated with CIP and analyzed
against their untreated counterparts by SDS-PAGE and Western
blot analysis. As expected, CIP converted the majority of K-RTA
and S634A/S636A to a 98 kDa species (Figure 4A). To determine
the overall phosphorylation state in K-RTA vs. S634A/S636A,
protein extracts were immunoprecipitated with M2 FLAG resin
followed by Western blot analysis using anti-phospho Ser or
anti-phospho Thr antibodies (Figure 4B). After normalized with
the total protein (a-FLAG), the overall phosphorylation status
of K-RTA and S634A/S636A was very similar. Taken together,
these results refuted our hypothesis that the 10kDa difference
was caused by a deficiency in the degree of phosphorylation in
S634A/S636A.
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FIGURE 4 | The 10-kDa difference between K-RTA and S634A/S636A is
not due to distinct global phosphorylation state. (A) Protein extract
from HEK293 cells transfected with plasmids expressing K-RTA or
S634A/S636A for 24 h was incubated with (+) or without (—) calf intestinal
phosphatase (CIP) at 37°C for 45 min. Each reaction mixture was analyzed in
parallel by Western blot analysis using specified antibodies. Phosphorylated
MAPK served as a control for completeness of CIP treatment. (B) The
overall Ser phosphorylation (a-pSer), Thr phosphorylation (a-pThr), and
MPM2 reactivity of K-RTA and S634A/S636A were revealed by
immunoprecipitation (IP)-Western blot analysis. Because the expression
abundance of each species were varied, the intensity of each band was first
normalized with the intensity of its corresponding FLAG polypeptide
(a-FLAG), followed by comparing to the normalized K-RTA value that was
setto 1.
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On the other hand, we noticed that ©3*SPSP%7 of K-RTA rep-
resents a canonical motif of MPM2, an antibody that recognizes
the phosphorylated Ser-Pro or phosphorylated Thr-Pro motifs
present on a polypeptide, we tested whether mutation of this
motif (©**APAP®% in S634A/S636A) would influence its immuno-
reactivity to MPM2 antibody. Indeed, as shown in Figure 4B,
S634A/S636A retained ~70% immuno-reactivity of MPM2 anti-
body relative to K-RTA by IP-Western blot analysis. This result
suggested that ©3*SPSP%¥ could be an in vivo phosphorylation
site. Because %**SPSP%7 also represents a typical motif for Pro-
directed kinases including various CDKs, an in vitro translation
(IVT) coupled IP-kinase assay was performed to identify potential
CDKs that phosphorylate Ser-634 or Ser-636. As a result, phos-
phorylation of K-RTA was detectable when CDKI, 2, or 9 were
used as kinase source (not shown). Among these, we were particu-
larly interested in CDK9 because it belongs to transcriptional CDK
families that tightly control the conformation and processivity of
RNA Pol II and negative elongation factor complex, NELF, and
DSIF (Lolli, 2009).

First, by in vitro IP-kinase assay, we confirmed that CDKO9,
but not its dominant negative variant (CDK9-D167N) specif-
ically phosphorylated K-RTA in vitro (Figure 5A). To inspect
whether Ser-634 or Ser-636 were the target sites of CDK9, IP-kinase
assays of K-RTA, and S634A/S636A were performed in parallel.
As depicted in Figure 5B, although CDK9 phosphorylated both
species, CDK9 phosphorylated higher fraction of K-RTA than that
of S634A/S636A (1:0.4), strongly indicating that the %*4SPSP®37
motif could be one of the multiple CDK9 sites present in K-
RTA. If this were true, we envisioned that in vivo, interaction
between CDK9 and K-RTA would be stronger than that between
CDK9 and S634A/S636A. As anticipated, results of IP-Western
blot analysis revealed that higher fraction of K-RTA associated
with CDKO9 relative to that of S634A/S636A (1: 0.4, Figure 5C).
The involvement of CDK9 in Ser-634 and Ser-636 phospho-
rylation was further supported by using DRB (5,6-dichloro-1-
beta-p-ribofuranosylbenzimidazole) and roscovitine in a PAN
promote-driven luciferase reporter assay. DRB and roscovitine are
well-characterized CDK9 inhibitors (Taylor et al., 2004; Kapasi
et al., 2009). When used as a dosage that did not significantly
influence general transcription (evidenced by negligible changes
in rellina activities of transfection controls, expressions of FLAG
protein and p-actin between the control and the drugged groups,
not shown), S634A/S636A was less sensitive to CDK9 inhibitors
compared to K-RTA (Figure 5D), reinforcing that 93*SpSp®3”
is an in vivo target site of CDK9. To extend these studies to
cells infected with KSHV, K-RTA expressing 293/rKSHV.219 cells
were treated with vehicle control (DMSO), DRB, or roscovitine
for 42 h before harvest. RNAs of each group were subjected to
quantitative RT-PCR analysis for various K-RTA target genes. As
shown in Figure 5E, while the expressions of B-actin or RNA
Pol III-directed 18S ribosomal RNA were insensitive to CDK9
inhibitors, the expression of MYC was significantly suppressed
by DRB or roscovitine treatment, which is consistent with previ-
ous finding that MYC is a prototypic RNA Pol II pausing gene
whose expression is regulated by CDK9-related pathway (Romano
and Giordano, 2008). Notably, DRB and roscovitine also down-
regulated the expressions of known K-RTA target genes (cellular

SERPINB1; Brown et al., 2010, PAN, K-bZIP, and ORF59) and
decreased the amount of viral particles released in the culture
media, reinforcing the positive regulatory role of CDK9 in K-RTA-
mediated transactivation and virus production. Taken together,
we showed that although both K-RTA and S634A/S636A were
phosphorylated in vitro by CDK9, S634A/S636A only retained
40% intensity of phosphorylation compared to that in K-RTA;
both K-RTA and S634A/S636A associated with CDK9 in vivo,
yet S634A/S636A only preserved 40% recruitment capacity rel-
ative to that of K-RTA; CDK9 inhibitors, DRB, and roscovi-
tine, displayed higher inhibition potency on K-RTA than that of
S634A/S636A. We conclude that there are multiple CDK9 target
sites on K-RTA and ®**SPSP®’ motif is highly likely to be one
of them.

DISCUSSION

In the present study, we demonstrated that phosphorylation of
K-RTA can be subsidiary to (at Thr-513 and Thr-514) or influen-
tial in (at Ser-634 and Ser-636) the biological activity of K-RTA.
We showed that mutation of **SPSP® to **APAP®Y in K-RTA
reduced its capacity in CDK9 recruitment and potency in viral
Iytic cycle reactivation. Because CDK9 is central to regulating the
RNA Pol IT processivity on active promoters, we propose that sim-
ilar to HIV Tat, by recruiting CDK9 to the viral genome K-RTA has
evolved to potentiate the host transcription machinery for a robust
viral transcriptome expression during lytic cycle replication.

Among the multiple mechanisms that control RNA Pol IT activ-
ity in a transcription cycle, promoter-proximal pausing/stalling of
RNA Pol II is considered as a rate-limiting step in the activation
of hundreds of genes responding to dynamic environmental and
developmental cues (Muse et al., 2007; Zeitlinger et al., 2007). In
addition, genome-wide epigenetic analysis of human cells revealed
that although only ~30-45% of known genes have detectable
transcripts, the majority of protein-coding genes are with active
chromatin marks (K3K4me3) and bound with low level of RNA
Pol II in the regions surrounding their promoters (Guenther et al.,
2007). Interestingly, recent epigenetic studies revealed similar phe-
nomena in the KSHV genome that it is also dynamically marked
with both active and suppressive chromatin marks during latent
infection, indicating that the KSHV genome is transcriptionally
poised during latency, but can be rapidly activated in response to
lytic cycle inducers (Gunther and Grundhoff, 2010; Toth et al,,
2010).

The negative elongation factor (NELF) is a transcription regu-
latory complex comprises four subunits, NELF-A, B, C/D, and E.
NELF exerts to interact stably with RNA Pol II and other elon-
gation regulatory factors within the promoter-proximal region,
which prevents further transcription elongation. Recently, a novel
role of NELF was revealed: by residing at the pausing site, NELF
prevents nucleosome formation and maintains a permissive chro-
matin architecture that allows a rapid transcription process upon
induction. Thus, NELF-mediated RNA Pol II pausing can provide
both negative and positive effects on gene expression (Gilchrist
etal., 2008). Regardless of which effect, phosphorylation of NELF
by CDKO9 enables the disengagement of NELF from the promoter-
proximal region that is followed by a productive elongation
process.
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FIGURE 5 | CDK9 phosphorylated K-RTA in vitro and CDK9 associated
with K-RTA in vivo. (A) Protein extracts of 293T cells expressing indicated
plasmids were harvested and subjected to immunoprecipitation (IP)-kinase
assay using M2 FLAG affinity resin. The resulting mixtures were resolved by
8% SDS-PAGE and revealed by autoradiography. A distinct 114 kDa band is
detected only when both K-RTA and CDK9 are present, indicating that K-RTA
is a CDK9 substrate. CDK9-DN, CDK9 dominant negative. (B) Quantitation
of CDK9 activities toward K-RTA vs. S634A/S636A. The band intensity in the
autoradiograph film was normalized with the band intensity in a-K-RTA
followed by setting K-RTAs value to be 1. Although more S634A/S636A was
captured in the immunocomplex, only 40% y-**P-ATP was labeled onto
S634A/S636A relative to that in K-RTA, suggesting that wild type K-RTA is a
better substrate for CDK9. (C) Phosphorylation of Ser634 and Ser-636 may
play a role in CDK9 recruitment. Association of K-RTA and S634A/S636A
with cellular CDK9 was determined by IP-Western blot analysis using
a-CDK9 bounded Dynabeads-protein G. After normalized with the input
proteins (lanes 1 and 2), S634A/S636A only retained 40% in CDK9
association ability, suggesting that Ser-634 ad Ser636 are involved in CDK9
recruitment. (D) The effects of DRB (5,6-dichloro-1-beta-d-
ribofuranosylbenzimidazole) and roscovitine on K-RTA-mediated

K-RTA targets

transactivation of PAN promoter were determined by a luciferase reporter
assay. HEK293 cells were cotransfected with plasmids expressing K-RTA or
S634A/S636A together with PANp-driven luciferase reporter plasmid for 6 h,
followed by inhibitor treatments for 18 h. Each firefly luciferase value was
normalized to an internal control plasmid phRL-TK. The normalized value of
the untreated group in K-RTA was set to 1. Data are presented as the
means =+ SD for quadruplicate transfections. Similar pattern was observed in
two independent experiments. One set of data is shown. Statistical
evaluations were performed with Student’s t-test. (E) (Left) quantitative
RT-PCR analysis for gene expressions of g-actin (ACTB), 18S ribosomal RNA
(18S RNA), known RNA Pol Il pausing gene (MYC), and K-RTA target genes
(cellular SERPINB2, KSHV PAN, K-bZIR ORF59) in K-RTA expressing
293/rKSHV.219 cells treated with indicated inhibitors for 42 h.
GADPH-normalized RNA value was quantified as fold change over the
DMSO group. Statistical evaluations were performed by using Student's
t-test. (Right) KSHV viral particles released in the culture media from each
treated groups were determined by comparative quantitative PCR of KSHV
ORF9, as described in Figure 3D. Data are presented as means + SD for
three PCR assays in an experiment. Similar results were obtained from two
independent experiments; one set of data is shown.

Here, we found that amino acids 633-652 of K-RTA share
sequence homology with amino acids 554-573 of NELF-B, which
is located in an in vivo phosphorylated tryptic peptide (554—
580). Although the kinase that phosphorylates this tryptic pep-
tide in NELF-B has not been characterized, we found that
Ser-634 and Ser-636 in K-RTA are involved in CDK9 recruit-
ment/phosphorylation and the expressions of multiple K-RTA
target genes were impaired when CDKY inhibitors were present.
In addition, de-phosphorylated Ser-634 and Ser-636 mimetic,
namely S634A/S636A, is 10kDa shorter than the wild type,

however, this decrement in molecular mass was not due to defi-
ciency in global Ser- or Thr-phosphorylation, which raises a
possibility that phosphorylation-mediated conformational change
might be involved. Along the same vein, S634A/S636A was less
immunoreactive to MPM2 antibody, suggesting that phosphory-
lation of ®**SPSP%7 could be targeted by PIN1, a peptidyl-prolyl
cis/trans isomerase that regulates the conformation and func-
tion of numerous MPM2-recognized proteins (Stukenberg and
Kirschner, 2001; Lu and Zhou, 2007; Shaw, 2007). More exper-
iments are required to prove this hypothesis. Taken together, it
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is envisioned that K-RTA possesses functional domain similar
to those in NELF, which serves to recruit CDK9 and assures a
productive gene expression program on the viral genome.
Although K-RTA has been known as a nuclear protein, the
full maturation process of K-RTA may involve multiple cellu-
lar compartments. To distinguish various compartment-specific
phosphorylation processes, we constructed a nuclear localization
mutant of K-RTA, referred to as NLSm. While primarily located
in the cytoplasm by immunofluorescence assays, NLSm retained
50% wild type transactivation activity (Figure 1D). There are two
possibilities to account for this result. First, a proportion of NLSm
may “sneak into” the nucleus in the overwhelming liposomal trans-
fection used in the luciferase reporter assay. This possibility is
supported by the presence of the 114 kDa nuclear polypeptide
in protein extracts of long term (24 h) Dox-treated NLSm cells
(Figure 2A, middle). Alternatively, NLSm could exert some yet-
to-be-identified actions in the cytosol. For example, EBV Rta was
documented to be functional in the cytoplasm (Hsu et al., 2005).
Originally, we anticipated to see more phosphorylated residues
in the 114 kDa nuclear form of K-RTA because of its apparently
larger molecular mass. To our surprise, the same Thr-513 and
Thr-514 were shown to be the only phosphorylated amino acids
identified in both K-RTA and NLSm by LC/MS/MS. Two possibil-
ities could contribute to this result. One is that our MS analysis
may exclude some larger tryptic peptides because of their size
(e.g., amino acids 531-633, approximately 10.6 kDa, contain 25
Ser/Thr). The other possibility is that we did not obtain adequate
quantity of phosphorylated K-RTA in the first place. We believe
that further improvement of the purification procedure, or the
use of alternative proteases such as chymotrypsin to supplement
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APPENDIX

Table A1 | Sequences of primers used in Figures 3 and 5.

Forward seq (5’ — 3’)

Reverse seq (5" — 3')

KSHV GENES
K-bzZIP
ORF2
ORF36
ORF59
PAN
CELLULAR GENES
18S rRNA
ACTB
GAPDH
MYC
SERPINB2

TGTGCCGTCGTCCGG
TGCTCGCCAGGCTTGG
CACCGGCAAAGCCCAG
CGAGTCTTCGCAAAAGGTTC
CTGGATGTGTATCTTATTGGTGC

CGCCGCTAGAGGTGAAATTC
CCTTGGCATCCACGAAACT
CAAGAAGGTGGTGAAGCAGG
AGCATACATCCTGTCCGTCC
GTGTTATGACAGGGAGAACTGG

TGGATGGTTCCCCAGATGA
CGTGTTTCTCTCGCATGATAGC
TGCTTCTGAAACGCCAGCT
AAGGGACCAACTGGTGTGAG
CGCCTATGTCATTCAAATCG

TTGGCAAATGCTTTCGCTC
TCTCCTTCTGCATCCTGTCG
GCTGTTGAAGTCAGAGGAGACC
CTCAGCCAAGGTTGTGAGGT
GGTGAGGAAAATCTGCCG
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Post-transcriptional events which regulate mRNA biogenesis are fundamental to the control
of gene expression. A nascent mMRNA is therefore steered through multimeric RNA-
protein complexes that mediate its capping, splicing, polyadenylation, nuclear export, and
ultimately its translation. Kaposi's sarcoma-associated herpesvirus (KSHV) mRNA trans-
port and accumulation protein, or ORF57 is a functionally conserved protein found in all
herpesviruses which plays a pivotal role in enhancing viral gene expression at a post-
transcriptional level. As such, ORF57 has been implicated in multiple steps of RNA bio-
genesis, including augmenting viral splicing, protecting viral RNAs from degradation to
enhancing viral mMRNA nuclear export and translation. In this review, we highlight the
multiple roles of KSHV ORF57 in regulating the post-transcriptional events which are
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KAPOSI'S SARCOMA-ASSOCIATED HERPESVIRUS

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV) or human
herpesvirus 8 is a gamma-2 herpesvirus associated with multiple
AIDS-related malignancies (Chang et al., 1994), including KS, a
highly vascular tumor of endothelial lymphatic origin (Ganem,
2006), and two lymphoproliferative disorders; primary effusion
lymphoma and multicentric Castleman’s disease (Chang et al.,
1994; Cesarman et al., 1995; Soulier et al., 1995). In sub-Saharan
Africa, widespread HIV infection has turned KS into an epidemic
disease and KS is now amongst the most common of all diag-
nosed malignancies (Parkin et al., 2008). Moreover, solid-organ
transplant recipients are at an increased risk of developing KS due
to a pre-existing infection or recipients being infected by donors
(Piselli et al., 2009).

Like other herpesviruses, KSHV has two distinct forms of infec-
tion, latency, and lytic replication (Ganem, 2006). However, in con-
trast to other oncogenic herpesviruses, where latent gene expres-
sion plays a prominent role in tumorigenesis, lytic replication plays
an important part in the tumorigenicity, pathogenesis, and spread
of KSHV infection (Cai et al., 2010). Specifically, lytic replica-
tion appears to be a necessary antecedent step in KS development
from the primary target of viral infection, the B lymphocyte reser-
voir, to endothelial cells where tumors are observed. Moreover,
lytic gene expression potentially contributes to the development
of KS through the expression of lytic viral proteins which medi-
ate paracrine secretion of growth and angiogenic factors that are
essential for tumor growth and development (Ballon et al., 2011;
Bottero et al., 2011). In addition, they sustain the population of
latently infected cells that would otherwise be reduced due to the
poor persistence of the KSHV episome during spindle cell divi-
sion (Grundhoff and Ganem, 2004). Therefore, it is essential to
study the molecular mechanisms which regulate lytic replication

fundamental to the control of virus gene expression.

Keywords: KSHV, ORF57, mRNA export, mRNA stability

to fully understand KSHV pathogenesis. This in turn may lead to
novel therapeutic interventions which could become an important
strategy for the treatment of KSHV-associated diseases.

Post-transcriptional events which regulate mRNA biogenesis
are fundamental to the control of gene expression. As a conse-
quence, cells have evolved a “gene expression production line”
that encompasses the routing of a nascent transcript through
multimeric mRNA-protein complexes that mediate its splic-
ing, polyadenylation, nuclear export, and translation (Hastings
and Krainer, 2001; Proudfoot, 2011; Rodriguez-Navarro and
Hurt, 2011). These pathways are particularly important for her-
pesviruses which replicate in the host cell nucleus and express
numerous lytic intronless mRNAs. Due to the reliance of her-
pesviruses on the host cell machinery for efficient processing of
their mRNAs, an immediate issue arises concerning the mecha-
nism by which the viral intronless mRNAs are efficiently exported
from the nucleus, given that the majority of cellular bulk mRNA
nuclear export is intimately linked, and dependent upon, splicing
(Luo and Reed, 1999; Valencia et al., 2008).

To circumvent the problem associated with efficient intron-
less viral mRNA nuclear export KSHV encodes a multifunctional
protein, the mRNA transport and accumulation (MTA) protein,
or ORF57, which functions in many aspects of RNA processing
(Malik et al., 2004b). Many of these properties are also con-
served in ORF57 homologs throughout herpesviruses including
HSV-1 ICP27; HSV-2 UL54; EBV SM/EB2; CMV UL69, VZV
ORF4, HHV-6 U42, HHV-7 U42, HVS ORF57 (Swaminathan,
2005; Boyne and Whitehouse, 2006a; Boyne et al., 2008a; Sandri-
Goldin, 2008; Toth and Stamminger, 2008; Ote et al., 2009). The
most widely characterized of these is the herpes simplex (HSV-1)
homolog ICP27, which has been used as a prototype for herpes
virus infection (Sandri-Goldin, 2008). Functionally, ORF57 and
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FIGURE 1 | Putative motifs within the KSHV ORF57 protein. KSHV ORF57
is a 455 amino acid protein with an exon junction within the codon for aa 17.
The functional motifs comprise a putative CKIl phosphorylation site (region
18-43); three nuclear localization signals (NLS1,2,3; regions 101-107, 121-131,
143-152); an A/T hook (region 119-131); two arginine—glycine—glycine motifs

Leucine
Zipper

GLFF

(RGG1,2; regions 138-140, 372-374); a leucine zipper (region 343-364); a zinc
finger domain (region 423-432); and a hydrophobic
glycine—leucine—phenylalanine—phenylalanine motif (GLFF; region 448-451).
The putative phosphorylation sites were predicted using GPS V2.1 (Xue et al.,
2008).

its homologs regulate viral and cellular RNA processing, which
results in accumulation of target genes and may also contribute to
host cell shut-off (Hardwicke and Sandri-Goldin, 1994; Hardy and
Sandri-Goldin, 1994; Ruvolo et al., 1998; Whitehouse et al., 1998).
However, ORF57 homologs are evolutionarily diverged, with little
sequence conservation and have adapted into different roles in the
respective viruses. Therefore this review focuses on KSHV ORF57
and its role in the lytic replication cycle and mRNA processing.

THE KSHV ORF57 PROTEIN

ORF57 GENE AND PROTEIN STRUCTURE

Kaposi’s sarcoma-associated herpesvirus lytic gene expression is
initiated by the immediate early protein the replication and tran-
scription activator, RTA, which is necessary and sufficient for com-
plete reactivation into the lytic cascade (Lukac et al., 1998, 1999).
RTA functions as a viral transcription factor to initiate transcrip-
tion of various viral genes by multiple mechanisms (Dourmishev
et al., 2003). Interestingly, although RTA has been shown to be
able to recognize specific RTA response elements in promoters, it
activates the ORF57 promoter indirectly via an interaction with
RBP-Jk (Liang et al., 2002; Chang et al., 2005). Additional cellular
cofactors including HMGBI are also thought to be necessary for
efficient RTA-mediated activation of the ORF57 promoter (Song
et al., 2004; Harrison and Whitehouse, 2008).

ORF57 is transcribed as a monocistronic pre-mRNA, contain-
ing a small intron comprising 109 nucleotides. It is interesting to
note that both RTA and ORF57, as immediate early proteins con-
tain introns enabling efficient mRNA processing prior to ORF57
action on numerous delayed early and late intronless transcripts.
The ORF57 gene encodes a 455aa protein, with only the first
16 aa translated from the first exon. Currently there are no solved
structures for KSHV ORF57 or any of its homologs, but com-
puter predictions indicate that the N-terminal region is mainly
unstructured, whereas the C-terminal domain forms primarily
alpha helices (Taylor et al., 2011). Nevertheless, several functional
regions have been identified (Figure 1).

Three nuclear localization signals (NLS) are located in the
N-terminal region of ORF57. Each NLS consists of a stretch of
basic residues and each individual NLS is sufficient to localize
ORF57 into the nucleus. Mutation of any two of these NLS is
sufficient to severely inhibit ORF57 function (Majerciak et al.,

Untreated TPA (20ng/ml)

FIGURE 2 | Cellular localization of KSHV ORF57. BCBL-1 cells were
reactivated with TPA to express the lytic KSHV genes. Cells were fixed and
permeabilized and proteins immunostained using an ORF57-specific
antibody and a monoclonal antibody to C23 and FITC and Texas Red
secondary antibodies. ORF57 can be seen localizing in the nucleus, as well
as the nuclear speckles and colocalizing in the nucleolus with C23.

2006). Furthermore, it has been shown that these NLS also confer
nucleolar localization (Figure 2). Nucleolar trafficking is thought
to be essential for KSHV ORF57 function, as well as the related
HVS ORF57 (Boyne and Whitehouse, 2006b, 2009), however as yet
the role of the nucleolus in ORF57 function is yet to be determined.

ORF57 binds to both viral and cellular target RNAs, for exam-
ple cellular IL-6 and viral vIL-6 have been shown to interact with
ORF57 using crosslinking immunoprecipitation (CLIP) assays
(Kang et al., 2011). Two RGG motifs, which are putative RNA
binding sites are found in ORF57. However, deletion of the first
RGG motif has no effect on ORF57 RNA binding, while deletion of
the second C-terminal RGG motif results in a lack of RNA bind-
ing and consequently inefficient nuclear export of a viral target
RNA. Although, this could be due to a deficiency in RNA bind-
ing or binding of cellular interacting proteins (Nekorchuk et al.,
2007). However, more recent evidence using site-directed mutants
of the RGG motifs suggests to defects in homodimerization and
intranuclear trafficking of the RGG2 mutant (Taylor et al., 2011).
Interestingly, the N-terminal domain is also thought to be suffi-
cient to bind RNA (Majerciak et al., 2006). A similar observation
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has also been seen in the highly conserved Herpesvirus saimiri
ORF57 protein (Goodwin et al., 1999). Further work is neces-
sary to fully elucidate the ORF57 RNA binding domain or indeed
domains.

ORF57 also contains an uncharacterized AT-Hook motif. AT-
Hook motifs are generally found in DNA binding proteins and
are also found in a series of transcriptional cofactors (Aravind and
Landsman, 1998). ORF57 has been shown to bind directly to DNA,
with the AT-Hook domain implicated in this interaction (Palmeri
etal.,2007). EMSA-based analysis shows a deletion of the AT-Hook
region lead to a loss of ORF57 activation of the polyadenylated
nuclear RNA (PAN) promoter and diminished ability of ORF57 to
bind DNA. It is intriguing to note that ORF57 has been described
to act as a cofactor for RTA-mediated transactivation (Kirshner
et al., 2000), which will be discussed in more detail later. Addition-
ally, a putative leucine zipper domain is located in the C-terminal
domain of ORF57, however the function of this region is still
unclear. Although, a leucine rich region in the ORF57 homolog
ICP27 from HSV-1, has been shown to contain a functional nuclear
export signal (Sandri-Goldin, 1998). Together with the NLS, this
motif might therefore be responsible for the ability of ORF57 to
shuttle between nucleus and cytoplasm (Bello et al., 1999).

Finally, the C-terminal domain of ORF57 also contains a zinc
finger domain and a GLFF motif. The zinc finger domain is con-
served throughout ORF57 homologs whereas the GLFF motif is
restricted to gamma-herpesviruses (Goodwin et al., 2000). The
functional relevance of the zinc finger domain of KSHV ORF57
is not fully characterized, however work on HSV-1 ICP27 high-
lighted a potential role in dimerization and binding of the nuclear
export factor TAP (Hernandez and Sandri-Goldin, 2010, 2011).
The GLFF motif plays a role in transactivation as well as repres-
sion properties of the HVS ORF57 protein and SM protein in EBV,
however, again no role has been shown in KSHV to date (Goodwin
et al., 2000; Ruvolo et al., 2004).

CASPASE-7 CLEAVAGE OF ORF57

An interesting recent study presented a hypothesis for a possible
cellular mechanism against lytic KSHV virus infection (Majer-
ciak et al., 2010). The authors showed that infection with KSHV
or reactivation into the lytic cycle induces the caspase-8 mediated
apoptosis pathway. This leads to the expression of caspase-7 which
was shown to cleave ORF57 33 amino acids from the N-terminus.
This cleaved form of ORF57 has been shown to be deficient in
its functional roles of viral mRNA maturation and processing.
Furthermore, cells expressing caspase-7 showed little lytic reac-
tivation and underwent caspase-induced apoptosis, whereas cells
expressing full-length ORF57 appeared to show diminished activ-
ity of caspase-7 and were able to enter into a full lytic cycle. The
mechanisms underlying this delicate balancing act are yet to be
defined, but understanding how caspase-7 is suppressed in a num-
ber of lytically active cells, and how caspase-8 is induced leading to
apoptosis in the remainder of cells presents an interesting scenario
for a potential antiviral mechanism against KSHV. It is, however,
possible that this cleavage is simply a neutral event, or perhaps
even beneficial to the virus. For example, KSHV could utilize
this as a post-translational mechanism to control ORF57 activ-
ity. Alternatively, it maybe possible that the virus could utilize this

cleavage event to prevent full lytic reactivation in the majority of
cells maintaining the large latent pool of infected cells.

THE MULTIFUNCTIONAL ROLES OF ORF57 IN mRNA
BIOGENESIS

THE ROLE OF ORF57 IN SPLICING

The mechanism of pre-mRNA splicing and the function of ORF57
and its homologs is closely linked. For example, HSV-1 ICP27
effectively inhibits splicing to reduce host cell gene expression,
thereby eliciting a host cell shut-off (Smith et al., 2005). This is
mediated by an interaction between ICP27 and SAP145, an essen-
tial pre-mRNA splicing factor (Bryant et al., 2001). No such effect
has been reported for KSHV ORF57 to date, as KSHV encodes
a number of spliced transcripts. On the contrary, KSHV ORF57
is able to enhance splicing of a number of viral genes (Majerciak
et al., 2008). This enhancement effect on splicing is not limited
to KSHV genes as a similar enhancement has been observed on
non-viral mRNA constructs. ORF57 was able to enhance splicing
of reporter constructs which are normally only poorly spliced due
to a large exon prior to the spliced intron. ORF57 forms a com-
plex with the spliceosome, as demonstrated by association with the
small spliceosomal RNAs (U1, U2, U4, U5, and U6), as well as the
splicing factors SF2/ASF and U2AF (Majerciak et al., 2008). Inter-
estingly, association of ORF57 with unspliced pre-mRNA could
only be observed in the presence of nuclear extract and not purified
ORF57, indicating that the association with pre-mRNA is indirect
and ORF57 is acting as a modulator of normal splicing rather than
directly recruiting splicing factors to the mRNA. A similar effect
has since also been reported for the EBV homolog of ORF57, SM,
which acts as an alternative splicing factor, influencing the choice
of splice site (Verma and Swaminathan, 2008). To this end, SM has
been reported to interact directly with SRp20 (Verma et al., 2010)
however it remains to be determined whether the same is true for
KSHV ORF57.

ORF57 FUNCTIONS IN INTRONLESS VIRAL mRNA EXPORT

Spicing of cellular mRNAs is intrinsically linked to a number
of upstream and downstream processes, including transcription,
3’ end formation, mRNA export, RNA stability, and translation
(Moore and Proudfoot, 2009). This link is due to the recruitment
of numerous proteins to an mRNA during the splicing process.
One such complex of proteins is the human transport/export
(hTREX) complex which comprises multiple proteins including
UAP56, Aly, the multi-protein THO complex, and the recently dis-
covered Tex1 and CIP29 (Masuda et al., 2005; Dufu et al., 2010).
hTREX is deposited onto the 5" end of the mRNA in a splicing-
dependent manner through an interaction between Aly and the
cap-binding complex (Cheng et al., 2006). Aly then recruits the
remainder of the hTREX complex before interacting with the
nuclear export receptor protein, TAP. The handover from Aly to
TAP is promoted by arginine methylation of Aly within its TAP and
RNA binding domains (Hung et al., 2010). Methylation of these
sites reduces the RNA binding affinity of Aly and allows TAP to
efficiently displace Aly during the export process. TAP then inter-
acts with nucleoporins to facilitate the transport of the mRNP
through the nuclear pore (Kohler and Hurt, 2007). However,
whilst understanding of the export of intron-containing genes has
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increased significantly over recent years, the mechanisms underly-
ing intronless cellular mRNA export are poorly understood. This
is of particular interest with regards to ORF57 as numerous KSHV
mRNAs are intronless. However, a recent study has identified that
some intronless cellular mRNAs can also be exported by hTREX
and TAP, increasing our understanding of how intronless mRNAs
are processed (Lei et al., 2011).

A pivotal function of ORF57 in viral mRNA metabolism is its
role in nuclear export of viral mRNA. To efficiently export viral
intronless mRNAs from the nucleus ORF57 is able to recruit the
entire hTREX complex to intronless viral mRNAs (Boyne et al.,
2008b; Tunnicliffe etal.,2010). ORF57 is able to bind directly to the
RNA and recruit the export adapter, Aly to the 5" end of the RNA,
bypassing the requirement for splicing-dependent recruitment of
Aly. Aly then recruits the remainder of the h\TREX complex as well
as TAP to form an export competent viral RNP which then allows
efficient translocation through the nuclear pore complex. This
function is also conserved in the HVS ORF57 homolog (Colgan
et al., 2009).

However, along-standing conundrum with this model has been
the role of the exporter adapter Aly. Surprisingly, depletion studies
in both mammalian and viral systems show that Aly is dispens-
able for mRNA export. The explanation for this appears to lie
in an apparent redundancy in the eukaryotic h-TREX components;
specifically due to the discovery of a second export adapter protein,
UAP56 interacting factor (UIF; Hautbergue et al., 2009). UIF binds
to the mRNA in a splicing-independent reaction and is recruited
to the mRNA via a direct interaction with the histone chaperone
FACT. UIF can then interact with TAP to facilitate delivery of the
mRNA to the nuclear pore. To this end, ORF57 is now known to
interact directly with both Aly and UIF and to recruit the entire
hTREX complex through these interactions (Jackson et al., 2011),
as well as interacting with other cellular factors such as RBM15 and
OTT3 (Majerciak et al., 2011; Figure 3). While our understanding
of the proteins involved in the export of intronless KSHV mRNAs
has improved, the exact mechanism remains elusive. For exam-
ple, it has been demonstrated that ORF57 interacts directly with
UIF and Aly, but it is not known whether these interactions occur
simultaneously or independent of one another. siRNA depletion of
both Aly and UIF is sufficient to severely impair ORF57-mediated
mRNA export. However, depletion of Aly and UIF individually
also causes a slight decrease in the level of mRNA export, perhaps
suggesting that both proteins are required simultaneously for the
efficient export KSHV mRNAs.

THE ROLE OF ORF57 IN mRNA STABILITY

Another major role of KSHV ORF57 is to enhance RNA stabil-
ity. Multiple studies have shown that a series of KSHV mRNAs
are stabilized by ORF57 (e.g., ORF47, ORF59, and PAN), whereas
others show no dependence on ORF57 (e.g., GCR and K5), sug-
gesting that a specific RNA motif may be recognized by ORF57
to enhance the stability of target mRNAs (Kirshner et al., 20005
Boyne et al., 2008b). Recent analysis has now shed light on a
possible ORF57 response element (ORE), although to date infor-
mation is mainly limited onto the KSHV PAN. An ORE has been
identified in the 5" end of PAN and further analysis showed that
the transfer of this element confers ORF57 responsiveness to an

hTREX
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FIGURE 3 | Kaposi’s sarcoma-associated herpesvirus ORF57-mediated
intronless viral mMRNA nuclear export. ORF57 binds to intronless viral
mRNA in the nucleus and interacts directly with the export adapters Aly and
UIF. Via the interaction with one or both of these export adapters ORF57
can then recruit the remainder of the hTREX complex, including the
proteins UAP56 and the THO complex as well as the export receptor, TAR
ORF57 shuttles this complex through the nucleolus prior to the mRNA
being exported into the cytoplasm in a TAP-dependent mechanism. The
hTREX components are then recycled back into the nucleus while ORF57
remains bound to the viral mRNA for involvement in further downstream
mechanisms.

intronless reporter construct (Sei and Conrad, 2011). Deletion and
mutational mapping have demonstrated that a nine nucleotide
long core sequence is essential for the binding of ORF57 to PAN.
A similar response element was independently confirmed, how-
ever the suggested minimal element of nine nucleotides is one
position shifted compared to the sequence identified by Sei and
Conrad (Massimelli et al., 2011). The binding of ORF57 to PAN
via this RNA sequence is believed to enhance PAN RNA stabil-
ity. In addition, two further proteins have been shown to interact
with the ORF57 binding sequence, namely PABPC1 and EIB-AP5
(Massimelli et al., 2011). As the PABPC1 binding to the ORE is
ORF57-dependent and specific to this binding site, it has been
suggested that PABPCI recruitment might be involved in stabiliz-
ing the PAN RNA in an ORF57-dependent manner (Massimelli
etal., 2011; Figure 4).

An additional ORE has been identified within the KSHV vIL-6
mRNA (Kang et al., 2011). This sequence however only shares
a 4-bp core (GGAU) with the PAN minimal ORE. Interest-
ingly, investigations of ORF57 binding to this ORE highlighted
a mechanism by which ORF57 stabilizes and protects vIL-6 from
miRNA-mediated degradation. ORF57 protects the mRNA from
degradation by a miRNA by a competitive binding mechanism.
Moreover, the cellular IL-6 is also protected by ORF57 binding
from the action of a second miRNA. How the other ORF57 tar-
get mRNAs are recognized remains still unclear, but considering
the pace of recent findings, a better understanding of the underly-
ing mechanism of ORF57 RNA binding and RNA stability seems
closer than ever.
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ORE element

FIGURE 4 | Kaposi’s sarcoma-associated herpesvirus ORF57 stabilizes
PAN RNA in the nucleus. ORF57 binds to the ORF57 response element
(ORE) in the 5 of the KSHV PAN RNA, stabilizing PAN, and increasing
expression. Additionally, ORF57 is able to redistribute PABPC1 to the
nucleus, as well as PABPC1 being able to bind to the ORE, possibly
explaining the stabilizing ability of the ORF57-PABPC1 interaction on PAN
RNA.

ORF57 FUNCTIONS TO ENHANCE THE TRANSLATION OF VIRAL
TRANSCRIPTS
The multistep processes of mRNA biogenesis and maturation are
not limited to the mechanisms that take place in the nucleus.
A major protein complex deposited onto cellular mRNA during
splicing is the exon junction complex (EJC; Bono and Gehring,
2011). The EJC is deposited ~20 nts upstream of every exon—exon
junction of spliced mRNA. The EJC functions in nonsense medi-
ated decay targeting aberrant mRNAs which contain premature
stop codons (Chang et al., 2007). In addition, the EJC plays a criti-
cal role in enhancing the translation of cellular mRNA transcripts,
although the mechanisms by which it achieves this process have
only been recently elucidated. It is believed that the EJC interacts
with multiple translational enhancement proteins. For example,
the EJC associated SKAR is able to recruit the 40S ribosomal sub-
unit S6 protein kinase 1 (S6K1) to newly synthesized mRNA. This
recruitment of S6K1 leads to an mTORCI signaling cascade that
results in enhancement of the pioneer round of translation (Ma
etal., 2008). Additionally, the cellular protein PYM is able to bind
to the EJC proteins Y14 and Magoh. PYM is then able to interact
with the 48S preinitiation complex through a direct interaction
with the small ribosomal subunit. This recruitment of the 48S
preinitiation complex by PYM then acts to enhance the pioneer
round of translation of cellular mRNAs (Diem et al., 2007).
Analysis of the complexes recruited to a viral mRNA by ORF57
has shown that ORF57 only recruits hTREX components to
viral intronless mRNAs, not EJC components, which leads to
the intriguing question of how the viral transcripts are effi-
ciently translated, when lacking an EJC. The answer lies in that
ORF57 is able to enhance translation of viral transcripts itself.
To this end, ORF57 interacts directly with PYM in vitro and

Translation

FIGURE 5 | Kaposi’s sarcoma-associated herpesvirus ORF57 enhances
the translation of intronless viral mRNAs. As well as interacting with the
hTREX complex in the nucleus, ORF57 also binds directly to the cellular
protein PYM and recruits it to intronless KSHV mRNAs. ORF57 then
shuttles through the nucleolus in an mRNP complex with the hTREX
components, the intronless viral mMRNA, PYM, and possibly other factors
before exporting the mRNA. PYM recruits the 48S preinitiation complex to
the viral mRNA, enhancing the pioneer round of translation in an
ORF57-dependent manner.

in vivo, bypassing the need for PYM to interact with the EJC,
and recruit the 48S preinitiation complex to intronless KSHV
mRNAs (Figure 5; Boyne et al., 2010a,b). The functional impor-
tance of the PYM—-ORF57 interaction was confirmed through
in vivo use of transdominant mutants of PYM lacking the C-
and N-terminal domains that are essential for the interaction
of PYM with both the EJC and the 48S preinitiation complex.
Importantly, these transdominant PYM mutants are still able to
interact with ORF57 and expression in vivo alongside ORF57 dra-
matically reduced expression levels of late KSHV proteins and,
concurrently KSHV virion production highlighting the impor-
tance of the KSHV ORF57-PYM interaction for enhancement of
KSHV mRNA translation.

To date no other ORF57 homolog has been shown to interact
with PYM to enhance translation by a similar method, although
translational enhancement is not something that is unique to
KSHV ORF57. The ICP27 protein of HSV-1 has been shown to
enhance the translation of several late proteins including VP16
and ICP5 (Fontaine-Rodriguez and Knipe, 2008), although the
mechanism of this enhancement has not yet been defined. Inter-
estingly, ICP27 does not affect the translation of all HSV-1 proteins
as protein levels of the viral glycoprotein gD are not affected by the
presence of ICP27, suggesting that whatever translational enhance-
ment effect ICP27 is having, it is not a global effect on all mRNAs.
Similarly, the SM protein of EBV has been shown to enhance trans-
lation of intronless viral transcripts. Moreover, insertion of an
intron into intronless EBV viral transcripts negated the require-
ment for SM for efficient export and translation (Ricci et al., 2009).
One possible explanation for this is that SM functions in a similar
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manner to KSHV ORF57 and recruits translational enhancement
proteins. Therefore inserting an artificial intron allows the for-
mation of an EJC which can recruit PYM independently of SM
thereby enhancing the translation of viral transcripts.

A POSSIBLE ROLE FOR ORF57 IN TRANSCRIPTIONAL ENHANCEMENT
The roles of ORF57 are not limited to post-transcriptional
processes; ORF57 also interacts with the KSHV transcriptional
activator, RTA (Malik et al., 2004a). RTA can transactivate a
number of KSHV and cellular promoters by binding directly to
promoter regions containing an RTA responsive element (RRE) or
interact with other transcriptional control proteins (Dourmishev
et al., 2003). Alternatively, RTA can target transcriptional repres-
sors for degradation through the ubiquitin proteasome pathway
through its E3 ubiquitin ligase activity (Yu et al., 2005; Gould et al.,
2009). Importantly, ORF57 has been shown to interact directly
with RTA through its N-terminal region and through this inter-
action synergistically transactivates a number of viral promoters,
including its own promoter as well as promoters for PAN/nut-1,
Kaposin, ori-Lyt (L), K-bZIP, and TK (Kirshner et al., 2000; Malik
et al., 2004a; Palmeri et al., 2007).

The A/T hook domain in the ORF57 N-terminus has been
shown to confer a DNA binding ability on ORF57, although dele-
tion of this domain did not completely abrogate DNA binding
(Palmeri et al., 2007). Moreover, ORF57 was able to transacti-
vate the PAN/nut-1 promoter irrespective of whether there was
an intact A/T hook domain. Furthermore, ORF57 has also been
shown to have a low transactivation effect on other viral promot-
ers, such as Kaposin and TK in the absence of RTA (Kirshner
et al., 2000). However, transactivation by ORF57 in the context
of a lytic infection appears to be dependent on the ORF57-RTA
interaction (Malik et al., 2004a). Additionally, transactivation by
the ORF57-RTA complex appears to be promoter-, transcript-,
and cell line-specific (Palmeri et al., 2007). Spontaneous KSHV
reactivation in lytic cells is an inefficient process that is limited by
the expression of RTA. It is interesting to note that ORF57 is able
to enhance the expression of RTA in vivo, and one possibility is
that activation of the RTA promoter by the ORF57—RTA complex
is one mechanism by which KSHV overcomes the initial hurdle of
inefficient reactivation.

CONCLUSION AND FUTURE PROSPECTS

A number of recent studies have highlighted that ORF57 and its
homologs are highly multifunctional with major roles in tran-
scriptional activation, splicing, RNA stability, RNA nuclear export,
and translational enhancement. The key function of this family of
proteins, conserved amongst all a-, B-, and y-herpesviruses, is the
enhancement of viral mRNA transcript accumulation, although
different homologs may have alternative ways they perform this
function, as well as additional roles they play within the viral
lifecycle.

A major question yet to be answered is how the multifunc-
tional aspects of ORF57 are controlled. As all ORF57 homologs
are designated as S/R proteins it seems highly likely that they are
heavily posttranslationally modified, perhaps by multiple modifi-
cations. The ORF57 homolog of CMV, UL69, has been shown to
be phosphorylated by CDKs, and colocalizes with CDK9 (Rechter

et al., 2009). Inhibiting CDK activity in cell culture affects the
nuclear localization of UL69 and causes it to form aggregates
within the nucleus. Moreover, KSHV ORF57 is known to inter-
act with the major cellular kinase, casein kinase II, and has been
shown to be phosphorylated (Malik and Clements, 2004). This
phosphorylation regulates the interaction between ORF57 and the
cellular protein hnRNP K, a multifunctional protein involved in
regulating gene expression. However, ORF57 has multiple protein
partners, both cellular and viral, the majority of which presum-
ably have their interaction controlled by some form of post-
translational modification. Further analysis of which residues of
ORF57 are phosphorylated, and what effect this has on the vari-
ous protein—protein interactions, as well as export and import of
OREF57, is therefore essential to understanding how the multiple
roles of ORF57 are controlled. Moreover, arginine methylation
is known to affect protein import and export within the cell
as well as protein—protein interactions. The HSV-1 ICP27 pro-
tein has recently been shown to be methylated on three residues
within its RGG box (Souki and Sandri-Goldin, 2009; Souki et al.,
2009), and that this methylation affected the interaction between
ICP27 and the cellular proteins Aly and SRPK1, as well as reg-
ulating its export; although import of ICP27 into the nucleus
is not affected by methylation. It is therefore important to test
whether KSHV ORF57 is methylated in a similar way within
either RGG1 or RGG2, and what effect any potential methyla-
tion has on its function. Additionally, a protein-wide screen of
which, if any, ORF57 residues are methylated could lead to an
understanding of how various ORF57 interactions and functions
are coordinated.

It is clear from recent data from a number of independent
research groups that ORF57 binds specifically to PAN RNA in con-
junction with PABPCI to stabilize PAN and increase its expression
(Borah et al., 2011; Kumar et al., 2011; Massimelli et al., 2011;
Sei and Conrad, 2011). However, one major unanswered ques-
tion relating to this is why does ORF57 stabilize PAN? It would
be interesting to see in the context of the virus what effect a PAN
lacking the MRE would have on virus replication. Presumably,
as PAN constitutes ~80% of all polyadenylated RNA in a KSHV
lytically active cell, the binding to PAN is an important aspect
of ORF57 function. Furthermore, the understanding of ORF57
RNA binding is currently very limited with little awareness of
how ORF57 is able to distinguish between cellular and viral tran-
scripts, as well as the mechanistic way in which ORF57 recognizes
and binds to the RNA. Answering these questions is vital to con-
tinue our understanding of the role of ORF57 in viral mRNA
biogenesis.

Current understanding of the mechanisms involved in both
viral and cellular mRNA biogenesis is still in its infancy. The func-
tion of some of the key proteins in mRNA export, such as the THO
complex, is still poorly understood, as is the way that mRNA is sta-
bilized both by cellular and viral mechanisms. Elucidation of the
functions that ORF57 has and the roles it plays in various aspects of
mRNA biogenesis will not only improve our understanding of viral
mechanisms, but it will act as a model for the wider field of RNA
biogenesis and processing. Moreover, from a clinical perspective
a major difference between KSHV and the other human onco-
genic herpesviruses is that KSHV requires reactivation and lytic
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expression for the majority of its tumorigenic properties. For this
reason, studying the switch between latency and lytic replication
is essential for both fully understanding the mechanism of KSHV
tumorigenesis and also for developing treatments to prevent the
onset or spread of KSHV-associated malignancies. Therefore, the
study and understanding of the immediate early proteins that con-
trol this latent-lytic switch, including ORF57, is paramount for the
future development of novel KSHV therapeutics.
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KSHV latency can be envisioned as an outcome that is balanced between factors that pro-
mote viral gene expression and lytic replication against those that facilitate gene silencing
and establish or maintain latency. A large body of work has focused on the activities of
the key viral regulatory proteins involved in KSHV latent or lytic states. Moreover, recent
studies have also begun to document the importance of epigenetic landscape evolution
of the KSHV viral genome during latency and reactivation. However, one area of KSHV
molecular virology that remains largely unanswered is the precise role of post-translational
modifications on the activities of viral factors that function during latency and reactivation.
In this review, we will summarize the post-translational modifications associated with three
viral factors whose activities contribute to the viral state. The viral proteins discussed are
the two major KSHV encoded transcription factors, K-Rta (KSHV replication and transcrip-
tional activator) and K-bZIP (KSHV basic leucine zipper) and the viral latency-associated
nuclear antigen (LANA). A special emphasis will be placed on the role of the sumoylation
pathway in the modulation of the KSHV lifecycle. Newly uncovered small ubiquitin-like
modifier (SUMO)-associated properties of LANA and K-Rta will also be presented, namely
LANA histone targeting SUMO E3 ligase activity and K-Rta SUMO-targeted ubiquitin ligase

function.

Keywords: KSHV, LANA, K-bZIP, K-Rta, SUMO, post-translational modification, transcription

INTRODUCTION

Reactivation from a latent state is an important feature of infection
and disease caused by many herpesviruses. Although the molec-
ular mechanisms of reactivation have been extensively studied,
gaps exist in our current knowledge concerning the processes by
which these viruses establish, maintain, and emerge from latency.
KSHYV latency can be envisioned as the outcome balanced between
factors that require viral gene expression and lytic replication
against those that are essential for establishment and/or main-
tenance of latent infection. In this review, we will provide an
update on three viral factors whose activities contribute to the
viral state with an emphasis on post-translational modifications
that modulate multiple functions of these factors. The viral pro-
teins discussed are the two major KSHV encoded transcription
factors, K-Rta and K-bZIP and the viral latency-associated nuclear
antigen (LANA).

K-bZIP

K-bZIP (K8) is an early lytic gene and is among the earliest
viral genes expressed after acute infection or during reactivation
from latency. K-bZIP is a 237-amino acid protein containing a
basic and leucine zipper domain and is the structural and posi-
tional analog of Epstein—Barr virus (EBV) BZLF1 (Lin et al,
1999). K-bZIP has been reported to be phosphorylated (Polson
et al., 2001), sumoylated (Chang et al., 2010; Lefort et al., 2010),
and acetylated (Lefort et al., 2010). K-bZIP directly associates

with K-Rta in KSHYV infected cells and represses K-Rta-mediated
transactivation at a subset of KSHV promoters. This activity of
K-bZIP is subject to post-translational modulation via phos-
phorylation (Izumiya et al., 2007) and sumoylation (Izumiya
et al., 2005). As detailed below, K-bZIP repression activity on
K-Rta-mediated transactivation is regulated in an opposing man-
ner by these two post-translational modifications. While K-bZIP
repression is largely dependent on sumoylation, phosphoryla-
tion serves as a negative regulator. A schematic diagram of K-
bZIP and its post-translational modification sites are presented in
Figure 1.

PHOSPHORYLATION

K-bZIP was reported to be phosphorylated on residues Thr 111
and Ser 167 (Polson et al., 2001; [zumiya et al., 2007). Interestingly,
these sites are contained within cellular cyclin-dependent kinase
(CDK) recognition sites with the consensus sequence (S/T)PXR
suggesting that K-bZIP may be phosphorylated by CDKs. Indeed,
K-bZIP was confirmed to be a substrate for several cellular CDK-
cyclin complexes in vitro, including CDK-2/cyclin A, CDK-1/cyclin
B, and CDK-2/cyclin E (Polson et al., 2001). K-bZIP was also
found to interact with, and be a substrate for, the viral protein
kinase (VPK, ORF36). vPK is a serine/threonine protein kinase
expressed from mRNAs with early and early-late kinetics and the
major vPK phosphorylation site on K-bZIP was determined to
also be residue threonine (T) 111 (Izumiya et al., 2007). K-bZIP
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K-bZIP

T111 Phospho

S$167 Phospho

FIGURE 1 | Schematic representation of KSHV K-bZIP. K-bZIP protein
and its post-translational modification sites as discussed in the text are
depicted. Phosphorylation (Phospho), acetylation (Ac), and sumoylation

72 124135 [169 185191 219
Transactivation Basi
1 domain | domai 237
SIM NLS‘
K158 SUMO K207 SUMO
K145 Ac

(SUMO) sites are shown. The K-bZIP SUMO interaction motif (SIM) and
nuclear localization signal (NLS) are also indicated. Numbers indicate
amino acid position.

directly interacts with K-Rta and represses K-Rta activation of
certain K-Rta responsive promoters such as ORF57 and K-bZIP,
but not at other similarly responsive promoters such as PAN. The
functional significance of K-bZIP T111 phosphorylation site with
respect to repression of K-Rta-mediated transactivation was exam-
ined using a mutagenesis strategy in which T111 was changed
to a non-phospho acceptor reside alanine, or to aspartic acid, a
phospho-mimetic. In co-transfection experiments with K-Rta and
a K-Rta responsive promoter construct, K-bZIP-T111D repressive
function was similar to wild-type K-bZIP, whereas K-bZIP-T111A
was a more potent repressor. Moreover, K-bZIP-T111A was found
to be more heavily sumoylated than wild-type K-bZIP or K-bZIP-
T111D and overexpression of vPK reduced the sumoylation of
wild type K-bZIP. Taken together, these results are consistent with
a model whereby phosphorylation at T111 has a negative effect
on both the extent of sumoylation and the repressive activity of
K-bZIP (Izumiya et al., 2007). Thus K-bZIP activities are mod-
ulated by phosphorylation and sumoylation in an antagonistic
fashion similar to other cellular transcription factors such as ELK-
1 (Girdwood et al., 2003), AP-1 (Bossis et al., 2005), AIB1 (Wu
et al., 2006), progesterone receptor B (PR-B; Daniel et al., 2007;
Daniel and Lange, 2009), STAT1 (Zimnik et al., 2009), and KAP-1
(Goodarzi et al., 2011). KSHV genome-wide reporter assays sup-
port the notion that K-bZIP preferentially represses early-lytic
genes but not late gene promoters (Ellison et al., 2009), consis-
tent with temporal regulation of viral gene expression, potentially
mediated, in part, through a K-bZIP SUMO-phospho switch.

ACETYLATION

K-bZIP was reported to be acetylated on multiple residues and
K145 was identified as one acetylation site (Lefort et al., 2010). K-
bZIP was previously found associated with CBP (Hwang et al.,
2001) and the ability of K-bZIP to repress transcription was
reported to be mediated through sequestration of CBP. In co-
transfection experiments, increasing amounts of CBP resulted in
increased acetylation of K-bZIP and a reversal of K-bZIP-mediated
repression of the IFNa-activated 2/, 5'-OAS gene. In addition to
effects on chromatin, CBP may be capable of acetylating K-bZIP.

However, the functional role of K-bZIP acetylation in the KSHV
life cycle remains to be seen.

SUMOYLATION

Sumoylation (small ubiquitin-like modifier) was identified as
a reversible post-translational protein modification in 1997
(reviewed in Geiss-Friedlander and Melchior, 2007). Three iso-
forms of SUMO exist: SUMO-1,-2,and -3. SUMO-2 and SUMO-3
are highly homologous (97% identity in the mature form), whereas
SUMO-1 is more distantly related to both (~50%). Hundreds
of protein targets for SUMO-modification have been identified,
and the majority of these are nuclear proteins. Similar to phos-
phorylation, sumoylation is a rapid and reversible modification.
Moreover, in a manner similar to the binding of phosphorylated
tyrosine residues by signaling molecules carrying phosphotyrosine
(PTB) or Src homology 2 (SH2) domains, sumoylated proteins are
specifically recognized by proteins containing one or more SUMO-
interacting motifs (SIM). Analogous to ubiquitylation, conjuga-
tion of SUMO to target proteins is a multi-step process involving
an E1 activating enzyme heterodimer SAE1/SAE2 (AOS1/UBA2),
an E2 conjugating enzyme Ubc9 (ubiquitin-like protein SUMO-
1 conjugating enzyme 9), and an E3 ligase, which is believed
to provide specificity within the sumoylation pathway (Geiss-
Friedlander and Melchior, 2007). Sumoylation is a highly dynamic
process, and its outcomes are very diverse, ranging from changes in
subcellular localization to altered activity and, in some cases, sta-
bility of the modified protein. The underlying principle of sumoy-
lation is the alteration of inter- or intra-molecular interactions of
the modified substrate (Prudden et al., 2007; Uzunova et al., 2007;
Xie et al., 2007). For DNA tumor viruses, the immediate-early and
early gene products, which are transcriptional factors, are often
sumoylated. Examples include IE1 (immediate-early 1 protein)
and IE2 (immediate-early 2 protein) of cytomegalovirus (CMV;
Hofmann et al., 2000; Spengler et al., 2002; Hsu et al., 2004), E1 and
E2 of human papillomavirus (HPV; Rosas-Acosta et al., 2005; Wu
etal.,2007), BZLF1 of EBV (Adamson and Kenney, 2001), K-bZIP,
and LANA2 of KSHV (Izumiya et al., 2005; Marcos-Villar et al.,
2009). Viral proteins are also known to modulate the sumoylation
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of specific cellular proteins. For example, HPV E7 protein and
adenovirus E1A protein block sumoylation of RB (Ledl et al.,
2005) and KSHV vPK inhibits the sumoylation of KAP-1 (Chang
et al., 2009). Viruses can also affect global sumoylation of cellu-
lar proteins by directly modulating the SUMO machinery. Avian
Adenovirus Gaml is known to inhibit the SUMO E1 activating
enzyme by targeting the SAE1/SAE2 (AOS1/UBA2) heterodimer
to cullin RING ligases (CRLs) and promoting SAE1 ubiquitylation
and degradation (Colombo et al., 2002; Boggio et al., 2007).

The repressive activity of K-bZIP requires sumoylation at
lysine-158 and an intact leucine zipper region. Sumoylation at
this site is required for the association of K-bZIP with the cellular
E2 SUMO conjugation enzyme Ubc9. Both SUMO-1 and SUMO-
2/3 were found conjugated to a significant fraction (~10%) of
endogenous K-bZIP in BCBL-1 cells. Mutation of lysine-158 to
arginine eliminated SUMO-modification of K-bZIP in vivo with
a concomitant loss of the majority of K-bZIP repressive func-
tion. Although SUMO-modification of K-bZIP may influence its
repressive function through several mechanisms, including effects
on the physical interaction between K-bZIP and K-Rta, it is likely
that a major effect of SUMO is mediated by its ability to recruit
Ubc9 to K-bZIP target promoters. Ubc9 binding to K-bZIP, as
well as co-occupancy of K-bZIP, K-Rta, and SUMO at target viral
promoters has been observed. Based on these results, we predicted
that K-bZIP may function as a SUMO E3 ligase or SUMO adaptor
which functions to deliver Ubc9 to potential substrates (Izumiya
etal.,2005). In addition to lysine-158, Lefort et al. (2010) have also
identified a previously unrecognized sumoylation site in a K-bZIP
splice variant (K207).

Subsequently, Chang et al. (2010) have confirmed that K-bZIP
functions as the prototypical viral SUMO E3 ligase. K-bZIP was
found to be a SIM-containing poly-SUMO-specific E3 ligase with
specificity for SUMO-2/3. As discussed above, K-bZIP had been
previously known to associate with Ubc9 (Izumiya et al., 2005),
Chang et al. further demonstrated that K-bZIP bound SUMO-2
and SUMO-3, but not SUMO-1. K-bZIP was found to contain a
SIM at amino acid residues 72 to 76, which was identical to that
of the cellular SUMO-ligases, PIAS1, and PIASx. The sumoylation

activity of K-bZIP was dependent on an intact SIM, and K-bZIP
could catalyze its auto-sumoylation and the sumoylation of two
K-bZIP-interacting proteins, p53 and RB. In contrast, Lefort et al.
(2010) have reported that K-bZIP repression of interferon-o sig-
naling was SIM-independent but was dependent on K-bZIP K158
sumoylation site, a Ubc9 consensus binding site. As described
more detail below, K-Rta preferentially degrades SUMO-modified
proteins, similar to an activity ascribed to HSV-1 ICPO (Boutell
et al., 2011). This suggests that a balance between sumoylation
and SUMO-dependent degradation may be important for the
KSHV life cycle. As the assembly and disassembly of Promyelo-
cytic leukemia (PML; ND10) bodies at herpesvirus replication
complexes are SUMO-dependent, modulation of the SUMO envi-
ronment by K-bZIP and K-Rta during lytic replication cycle may
help dictate whether viral replication will proceed or if latency will
be established. Another potential role of K-bZIP may be to mark
proteins that are destined to be targeted by the SUMO-targeting
ubiquitin ligase (STUDL) activity of K-Rta (see below). Although
not fully established, this idea is supported by the report that KSHV
LANA? increases PML sumoylation, which facilitates its degrada-
tion by a cellular ubiquitin ligase (Marcos-Villar et al., 2009).

K-RTA

K-Rta is essential and sufficient to induce lytic reactivation of the
latent KSHV genome in the BCBL-1 cell line model as well as
de novo infection model (Lukac et al., 1998, 1999; Sun et al., 1998;
Nakamura et al., 2003; Xu et al., 2005). K-Rta is a potent transcrip-
tion factor, with an N-terminal putative DNA binding domain and
a C-terminal transactivation domain (Lukac et al., 1999; West and
Wood, 2003). K-Rta possesses broad target sequence specificity,
and various K-Rta responsive promoter elements have been iden-
tified (Lukac et al., 1999; Chang et al., 2002; Deng et al., 2002;
Song et al., 2002; West and Wood, 2003). K-Rta has been reported
to be phosphorylated (Lukac et al., 1999; Gwack et al., 2003),
poly(ADP-ribosyl)ated (Gwack et al., 2003), and ubiquitylated (Yu
et al., 2005). A schematic diagram of K-Rta modification sites is
presented in Figure 2, and the consequences of these modifications
will be discussed.

K-Rta (ORF50)

FIGURE 2 | Schematic representation of KSHV K-Rta. K-Rta
protein and its post-translational modification sites as discussed in
the text are depicted. Phosphorylation (Phospho) site numbering
and PARYylation (PAR) site localization of Gwack et al. (2003) is

Multimerization
NLS-1 domain
13 118 207 247 268 626
Transactivation
1 ‘ domain 691
Ring finger like SIMs NLS-2 S/T rich
.
domain ‘_Y_IPAR

utilized. The K-Rta nuclear localization signals (NLS-1 and NLS-2),
ring-finger like domain, SUMO interaction motifs (SIMs), and
serine/threonine (S/T) rich regions are also indicated. Numbers
indicate amino acid position.
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W.B; Anti-GAPDH

FIGURE 3 | SUMO-targeting ubiquitin ligase activity of KSHV K-Rta.

(A) 293T cells were co-transfected with his-tagged SUMO-2 and the indicated
K-Rta expression vector. Forty-eight hours later cellular lysates were prepared
and analyzed by immunoblotting using the indicated antibodies. (H145L,
ring-finger like domain mutant; ASIM, SIM deletion mutant). (B) /n vitro
ubiquitin conjugation reactions were reconstituted using purified components
(E1, Ube1, 25 nM; E2, Ubc Hba, 50 nM; E3, K-Rta, 150 nM). Reaction

S _ His-SUMO-2 B GST- ¢
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products were probed by immunoblotting. In the presence of K-Rta,
GST-SUMO was conjugated with ubiquitin. (C) KSHV promoter reporter assay.
293T cells were co-transfected with K-Rta wt or mutant and the indicated
KSHV promoter luciferase reporter. Forty eight hour later cellular lysates were
prepared and assayed for luciferase activity. Values represent the mean fold
induction (mean 4 SD, n=23 determinations) relative to the value derived from
reporter +empty vector set as =1 (K-Rta wt, blue; H145L, red; ASIM, yellow).

PHOSPHORYLATION

As part of an initial characterization of various aspects of ORF50
RNA and protein expression, structure, and function, K-Rta was
found to be highly phosphorylated in mammalian cells (Lukac
etal., 1999). By immunoblot analysis, K-Rta protein migrated with
an apparent molecular mass of ~110kDa, greater than the pre-
dicted value of 74 kDa. Analysis of the K-Rta primary amino acid
sequence revealed several potential phosphorylation sites includ-
ing a C-terminal S/T-rich region, as well as additional consensus
phosphorylation sites for the cellular serine/threonine kinases
casein kinase-II and protein kinase C (PKC). Phosphatase treat-
ment of K-Rta protein partially reduced the slower electrophoretic
mobility of K-Rta suggesting that phosphorylation accounted for
most of the anomalous migration observed during SDS-PAGE
analysis of K-Rta. Subsequently, Gwack et al. (2003) identified
the Ste20-like kinase hKFC and poly(ADP-ribose) polymerase
1 (PARP-1, see below) as proteins that specifically interact with
the S/T-rich region of K-Rta. There are greater than 30 different
Ste20-related kinases in humans and three members of a novel
subfamily exhibit a high degree of homology to a Ste-like kinase
originally isolated from chick cells (Yustein et al., 2000, 2003).
hKFC is identical to JIK (Tassi et al., 1999), a kinase reported
to be negatively regulated by upstream tyrosine kinase receptors.
hKFC was shown to directly interact with K-Rta and phosphory-
late at serine (S505) and threonine (T506, T510, T515, and T516)
of K-Rta. Together with poly(ADP-ribosylation), phosphorylation

inactivates K-Rta transcriptional activity and was hypothesized to
serve as a contributor to the maintenance of KSHV latency. As
hKFC has been shown to localize to the cytoplasm (Yustein et al.,
2003), whereas K-Rta is primarily nuclear (Lukac et al., 1998),
the interaction and phosphorylation by hKFC was proposed to
potentially affect K-Rta localization.

POLYADP-RIBOSYLATION (PARYLATION)

Although the historical focus of PARP-1 has been its role in the cel-
lular DNA damage response, studies have also revealed important
roles for PARP-1 in transcriptional regulation. Poly-ADP-ribose
(PAR) is a large negatively charged polymer that functions in
both its free form or in the context of protein post-translational
modifications. In mammalian cells, the majority of PAR pro-
duction is catalyzed by PARP-1 and targets of PARP-1 catalytic
activity include histones, transcription factors, nuclear enzymes,
and nuclear structural components (see Krishnakumar and Kraus,
2010; for arecent review). Similar to hKFC described above, PARP-
1 was identified by mass spectrometry as a protein that interacted
with the S/T-rich region of K-Rta (Gwack et al.,2003). The interac-
tion was mapped to the NAD™ binding domain of PARP-1 and this
interaction mediated the PARylation of K-Rta. Synergistic effects
between PARP-1 and hKFC on K-Rta binding and its subsequent
modification were observed. The in vitro interaction between
K-Rta and PARP-1 was increased by the addition of hKFC and
conversely, in vitro interaction between K-Rta and hKFC was also
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increased with the addition of PARP-1. The reciprocal increases
in binding were accompanied by enhanced phosphorylation and
PARylation of K-Rta by hKFC and PARP-1, respectively. Moreover,
PARP-1 and hKFC were found to act as repressors of K-Rta activ-
ity in reporter assays and in the efficiency of K-Rta-mediated viral
reactivation. A combination of K-Rta mutational analysis, ChIP
assays, and reporter activity measurements in PARP-1 knockout
cells suggested a model in which PARP-1 and hKFC, acting as cellu-
lar sensors of herpesvirus infection, interfere directly or indirectly
with the recruitment of K-Rta onto target promoters, leading to
a decrease in K-Rta-mediated transcriptional activation (Gwack
et al., 2003).

SUMOYLATION

Herpesvirus infections are controlled by acquired and innate
defenses involving cellular, humoral, and cytokine-mediated
responses. In recent years, a concept of intrinsic antiviral resis-
tance has emerged as an additional antiviral defense mechanism
that operates within individual cells. Unlike cytokine-mediated
responses, intrinsic antiviral resistance involves the actions of pre-
existing cellular proteins that, in the case of herpesviruses, act to
repress viral transcription. PML nuclear bodies (ND10 or PML~
NBs) have been identified as an important factor of intrinsic
antiviral resistance against herpesvirus. Components of PML-NBs
are recruited to sites associated with the viral chromosome soon
after genomes enter the nucleus. Both SUMO-modification and
SIMs of PML are required for formation of PML-NBs as well
as recruitment to the viral genome. Viral gene expression is
silenced by PML-NBs through deacetylation of local histones,
which inhibits viral replication. Importantly, herpesvirus infection
often disrupts PML-NBs, resulting in antagonism of both innate
and intrinsic immune responses in early infection (Everett et al.,
2006, 2008; Lukashchuk et al., 2006; Tavalai et al., 2006; Boutell
etal., 2011).

Promyelocytic leukemia—NBs are mobile organelles that form
distinct sub-compartments in the cell nucleus as described in a
number of reviews (Bernardi and Pandolfi, 2007; Borden, 2008;
Nagai et al.,, 2011). Assembly of PML-NBs, “storage” sites for
SUMO, depends on the sumoylation of PML and other com-
ponents such as Daxx, SP-100, and ATRX (Ishov et al., 1999;
Zhong et al., 2000; Seeler et al., 2001; Fu et al., 2005). In addition,
chromatin can be an integral part of PML-NBs. For example, a
particular class of PML-NBs exists in tumor cells that maintain
their telomeres in the absence of telomerase activity by a process
referred to as alternative lengthening of telomeres (ALT). Recent
studies identified that ALT is caused by the genomic mutations
in Daxx or ATRX, both of which are localized in PML-NBs in a
SUMO- and SIM-dependent manner (Lin etal.,2006; Berube etal.,
2008; Heaphy et al., 2011). Interestingly, an ATRX-Daxx complex
was recently identified as a histone chaperone, which specifically
deposits the histone H3 variant, H3.3 (Drane et al., 2010; Gold-
berg et al., 2010; Lewis et al., 2010), leading to a possibility that
PML-NBs function as a center of epigenetic gene regulation.

Like HSV-1 ICPO, our recent studies identified that K-Rta
contained multiple SIMs and bound to SUMO in vitro. In
co-transfection experiments with SUMO-2, K-Rta was found to
markedly decrease the level of total cellular SUMO-2 modified

proteins and mutations in the K-Rta SIM or ring-finger like
domain significantly impaired this activity (Figure 3A). Using
purified components, K-Rta was shown to conjugate ubiquitin
to SUMO and SUMO-chains (Figure 3B). In addition, K-Rta
preferentially targets SUMO-modified proteins for ubiquitylation;
thus K-Rta is able to function as a STUbL which is capable of ubig-
uitylation of SUMO and SUMO conjugates in vitro and in vivo
(Figures 3A,B; Izumiya et al., unpublished). The prototypical
STUDbL, cellular RNF4, was first identified as a ubiquitin ligase
that functions to maintain genomic stability, and was recently
reported to be a ubiquitin ligase targeting SUMO-containing pro-
teins, including sumoylated PML (Sun et al., 2007; Tatham et al.,
2008). Members of this ubiquitin ligase family include mammalian
RNF4 and the heterodimers Hex3—SIx8 and Rfp1-SIx8 in S. cere-
visine and S. pombe, respectively (Uzunova et al., 2007; Xie et al.,
2007). Similar to HSV-1 ICPO and cellular RNF4, KSHV K-Rta dis-
rupts the PML body in ubiquitin ligase dependent fashion (data
not shown). Sumoylation is often linked to gene repression due
to its ability to serve as a platform to recruit strong co-repressors
such as SETDB1, HDAC1, and HDAC2 via SUMO-SIM interac-
tions. Accordingly, K-Rta’s ability to remove SUMO is relevant
to its transactivation functions. Mutations in SIM or ring-finger
like domain significantly impaired K-Rta transactivation activity.
We observed that the K-bZIP promoter, a well recognized pro-
moter transactivated by K-Rta, is activated by wild-type K-Rta,
but not by H145L (ring-finger) mutant or a K-Rta SIM mutant
(Figure 3C). Interestingly, the K12 (Figure 3C) or PAN promoter
(not shown) were relatively unaffected. Thus, it is likely that there
are SUMO-dependent and SUMO-independent promoters, which
may depend on local chromatin structure and mode of K-Rta
recruitment. These results suggest that K-Rta, in addition to being
a strong transactivator, has an ability to regulate the local SUMO
environment; the latter may contribute to its former functions
through disassembly of SIM-containing co-repressors.

UBIQUITYLATION

K-Rta was found to contain an E3 ubiquitin ligase activity which
was associated with the regulation of the cellular levels of inter-
feron regulatory factor 7 (IRF7; Yu et al., 2005). During the char-
acterization of this activity, it was determined that that K-Rta was
subjected to self-ubiquitylation. Three residues were identified in
the Cys/His-rich region of K-Rta which was found to be critical
for both K-Rta auto-ubiquitylation and for degradation of IRF7.
These residues, Cys131, Cys141, and His145 were proposed to be
part of a novel Cys-rich domain extending from K-Rta amino
acids 118-207 (C3HC3). However, this ring-finger like domain
shows no significant homology with any previously described
sequences conserved among E3 ligases. Based on analogy to other
transcriptional activators, the K-Rta auto-ubiquitylation function
may serve as a “degron” to activate gene expression (Muratani
and Tansey, 2003; Kodadek et al., 2006). Indeed, K-Rta mutants
that harbor a mutation in ring-finger like domain are more sta-
ble than K-Rta Wt. This stability is associated with a concomitant
loss of transactivation function (Figure 3C). Further studies are
required to dissect the contribution of K-Rta auto-ubiquitylation
and repressor degradation activity to K-Rta transactivation (Yang
et al., 2008).
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LANA

KSHV (LANA/OREF73) is key regulatory protein that is essential
for the establishment and maintenance of viral latency. LANA is a
DNA binding protein that is a functional homolog of EBV EBNA1.
LANA binds to the viral latent origin of replication, located at
the terminal repeat (TR) sequence of the KSHV genome, and is
highly expressed in all KSHV-associated disorders (Kedes et al.,
1997; Schulz, 2001; Hu et al., 2002; Komatsu et al., 2004; Verma
et al., 2007; Kelley-Clarke et al., 2009; Ganem, 2010; Mesri et al.,
2010). LANA functions as both a transcriptional activator and
a repressor depending on the context of promoters and cell line
interrogated (An et al., 2005; Kelley-Clarke et al., 2009). Accord-
ingly, LANA has been shown to associate with a broad range of
transcriptional regulators such as RBP-Jk, CBP, Daxx, BRD2, RB,
P53, and Sp-1 (Friborg et al., 1999; Platt et al., 1999; Radkov et al.,
2000; Lim etal.,2001; Verma et al., 2004; Lan et al., 2005; Murakami
etal., 2006). LANA function is regulated and/or mediated by pro-
tein partner interaction. In addition, LANA activity is regulated
by post-translational modifications, including phosphorylation
(Platt et al., 1999; Fujimuro et al., 2005; Bajaj et al., 2006; Varjosalo
et al., 2008; Cheng et al., 2009; Cha et al., 2010), acetylation (Lu
et al., 2006), PARylation (Ohsaki et al., 2004), sumoylation (Izu-
miya et al., unpublished), and arginine methylation (Campbell
etal., 2011). These modification sites are depicted in Figure 4.

PHOSPHORYLATION

Latency-associated nuclear antigen interacts with and is phospho-
rylated by several kinases including glycogen synthase kinase 3
(GSK-3; Fujimuro and Hayward, 2003; Fujimuro et al., 2005; Liu
et al., 2007), Pim-1 and Pim-3 (Bajaj et al., 2006; Varjosalo et al.,
2008; Cheng et al., 2009), and DNA-PK/Ku (Cha et al., 2010).
LANA is also phosphorylated by an unidentified kinase medi-
ated through an interaction of LANA with RING3 (Platt et al.,
1999). In studies designed to characterize the interaction of LANA
with RING3, Platt et al. (1999) first described phosphorylation
of LANA in vitro. The interaction between RING3 and LANA
resulted in serine/threonine phosphorylation of LANA on residues
located between LANA amino acids 951 and 1107, and binding of

RINGS3 to LANA facilitated the phosphorylation of LANA vig an
unknown co-immunoprecipitating kinase. However, the identity
of the kinase and its role in the KSHYV life cycle remains to be
determined.

Using yeast two-hybrid screening with LANA as the bait pro-
tein, GSK-3 was shown to interact with LANA and through co-
immunoprecipitation LANA interacted with both GSK-3a and
GSK-38 in transfected cells. This interaction resulted in increased
nuclear accumulation of GSK-38 (Fujimuro and Hayward, 2003).
Fujimuro et al. (2005) further showed that GSK-3p phosphory-
lated multiple N-terminal residues of LANA in vitro and in KSHV
infected PEL cells. Phosphorylation of LANA by GSK-3f was nec-
essary for the LANA/GSK-38 interaction. GSK-3f predominantly
phosphorylates pre-phosphorylated (primed) substrates that con-
tain the motif S/TxxxS/Tp, where the +4 position S or T residue
has prior phosphorylation mediated by another priming kinase
(reviewed in Forde and Dale, 2007). LANA was found to require
priming phosphorylation in vitro in order to serve as a GSK-3
substrate; mitogen-activated protein kinase (MAPK) and casein
kinase-I (CK-I) could function as priming kinases, while CK-II
could not. Subsequently ERK1/2 was also found to phosphorylate
and prime LANA for subsequent GSK-38 phosphorylation (Liu
etal., 2007). A GSK-3p priming pocket mutant (R96A) could not
bind to LANA. Interestingly, in co-transfection experiments, GSK-
3P present in a LANA—-GSK-38 complex was unable to phospho-
rylate a primed peptide substrate. These results were interpreted
to suggest that GSK-38 phosphorylation sites on LANA function
to increase the affinity of LANA binding to GSK-3f and simul-
taneously provide a competitive substrate that minimizes poten-
tial phosphorylation events on other non-complexed substrates
(Fujimuro et al., 2005). Taken together, these results suggested a
model in which LANA sequesters GSK-3p in the nucleus leading
to dysregulation of the kinase function in both the cytoplasmic
(B-catenin stability) and nuclear (gene reprogramming) com-
partments (Fujimuro and Hayward, 2003; Fujimuro et al., 2005;
Liu et al., 2007). Aspects of this model have been challenged
by a report, in which LANA overexpression showed no effect
on endogenous P-catenin levels (Hagen, 2009); this report

LANA (ORF73)
. S$205 Phospho
H|_sto_ne $206 Phospho DNA/Chromatin
binding $219 Phospho binding domain
NLS ‘ $250 Phospho SIM  Self-association
5122 60 1260 330 925 996 1139
11“1. I l | Acidi pEasi I 1162
1‘—7—5’2 Leucine
SIT Phospho Zipper 951 1107

|

FIGURE 4 | Schematic representation of KSHV LANA. LANA protein and
its post-translational modification sites as discussed in the text are depicted.
Phosphorylation (Phospho) sites and the arginine methylation (Me) site are

S/T Phospho

shown. The N-terminal histone binding domain, nuclear localization signal
(NLS) and SUMO interaction motif (SIM) are also indicated. Numbers indicate
amino acid position.
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demonstrates the complexity of the interaction and its context
dependence.

Bajaj et al. (2006) identified LANA as a substrate for Pim-1
kinase. The Pim-1 gene was first identified as a common provi-
ral insertion site of the Moloney murine leukemia virus (proviral
insertion site MuLV; Cuypers et al., 1984). Pim-1 encodes a Ser/Thr
kinase, which belongs to the group of calcium/calmodulin-
regulated kinases. This gene is expressed primarily in B-lymphoid
and myeloid cell lines, and is overexpressed in hematopoietic
malignancies. Pim-1 plays a role in signal transduction in blood
cells, contributing to cell growth and survival, and thus may
provide a selective advantage in tumorigenesis (Bachmann and
Moroy, 2005). Pim-1 was shown to bind to the C-terminus of
LANA and to phosphorylate LANA at its N-terminus, specifically
serine residues 205 and 206. Using human kinome expression
screening, Varjosalo et al. (2008) confirmed that Pim-1 could
phosphorylate LANA and augment viral reactivation primed
by low levels of K-Rta. Cheng et al. (2009) further showed
that another Pim family kinase member, namely Pim-3, could
also phosphorylate LANA at serines 205 and 206. Moreover,
ectopic expression of Pim-1 or Pim-3 in rKSHV.219-infected
Vero cells enhanced the level of reactivation when co-expressed
with low levels of exogenous K-Rta. Mechanistically, Pim-1
and Pim-3 phosphorylation of LANA was shown to antagonize
LANA-dependent transcriptional repression of a synthetic TR
reporter as well as decrease the ability of LANA to inhibit K-
Rta auto-activation of its own promoter. As Pim-1 and Pim-3
are up-regulated during viral reactivation (Cheng et al., 2009) a
model was proposed in which these kinases participate in reac-
tivation by negative modulation of LANA function via direct
phosphorylation.

Latency-associated nuclear antigen-dependent latent episomal
replication is also regulated by phosphorylation. The DNA-PK/Ku
complex bound and phosphorylated LANA (Cha et al., 2010).
Uninfected B cell extracts were fractionated over a GST affin-
ity resin containing LANA amino acids 1-52. Among the pro-
teins found to interact with this LANA fragment were DNA-
dependent protein kinase (DNA-PK) catalytic subunit (DNA-
PKcs), Ku70, and Ku86. In agreement with Ohsaki et al., 2004;
see below), Cha et al. also identified PARP-1 as a LANA interact-
ing protein. The phosphorylation of LANA by the DNA-PK/Ku
complex was wortmannin-sensitive and mapping data suggested
that LANA was phosphorylated at multiple positions. Inter-
estingly, transient replication of a TR-containing plasmid was
reduced when a phosphorylation-competent N-terminal LANA
fragment was fused to a C-terminal LANA fragment that sup-
ported TR-dependent replication. Two similarly designed mutants
that were not phosphorylated by DNA-PK/Ku were not defective
in this assay. Overexpression of Ku70 also impaired transient TR-
dependent replication in co-transfection assays conducted in 293T
cells. Although overexpression of Ku86 did not affect transient
replication assays set up in 293T cells, the authors noted an increase
in TR-dependent replication when the assays were conducted in
Ku86 heterozygous HCT116 Ku86+/— cells when compared to
a HCT116 Ku86+/+ background. Taken together, these results
suggest that the DNA-PK/Ku complex negatively regulates latent
episomal replication.

ACETYLATION

Latency-associated nuclear antigen was reported to be lysine acety-
lated in response to sodium butyrate or trichostatin A-mediated
reactivation (Lu et al., 2006). Although the site(s) of lysine acetyla-
tion on LANA were not mapped, LANA acetylation was observed
in the presence of HDAC inhibition using either ectopic LANA
expression or endogenous LANA in BCBL-1 cells as substrate.
LANA acetylation was observed in HDAC inhibitor-treated cells
using immunological detection with antibodies specific for acetyl
lysine or by metabolic labeling of cells with [1*C]-sodium acetate
followed by fluorography. LANA acetylation occurred during reac-
tivation and this was accompanied by disruption of the inter-
action between LANA and the cellular proteins Sp-1 and his-
tone H2B. ChIP analysis of HDAC inhibitor-treated BCBL-1 cells
also revealed a loss of LANA from the K-Rta promoter region
that occurred within the same time frame as LANA acetylation.
Together, these results suggest that LANA acetylation contributes
to the ORF50 transcriptional de-repression during the early stage
of KSHYV lytic cycle reactivation.

PARYLATION

As mentioned previously, PARP has been historically studied in
the context of the DNA damage response, but PARP-1 has more
recently been linked to the regulation of transcription and chro-
matin structure. PARP-1 binds to a variety of DNA structures,
nucleosomes, and chromatin-associated proteins (Krishnakumar
and Kraus, 2010). Ohsaki et al. (2004) reported that LANA was
a target of PARP-1 and was poly(ADP-ribosyl)ated. Using a TR
affinity column and BC3 cell extracts, PARP-1 was isolated as a
TR interacting protein. TR binding by PARP-1 was independent
of LANA and was also observed with BJAB cell extracts; how-
ever the affinity column elution profiles of PARP-1 and LANA
were similar. In addition, PARP-1 was found to co-localize with
LANA in the nucleus, suggesting that LANA may be a poten-
tial PARP-1 substrate. A small fraction of LANA present in BC3
anti-LANA immunoprecipitates was found to react with anti-PAR
antibody. Moreover, when LANA immunoprecipitates were incu-
bated with purified human PARP-1 and NAD in vitro, a species
consistent with NAD-incorporated LANA was observed. Intrigu-
ingly, PARP-1 activity appeared to control viral copy number in
infected cells. When BC3 cells were treated with hydroxyurea,
a compound that elevates PARP activity, a ~4-fold decrease in
KSHV copy number was observed over the course of a 5-day
treatment period. Conversely, when cells were similarly treated
with compounds that decreased PARP activity (niacinamide and
3-aminobenzamide), KSHV copy numbers increased ~8-fold.
Interestingly, for hydroxyurea-treated cells, the decrease in viral
copy number was accompanied by an increase in the PARylation
signal detected in LANA immunoprecipitates. Although mecha-
nistic details remain to be elucidated, these results suggest that
the viral replication and/or episome partitioning functions of
LANA may be influenced by cellular PARylation activity. Similar
results were reported for EBV EBNA1, which was found inter-
act with both PARP-1 (Deng et al., 2002; Tempera et al., 2010)
and telomere-associated PARPs, Tankyrases-1 and -2 (Deng et al.,
2002,2005). Both PARP-1 and Tankyrase-1 were found to catalyze
PARylation of EBNA1 and negatively regulate EBNA1 origin of
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FIGURE 5 | Latency-associated nuclear antigen enhances histone
sumoylation in vitro and in vivo. (A) LANA enhances histone H2A and
H2B SUMO-modification in vitro. The in vitro SUMO conjugation reaction
was performed with purified histone octamer (5 ug; Roche) as a substrate.
SAE1/2 (E1, 50nM), Ubc9 (E2, 50 nM), and HA-SUMO-2 (50 wM) were
incubated in reaction buffer containing 1 mM ATP and MgCl, with or without
a catalytic amount of LANA (50 nM). In the presence of LANA, H2A, and
H2B SUMO-modification is enhanced. The arrows indicate SUMO-modified
histones, which were increased in SUMO-reaction mixtures supplemented
with LANA (three lanes from left). Full-length LANA Wt and mutant proteins
were prepared with recombinant baculoviruses (B) and used as an E3
SUMO-ligase for in vitro SUMO conjugation reactions. CBB, Coomassie
brilliant blue. (C) Histone binding domain and SUMO-interacting motif of
LANA are necessary for its SUMO-ligase function. LANA Wt but neither a
histone binding mutant (HB Mut) or SUMO-binding mutant (SIM Mut) can
catalyze SUMO-modification of histones. The corresponding number of
SUMO-chains is indicated on the right (20 kDa increments). LANA ring-finger
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like domain is dispensable for LANA-mediated SUMO conjugation of
histones (Ring Mut). (D) Correlation between LANA recruitment sites and
SUMO-enriched loci on the latent KSHV genome. ChlIP analyses were
performed with anti-LANA or anti-SUMO-2 antibodies using latent BCBL-1
cells. ChlIP with LANA antibody was hybridized with custom-made KSHV
tiling arrays and SUMO-ChIP was directly analyzed by sequencing
(ChIP-seq). Enrichment over input DNA is shown (upper panel). Counts and
position of sequence reads of SUMO-ChIP are shown in the bottom panel.
SUMO-2 is enriched where LANA is recruited. Annotation of the KSHV
genome is shown in the middle panel. The KSHV terminal repeat region is
located at the extreme right of the annotated genome. (E) cDNA microarray
analyses. RNA was prepared from indicated LANA stable cells or vector
control stable cells and hybridized to Affymetrix human whole genome U133
plus 2.0 arrays. Raw data was subjected to baseline transformation and
analyzed by hierarchical clustering using GeneSpring GX11 software. Genes
highly repressed by LANA wt but not mutants are indicated by blue vertical
lines to the right.

plasmid replication (OriP) activity in a PAR-dependent manner.
Although the effects of the cellular DNA damage response on viral

replication and gene expression are multi-faceted and enigmatic
(Lilley et al., 2007; Weitzman et al., 2010) these result suggest that
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current PARP-1 inhibitors (see Rouleau et al., 2010; for a recent
review) under evaluation for treatment of certain malignancies
might be worth examining for their efficacy as a treatment for
KSHYV infected individuals.

ARGININE METHYLATION

Our lab has determined that LANA is a substrate for protein argi-
nine methyltransferase (PRMT)-1 in vitro and in vivo, and the
major methylation site was mapped to the N-terminus of LANA
(Arg 20; Campbell et al., 2011). Although, there was no effect
of methylation on LANA nuclear localization or nuclear matrix
association, methylation at this position did affect the interaction
of LANA with histone octamers in vitro and with KSHV chro-
matin in vivo. In vitro, the histone octamer-LANA interaction was
strengthened when the R20 site was replaced with a methyl-mimic
residue, phenylalanine (R20F). Similarly, using LANA ChIP analy-
sis, consistently higher amounts of KSHV DNA could be recovered
from cells harboring latent KSHV bacmids containing the LANA
R20F mutant. These results suggest that arginine methylation at
position R20 may potentially influence a sub-population of LANA
protein within infected cells resulting in increased interaction of
LANA with KSHV-associated chromatin.

SUMOYLATION

Sumoylation-modification plays important roles in assembling
protein complexes to regulate gene expression. Recent studies
support a model in which the SUMO-modification has a signif-
icant impact on heterochromatin formation by recruiting SIM-
containing co-repressors (Uchimura et al., 2006; Stielow et al,,
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FIGURE 6 | KSHV SUMO-dependent balance. The outcome of the KSHV
life cycle is depicted as a balance between the functions of the viral factors
LANA, K-Rta, and K-bZIP which are mediated through their
SUMO-dependent activities. The SUMO E3 ligase activities of K-bZIP and
LANA and the STUbL activity of K-Rta are shown (see text for details).

2008). Accordingly, our lab has found that LANA is both heav-
ily sumoylated and binds SUMO. By creating a SUMO-rich
environment on local chromatin, we propose LANA may be able
to condense chromatin, which leads to gene silencing mediated
through its SIM domain. Interestingly, when we searched the
LANA protein sequence for the SUMO-modification consensus
motif (V/I/L-K-x-E), which is a well-established Ubc9 recogni-
tion sequence, there was no such motif. This observation indicates
that LANA itself may bind SUMO to recruit Ubc9. Since LANA
is heavily modified by SUMO in the absence of an E3 SUMO-
ligase in vitro, LANA is likely to bind to the SUMO-Ubc9 com-
plex (“active-SUMO”) directly for its own SUMO-modification.
Further detailed SUMO-binding analyses with a panel of GST-
LANA deletion proteins confirmed that LANA possesses a SIM
domain at its C-terminus. These result prompted us to investigate
if LANA functions as an E3 SUMO-ligase, because the recruitment
of SUMO-Ubc9 complex (active-SUMO) is one of the mecha-
nisms for catalyzing the conjugation of SUMO. Although LANA
associates with multiple proteins, we decided to focus on chro-
matin components and histone modifying enzymes involved in
epigenetic gene regulation. We chose to use histone octamers as
substrates, because LANA has been shown to associate with his-
tones at the H2A-H2B acidic patch (Barbera et al., 2006). In
addition, SUMO-modification of histones, especially histone H2B,
is linked to chromatin condensation (Nathan et al., 2006). Our
results confirmed that LANA can enhance SUMO-modification
of histones in vitro (Figure 5A). The purified proteins that were
used in the in vitro SUMO-reactions are shown in Figure 5B.
Sumoylation reactions using two LANA mutants clearly show that
both a histone binding mutation and SIM mutation significantly
diminished histone targeting SUMO-ligase activity, supporting the
idea that LANA needs to bind both substrate and SUMO for the
activity (Figure 5C). Our results demonstrate for the first time
that a viral protein acts as an E3 SUMO-ligase to increase SUMO-
modification of histones, and which is likely to be involved in the
formation of localized SUMO-rich chromatin. Next, we examined
the distribution of SUMO and LANA across the latent KSHV epi-
some. Comparison of the SUMO-ChIP assay with KSHYV tiling
array data indicated that the overlap of local SUMO occupancy
with LANA binding sites within the KSHV genome was exten-
sive (Figure 5D). Together, these experiments show that LANA
can increase the content of histone SUMO-modification in vitro
(isolated system without other proteins), and in vivo at the local
chromatin level. Based on these data, we propose that LANA
increases local SUMO-modification, and thus impacts and initi-
ates epigenetic changes at these sites. These epigenetic changes may
causally associate with the observed silencing of both the KSHV
genome and at specific genomic loci of the host cell. We therefore
examined whether assembly of a SUMO-mediated complex would
translate into gene repression. If LANA SUMO-ligase function is
important for such a complex formation, the LANA SUMO-ligase
mutants [SUMO-binding mutant (ASIM) and histone binding
mutant (HBM)] should have impaired gene repression func-
tion. To answer this question, cDNA microarray analyses were
employed to probe the significance of histone targeting SUMO-
ligase function in gene regulation. LANA wild-type and ASIM
and HBM mutant stable SLK cells were generated. These cells
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lines expressed equivalent amounts of LANA or mutant LANA
proteins when examined by western blotting with anti-Flag anti-
body. As shown in Figure 5E, both ASIM and HBM mutants had
significantly impaired gene repression activity relative to wild-type
LANA cells; these two cell lines showed gene expression patterns
very similar to vector control SLK cells. Taken together, these
results demonstrate that LANA recruits SUMO-Ubc9 complexes
through SUMO-binding, and facilitates local histone SUMO-
modification. Importantly, enrichment of SUMO at LANA bind-
ing sites may also prepare the KSHV genome for reactivation by
generating a suitable target for K-Rta. Obviously, further studies
are required to test this possibility. A putative SUMO-mediated
KSHYV latency-reactivation model is depicted in Figure 6.

SUMMARY

Although there are numerous studies describing post-translational
modifications of several KSHV regulatory factors, there appears to
be a fundamental gap in our knowledge as to precisely how, where

and when these modifications affect the regulatory functions
associated with each protein. These are very difficult questions to
address for several reasons. The modifications affect only a small
percentage of the total pool of a particular molecule, are transient
in nature, and, in many cases, detection is technically demanding.
Nevertheless, this area of herpesvirus research should be fruitful in
yielding novel insights into both virus-host interactions and basic
cellular signaling pathways. The recent advancement of proteomic
approaches will certainly help to answer these questions.
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INTRODUCTION

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as
human herpesvirus 8, is classified as a rhadinovirus in the y-
herpesvirus subfamily and was the eighth human herpesvirus
to be discovered from Kaposi’s sarcoma (KS) specimens (Chang
etal, 1994). KSHYV is closely associated with KS and is also linked
to AIDS-related lymphoproliferative disorders, such as primary
effusion lymphoma (PEL, also known as body cavity-based lym-
phoma) and plasmablastic variant multicentric Castlemans dis-
ease (Russo et al., 1996; Ganem, 2007). The neoplastic potential
of KSHYV is well-established, especially in the context of immuno-
suppressed patients who are undergoing organ transplants, or who
are co-infected with human immunodeficiency virus (HIV).

Like other herpesviruses, KSHV has two life cycles (i.e., latency
and lytic replication). In latency, the KSHV genome circularizes
and forms a double-stranded DNA, the episome, in the nucleus of a
host cell. The KSHV genome contains several homologs of human
genes such as viral cyclin D (v-cyclin), viral FLICE inhibitory pro-
tein (v-FLIP), viral G-protein coupled receptor (vGPCR), vIRF1,
vBcl2, and vIL6 (Jenner and Boshoff, 2002), which contribute
directly to KSHV-induced pathogenesis. KSHV establishes a latent
infection in KS and PEL expressing several viral genes, includ-
ing latency associated nuclear antigen (LANA), v-FLIP, v-cyclin,
kaposin, and microRNAs. LANA (also called LANA1) encoded by
ORF?73 is required for replication and maintenance of the KSHV
episomal DNA (Ballestas et al., 1999) and is expressed in all KSHV-
associated malignancies (Jarviluoma and Ojala, 2006). LANA also
contributes to KSHV-associated oncogenesis through interaction
with cellular molecules. KSHV alternates between lytic replica-
tion (productive infection) and latency (latent infection) by way
of replication and transcription activator (RTA) expression. RTA,

lar trafficking, apoptosis, and immune regulation. Bacterial and viral pathogens exploit the
cellular ubiquitin system by encoding their own proteins to serve their survival and repli-
cation in infected cells. Recent studies have revealed that Kaposi's sarcoma-associated
herpesvirus (KSHV) manipulates the ubiquitin system of infected cells to facilitate cell
proliferation, anti-apoptosis, and evasion from immunity. This review summarizes recent
developments in our understanding of the molecular mechanisms used by KSHV to interact
with the cellular ubiquitin machinery.

Keywords: Kaposi’s sarcoma-associated herpesvirus, ubiquitin, proteasome, polyubiquitin, RING

encoded by the immediate-early gene ORF50, is a critical switch
molecule for initiating lytic replication (Deng et al., 2007). During
lytic infection, progeny viruses are generated and released from
host cells.

Kaposi’s sarcoma-associated herpesvirus and other her-
pesviruses have a unique feature: KSHV can manipulate cellu-
lar machineries, such as cell proliferation, anti-apoptosis, and
immune surveillance, by hijacking the cellular ubiquitin system,
including polyubiquitin-dependent degradation by the 26S pro-
teasome. The ubiquitin system plays fundamental roles in the
regulation of cellular events, such as protein degradation, sig-
nal transduction, endocytosis, protein trafficking, and immune
responses (Pickart, 2001; Ciechanover, 2005). It is well known
that many viruses exploit the ubiquitin system in various ways for
entry or release of progeny virus (Bieniasz, 2006) and also manip-
ulate the system to overcome the cellular apoptosis machinery and
immune responses. Additionally, viruses target deubiquitinating
enzymes (DUBs) to stabilize cellular and viral proteins needed
for viral processes (Sulea et al., 2006). In this review, we discuss
how KSHYV can hijack the cellular ubiquitin system to promote
successful viral infection.

THE UBIQUITIN SYSTEM AND 26S PROTEASOME AS
TARGETS OF KSHV'S STRATEGY

THE UBIQUITIN SYSTEM AND KSHV

In the ubiquitin system, a substrate protein is tagged with a
polyubiquitin chain or a single ubiquitin molecule via isopeptide
bonds that are formed between the carboxyl termini of ubiquitin
molecules and either the e-amino groups of the lysine residues
in the target protein or the ubiquitin molecules themselves.
Ubiquitin conjugation is catalyzed by the sequential actions of
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ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin ligase (E3). In this system, ubiquitin, a
polypeptide of 76 amino acid residues, is first transferred to the E1
in an ATP-dependent manner (Figure 1A). This activated ubiqui-
tin is then transferred to the E2. Finally, the ubiquitin is covalently
attached to the target protein by E3 ubiquitin ligase, leading to the
formation of a polyubiquitin chain (Pickart, 2001; Ciechanover,
2005; Weissman et al., 2011).

Ubiquitin has seven internal Lys residues, at positions 6, 11, 27,
29, 33,48, and 63; Lys48 is most commonly used for the formation
of a polyubiquitin chain. Ubiquitination consists of monoubig-
uitination and polyubiquitination, and ubiquitination can be
classified into two types: a degradation signal for the 26S protea-
some (Figure 1B), and a non-degradation signal (Figures 1C,D).
Polyubiquitination can be reversed by the isopeptidase activi-
ties of DUBs, also called deubiquitinase and isopeptidase, and
of the POH1/Rpn11 subunit of the 26S proteasome. DUBs dis-
assemble polyubiquitin chains from polyubiquitinated substrates,
and also replenish the pool of free ubiquitin. Monoubiquitina-
tion, the conjugation of a single ubiquitin molecule, is involved
in DNA repair, protein—protein interactions, and endocytosis of

membrane proteins (Hicke, 2001). The polyubiquitin chain, linked
through Lys48 (K48-linked polyubiquitin), functions as a signal
for degradation by the 26S proteasome. On the other hand, it
has been thought that the polyubiquitin chain linked through
Lys other than Lys48 (i.e., Lys6, 11, 27, 29, 33, and 63), plays a
role in numerous cellular events. In particular, K63-linked polyu-
biquitin is involved in protein—protein interactions, cell signaling
pathways, DNA repair, the stress response, and ribosomal function
(Weissman et al., 2011; Figure 1C). Moreover, K63-linked polyu-
biquitination functions as a signal that induces internalization and
lysosome-mediated degradation through endocytosis toward cell
surface proteins (Hicke, 1999; Figure 1D).

Recent studies have shown that KSHV targets the ubiquitin
system to manipulate cell signaling pathways, apoptosis, cell cycle
regulation, IFN response, and antigen presentation. KSHV dysreg-
ulates the stabilities of regulator molecules p53, p27, IkB, Notch,
and B-catenin. By hijacking regulator molecules, KSHYV is able to
alter viral and cellular gene expression. Additionally, KSHV can
utilize the ubiquitin system by providing its own viral protein as
an E3 enzyme or as a component protein of the E3 complex. It
was reported that KSHV-encoded RTA acted as the E3 ubiquitin
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FIGURE 1 | Schematic of the ubiquitin system and 26S
proteasome-mediated degradation. (A) Ubiquitin is first transferred to
E1 in an ATP-dependent manner. This process requires the initial
ATP-dependent activation of ubiquitin, with the release of PP;, followed by
binding of ubiquitin to a cysteine residue of E1 through a thioester linkage.
Then, the activated ubiquitin is transferred to E2. Some selectivity for
substrate occurs in this step, but the exquisite selectivity of intracellular
proteolysis comes from the E3 ubiquitin ligases, which couple with E2 to
bind substrates and catalyze the transfer of the activated ubiquitin from
the E2 to the substrate, processively forming a chain of ubiquitins. (B) In
the case of conjugation with K48-linked polyubiquitin, the
polyubiquitinated protein is recognized by the 26S proteasome and is
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destroyed in an ATP-dependent manner. The 26S proteasome consists of
the 19S regulatory complex (19RP) and a proteolytic core particle, the 20S
proteasome. The 20S proteasome is arranged as a stack of four rings,
composed of two outer a rings and two inner g rings. Three B subunits (82,
B5, B1) of a B ring are responsible for the distinct trypsin-like,
chymotrypsin-like, and caspase-like proteolytic activities, respectively. (C)
Modifications of a monoubiquitin and a polyubiquitin chain linked through
Lys other than Lys48 (for example, Lys63, Lys11, and Lys29) play a role in
many cellular processes, such as signal transduction, DNA repair, and
localization through protein—protein interactions. (D) Monoubiquitination
and K63-linked polyubiquitination are also involved in the internalization
and endocytosis of membrane proteins.
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ligase, and mediates polyubiquitination of IFN regulatory factor 7
(IRF7) for proteasomal degradation. KSHV-encoded LANA func-
tions as a potential component of the E3 ubiquitin ligase complex
for polyubiquitination of p53 and VHL (Figure 1B). KSHV also
encodes ubiquitin ligases (K3 and K5) that induce the K63-linked
polyubiquitination and internalization of major histocompatibil-
ity complex class I (MHC-I) molecules (Figure 1D). Furthermore,
KSHV encodes a viral DUB which can disassemble polyubiquitin
chains to stabilize the cellular and viral proteins. Thus, KSHV can
create a favorable environment for the proliferation and survival
of KSHV-infected host cells using these encoded proteins.

KSHV AND THE 26S PROTEASOME

Proteins conjugated with a K48-linked polyubiquitin chain are
rapidly degraded by the 26S proteasome in an ATP-dependent
manner (Figure 1B). Attachment of a chain composed of four or
more ubiquitins is required for 26S proteasome-mediated protein
degradation. The 26S proteasome consists of the 19S regulatory
complex (19RP) and the 20S proteasome (Ciechanover, 2005;
Weissman et al., 2011). The 20S proteasome is arranged as a stack
of four rings, two outer o rings and two inner f rings, that have
trypsin-like, chymotrypsin-like, and caspase-like proteolytic activ-
ities. The 19S RP can bind to a polyubiquitinated protein through
the S5a/Rpn10 subunit, detach the polyubiquitin chain through
the action of the Rpnll subunit, and unfold the substrate and
move it into the 20S proteasome for degradation. In the case
of the globular proteins, the substrate undergoes ATP-dependent
unfolding by the association with the 19S ATPases, followed by
translocation into the entrance opening of the 20S proteasome.
Finally, peptides ranging in length from 10 to 25 amino acid
residues emerge from the 20S proteasome.

Kaposi’s sarcoma-associated herpesvirus dysregulates cellular
antiviral responses in various ways: (1) downregulation of MHC-I
molecules, (2) suppression of the IFN response by IRF7 degrada-
tion, and (3) inhibition of the proteasomal processing process
needed for antigen production. Virus-infected cells are recog-
nized by CD8" cytotoxic T lymphocytes (CTL) upon display
of virus-derived peptides by MHC-I. These virus-derived pep-
tides are generated by the 26S proteasome, and then the viral
peptides are translocated into the endoplasmic reticulum where
they form a complex with MHC-I, with the assistance of pep-
tide transporters (TAP) and chaperones. In particular, it is known
that EBV prevents antigen presentation by inhibiting the 26S pro-
teasome. EBV-encoded EBNAL is required for the maintenance
of EBV genomes. Furthermore, EBNA1 blocks the ability of the
26S proteasome to produce antigenic peptides (Levitskaya et al.,
1995). EBNALI is separated into N- and C-terminal domains by a
Gly-Ala repeat domain, which disturbs the presentation of EBNA1
epitopes to MHC-I and also inhibits EBNA1 mRNA translation,
thus minimizing protein levels in infected cells (Yin et al., 2003).
EBNALI is thus protected from endogenous presentation through
the MHC-I pathway and this is also likely to be responsible for the
long half-life of the EBNA1 protein. KSHV-encoded LANA, like
EBNA1, may contribute to disturbing the antigen presentation by
inhibition of the 26S proteasome activity. In fact, LANA also func-
tions as a cis-acting inhibitor of antigen presentation (Zaldumbide
et al., 2007). LANA has no sequence homology to EBNAI but

is apparently functionally analogous. LANA is a 220 kDa protein
with unique N- and C-terminal regions separated by an acidic cen-
tral repeat (CR) region, which contains three sets of repeats that
are rich in Asp and Glu, Pro and Gln, and Pro and Glu, respec-
tively. The CR region does not contain any proteolytic site for the
proteasome. The LANA CR region can be further subdivided into
three subdomains, based on differences in amino acid (aa) repeat
sequences: CR1 (aa 321-428 in ORF73 of the BC-1 sequence, CR2
(aa 430-768), and CR3 (aa 769-937). It is known that the subdo-
main containing CR2CR3 contributes to LANA stability in vitro
and in vivo and also retards LANA protein synthesis, minimizing
LANA protein levels (Kwun et al., 2007). A recent study showed
that the LANA CR1 subdomain inhibited MHC-I peptide antigen
presentation in cis (Kwun etal.,2011). The CR2 subdomains retard
LANA proteasomal processing but do not inhibit LANA peptide
processing by MHC-1. These findings suggest that LANA physi-
cally inhibits the proteasome by insertion of the repeats into the
proteolytic core particle of the 26S proteasome; however, KSHV
and EBV use different mechanisms to evade host CTL-dependent
surveillance.

KSHV AND E3 UBIQUITIN LIGASES

VIRAL PROTEINS AS COMPONENTS OF E3 UBIQUITIN LIGASES

Various combinations of E2 and E3 ubiquitin ligases determine
the specificity toward target proteins and the types of ubiquitin
linkages of the polyubiquitin chains. It is believed that there are
in excess of 1000 different ubiquitin ligases in our genomes. E3
ubiquitin ligases are a large family of proteins that can be classified
into three major and structurally distinct types: (1) HECT-type,
(2) RING-finger-type, and (3) U-box-type E3 ubiquitin ligases
(Pickart, 2001; Weissman et al., 2011). HECT-type E3s directly
bind the substrate and contain a HECT domain that binds E2 and
catalyzes the ubiquitin ligation (Figure 2A). Ubiquitin is trans-
ferred from the E2 to an active-site cysteine residue within the
HECT domain, forming an E3 ubiquitin thioester complex. Ubiq-
uitin is then transferred to the target protein. In humans, there are
more than 50 kinds of HECT-type E3 enzymes. E6AP was the first
HECT-type E3 identified, and this protein mediates K48-linked
polyubiquitination of p53 in cells that express the E6 of human
papillomavirus (HPV), types 16 and 18. The HPV E6 protein
forms a complex with cellular E6AP, and increases the affin-
ity for p53. RING-finger-type E3s contain RING-finger domains
that interact with E2. RING-finger-type E3s can be sub-classified
into monomeric RING-finger E3s (Figure 2B) and multimeric
complex RING-finger E3s (Figure 2C), such as SCF and ECS
(Lipkowitz and Weissman, 2011). RING-finger-type E3s func-
tion primarily as scaffolds, orienting the E2-ubiquitin thioester
complex and the target protein for ubiquitin transfer. Mdm2
(Figure 2B-2) is monomeric RING-finger E3 for K48-linked
polyubiquitination of p53 in normal cells. Multimeric RING-
finger E3s [also called Cullin (Cul)-based E3s] constitute the
largest subfamily and include the SKP1-Cull-F-box protein (SCF)
complex, the elongin C-elongin B-Cul5-SOCS-box (ECS) com-
plex, and the anaphase-promoting complex/cyclosome (APC/C).
The SCF complex (Figure 2C-4) is composed of Skpl (adaptor
protein), Cull (scaffold protein), Rbx1/Rocl (E2-binding protein),
and F-box protein. F-box protein, classified into Fbw (B-TrCP and
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FIGURE 2 | E3 ubiquitin ligases. (A) HECT-type E3 has a HECT domain and F-box protein that binds to Skp1 and recognizes the substrate. (C-5)
that binds to E2. E6-E6AP complex mediates polyubiquitination of p53. The ECS complex is composed of elongin B, elongin C, Cul5, Rbx2, and
(B,C) RING-fingertype E3 enzymes have RING-finger domains that bind to substrate receptor SOCS-box protein. ECV is composed of elongin B,
E2 enzymes and can be categorized into monomeric (B) and multimeric elongin C, Cul2, Rbx1, and VHL-box protein for binding HIF-1a. (C-6) KSHV
RING-finger E3 enzymes (C). (B-2) Mdm?2 is monomeric RING-finger E3 LANA functions as a SOCS-box-like protein in the ECS/ECV complex,
for the K48-linked polyubiquitination of p53 in normal cells. (B-3) K3 and K5 consisting of elongin B, elongin C, Cul5, and Rbx1. LANA SOCS-box-like
bind to target substrates (MHC class 1) via their transmembrane regions, motif consists of an elongin B/C box (N-terminus) and a Cul box
and contain a RING-CH domain that interacts with E2. The cytoplasmic (C-terminus). LANA binds to p53 protein through its C-terminus and binds
tails of the target substrates are mono- and poly-ubiquitinated, and the to VHL protein through its N-terminus. (C-7) The human homolog of
substrates are then endocytosed from the plasma membrane for Drosophila Siah-1 has a RING-finger domain to bind E2 and forms an E3
degradation in lysosomes. (C-4) The SCF complex consists of Skp1 complex composed of SIP Skp1, and Ebi that recognizes B-catenin. Siah-1
(adaptor protein), Cull (scaffold protein), Rbx1/Roc1 (E2-binding protein), binds to APC and this binding promotes degradation of g-catenin.

Fbw7), Fbl (Skp2), and Fbx types, binds through its F-box motif
to Skp1 and recognizes the substrate. The F-box protein also binds
to Skp1, which can link the F-box protein to Cull. Cull functions
as a scaffold, binding the RING-finger protein, Rbx1, and an E2.
The ECS complex (Figure 2C-5) is composed of elongin B, elon-
gin C, Cul5, Rbx2, and SOCS-box protein. SOCS-box binds to the
Skp1 homologs elongin C and elongin B. ECV consists of Cul2 in
place of Cul5 in ECS, Rbx1 in place of Rbx2 in ECS, and also the
VHL-box protein that binds HIF-1a.

Kaposi’s sarcoma-associated herpesvirus proteins may func-
tion as potential components of E3 ubiquitin ligase complexes.
Because E3 ubiquitin ligase can directly destabilize target pro-
teins, the cellular polyubiquitin machinery is dysregulated by a
spurious E3 ubiquitin ligase containing viral components. KSHV-
encoded LANA plays an important role in the maintenance of the
KSHV genome, and also contributes to KSHV-associated onco-
genesis through interaction with pRb (Radkov et al., 2000), p53
(Friborg et al., 1999), and GSK-3 (Fujimuro et al., 2003). LANA
also functions as a potential component within the ECV/ECS com-
plex, and targets the tumor suppressor, VHL, and p53 protein
for polyubiquitination (Cai et al., 2006). LANA contains a puta-
tive SOCS-box motif, which is necessary for its assembly into the
Rbx1-Cul5-elongin B-elongin C complex (Figure 2C-6). LANA

binds to p53 protein through its C-terminus and binds to VHL
protein through its N-terminus. VHL protein, a component of
ECV, functions as a receptor for hydroxylated HIF-1a and induces
K48-linked polyubiquitination of HIF-la (Figure 2C-5). The
oxygen-sensitive transcription factor, HIF-1a (or HIF-2a), binds
to hypoxia-responsive DNA promoters involved in angiogenesis
and cell proliferation. During normoxia, hydroxylated HIF-1o and
2a are recognized by VHL protein, resulting in their polyubiqui-
tination and degradation. LANA stabilizes HIF-1a and increases
HIF-1a-dependent transactivation by down-regulating VHL pro-
tein. Thus, LANA directly serves as a substrate receptor in ECS
to promote degradation of the VHL and p53. It is known that
multiple KSHV proteins, apart from LANA, are involved in p53
polyubiquitination for proteasomal degradation. KSHV encodes
viral IFN regulatory factor 4 (vIRF4) that binds Mdm?2, leading to
the proteasomal degradation of p53 in KSHV-infected cells (Lee
et al., 2009). The central region of vIRF4 interacts with MDM2,
leading to inhibition of MDM2 autoubiquitination and, thereby,
increased MDM2 stability. Moreover, KSHV-encoded vIRF1 also
contributes to destabilizing the protein level of p53 by manipu-
lating ATM kinase, which is activated by DNA damage. ATM can
phosphorylate the Ser15 residues of p53, and this phosphorylation
inhibits the interaction with Mdm?2, resulting in p53 stabilization.
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However, VIRF1 suppresses Ser15 phosphorylation of p53 by ATM,
resulting in an increase of p53 ubiquitination and degradation by
the proteasome (Shin et al., 2006).

Replication and transcription activator, a key regulator for
KSHV reactivation from latent to lytic infection, may function
as a E3 ubiquitin ligase for IRF7. In concert with UbcH5a as an E2
enzyme, RTA mediates the polyubiquitination of IRF7 depending
on its Cys/His-rich domain, resulting in proteasomal degradation
of IRF7 (Yu et al,, 2005). RTA also autoregulates its own polyu-
biquitination and stability. The Cys/His-rich domain in the RTA
N-terminal region is not categorized into a RING-finger domain
and is composed of six Cys and one His residues (Cys3HisCys3).
RAUL, a HECT-type E3, mediates polyubiquitination of IRF7 and
IRF3. It is known that RTA induces the stabilization of RAUL and
enhances the ability of RAUL to degrade IRF7 and IRF3 (Yu and
Hayward, 2010). Furthermore, RTA induces the downregulation of
“Toll-interleukin-1 receptor domain-containing adaptor-inducing
beta-interferon” (TRIF; Ahmad et al., 2011), the cellular transcrip-
tional repressor, Heyl (Gould et al.,2009),and K-RBP (KSHV RTA
binding protein)/human hypothetical protein MGC2663 (Yang
et al., 2008). RTA interacts with Heyl and K-RBP, and RTA medi-
ates polyubiquitination, dependent on the Cys/His-rich domain
of RTA, resulting in proteasomal degradation, while the Cys/His-
rich domain of RTA is partially necessary for TRIF degradation,
and RTA-mediated degradation of TRIF is partially mediated
through the ubiquitin system. Thus, RTA manipulates the sta-
bilities of various cellular proteins to dysregulate innate immunity
and transcriptional regulation. However, it remains to be deter-
mined whether RTA Cys/His-rich domain directly binds E2. It is
not known what kind of signal, such as protein—protein inter-
action, conformational switch or post-transcriptional modifica-
tion of the substrate, is necessary to trigger interaction between
RTA and it’s substrates. These issues are of great importance
to many researchers and are expected to be resolved in future
studies.

K3 AND K5

Kaposi’s sarcoma-associated herpesvirus has elaborate machiner-
ies to escape innate and adaptive antiviral immune responses.
KSHYV establishes a life-long infection in healthy human hosts,
and it is fundamentally important for KSHV to evade the host
immune response. KSHV thus exploits the cellular ubiquitin sys-
tem by providing its own viral E3 enzymes. KSHV-encoded K3
and K5 proteins (Figure 2B-3), a class of viral RING-CH-finger
E3 ubiquitin ligases, also called the “membrane-associated RING-
CH” (MARCH) family E3 ubiquitin ligases, can downregulate the
cellular surface display of MHC-I proteins, by inducing endo-
cytosis (Brander et al., 2000; Coscoy and Ganem, 2000; Ishido
et al., 2000a). Furthermore, K3 and K5 both target y-interferon
receptor 1 (IFN-yR1) and induce its ubiquitination, endocytosis,
and degradation, resulting in downregulation of IFN-yR1 surface
expression (Li et al., 2007). K3 and K5 proteins exhibit 40% amino
acid homology to each other and localize to the plasma membrane.
The RING-CH domains in their cytosolic N-termini are respon-
sible for polyubiquitination of the cytoplasmic tail region of the
MHC-I protein, and the two transmembrane regions are required
for recognizing MHC-I. K3 and K5-mediated polyubiquitination

of MHC-I leads to rapid internalization of MHC-I from the cell
surface and subsequent endolysosomal degradation.

The RING-CH domain of K5 interacts with UbcH5a as an E2
enzyme (Coscoy et al., 2001), which is involved in K63-, K11-,
and K48-linked polyubiquitination (Bosanac et al., 2011). K5 also
downregulates other cell surface molecules, such as natural killer
cell activators ICAM-1, B7-2 (Ishido et al., 2000b; Coscoy and
Ganem, 2001), CD1d (Sanchez et al., 2005), MHC class I-related
chain A/MICA (Thomas et al., 2008), HFE (Rhodes et al., 2010),
and CD31/PECAM (Mansouri et al., 2006) by enhancing endocy-
tosis and subsequent endolysosomal degradation, leading to the
escape of infected cells from natural killer cells. K5 also targets
the cytoplasmic tail of tetherin (also known as BST2 and CD317)
for ubiquitination, leading to relocalization of tetherin to endo-
somal compartments (Mansouri et al., 2009; Pardieu et al., 2010).
Tetherin is an interferon-induced antiviral membrane protein that
prevents the release of many enveloped viral particles, including
KSHV and HIV. Thus, K5 contributes to efficient KSHV particle
release by down-regulating tetherin.

K3 mediates the K63-linked polyubiquitination of MHC-I,
which is necessary for the efficient endocytosis and lysosomal
degradation of MHC-I. K3 also mediates MHC-I monoubiqui-
tination, and K3-mediated polyubiquitination through the K63-
linkage requires both UbcH5 and Ubcl3 as E2 enzymes for
initiating monoubiquitination and subsequent K63-linked polyu-
biquitination, respectively, of MHC-I (Duncan et al., 2006). Ubc13
has been implicated in a variety of cellular processes, such as cell
signaling and DNA repair, and has the ability to catalyze formation
of K63-linked polyubiquitin chains on various substrates.

CELLULAR EVENTS MODULATED BY KSHV THROUGH
UBIQUITINATION

SUBSTRATE RECOGNITION BY THE SCF COMPLEX

Many substrates of the 26S proteasome are modified by the
post-translational modification before their K48-linked polyu-
biquitination. E3 ubiquitin ligases strictly recognize the post-
translational modified forms of the target substrates: several dif-
ferent types of triggers for polyubiquitination — phosphorylation,
proline hydroxylation and glycosylation — function as recognition
signals for E3s. However, it is not clear how KSHV E3s (i.e., K3,
K5, LANA, and RTA) recognize their substrates. There is very lim-
ited information available concerning LANA and RTA substrate
recognition. It is not known what type of post-transcriptional
modification of the substrate triggers interaction with LANA or
RTA. Prospective studies are expected to resolve these important
issues. Furthermore, it remains to be determined which amino
acid residue of the substrate is modified and what type of polyu-
biquitin chain is conjugated with their substrate. These issues are
also expected to be cleared in future studies.

In contrast to KSHV E3s, the substrate recognitions of cellular
SCE-type E3s are well known. Many F-box proteins of SCF-type
E3s can recognize phosphorylated forms of target substrates (Lip-
kowitz and Weissman, 2011). The SCF complex consists of Skp1,
Cull, Rbx1/Rocl, and F-box protein that binds the substrate
(Figure 2C-4). More than 70 F-box proteins in humans can be
categorized into three types (Figure 3): F-box proteins containing
WD40 repeats domain (Fbw/FBXW), F-box proteins containing
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FIGURE 3 | Molecular diversity of SCF E3 complexes. The SCF complex
consists of Skp1, Cul1, Rbx1 (E2-binding protein), and F-box protein that
binds Skp1 and recognizes the substrate. There are more than 70 F-box
proteins in humans and the F-box protein decides the substrate specificity
of SCF. Fbox proteins can be categorized into three types: F-box proteins
containing a WD40-repeat domain (Fbw), F-box proteins containing a
leucine-rich-repeat domain (Fbl), and F-box proteins containing other
domains “X" (Fbx). Each F-box protein binds the phosphorylated consensus
sequence of the specific substrate, resulting in K48-linked
polyubiquitination.

leucine-rich repeats domain (Fbl/FBXL), and F-box proteins con-
taining other domains (Fbx/FBXO; Nakayama and Nakayama,
2006). The SCFPTCP complex, containing B-TrCP/Fbwl as the
Fbw-type F-box protein, binds to cellular signaling regulators, such
as P-catenin, NF-kB inhibitors (IkBa, B, €), ATF4, Snail, DIGI,
Cdc25, and WeelA. B-TrCP recognizes the conserved DpSGXXpS
motif (with phosphorylated serine residues) in the substrate. The
phosphorylation of Ser32 and Ser36 of IkBa is necessary for bind-
ing of B-TrCP, and the phosphorylation of Ser33 and Ser37 of
B-catenin is necessary for binding of B-TrCP. As described in the
following sections, KSHV can promote these phosphorylations of
IkBa and B-catenin in order to up-regulate NF-kB and Wnt sig-
naling. The SCF™™” complex, containing Fbw7 as the Fbw-type
F-box protein, recognizes c-Myc, c-Jun, Notch-1, Notch-4, cyclin E,
and presenilin. The SCFSP2 complex, containing Skp2/Fbl1 as the
Fbl-type F-box protein, recognizes p21, p27, p57, p130, cyclin A, -
D, -E, E2F, Foxo1, Orcl, and Cdk9. SCFFow? complex is involved in

downregulation of cell cycle accelerators, such as c-Myc, c-Jun, and
Notch, whereas SCFS¥P? is involved in downregulation of cell cycle
break molecules, such as p21, p27, p57, and p130. As described
in the next section, KSHV can also promote the phosphorylation
of Thr187 of p27, leading to polyubiquitination of p27. For the
many substrates recognized by the SCF complex, phosphorylation
is required for binding with the respective F-box proteins and for
initiating K48-linked polyubiquitination.

As described previously, the ubiquitin system controls the sta-
bilization of regulatory factors involved in cell signaling pathways,
which serve in the progression of cell proliferation, anti-apoptosis,
and control of the viral life-cycle. It is known that KSHV dysregu-
lates recognition signals for cellular SCF complex E3s and exploits
polyubiquitinating activities of SCF E3s. KSHV manipulates the
upstream regulators of these cell signals in order to utilize cellu-
lar SCF E3s and control cell signalings. By targeting the specific
recognition signals for the SCF complex — the phosphorylation of
substrates such as IkB, B-catenin, and p27 — KSHV can affect cell
cycle regulation, NF-kB signaling, and Wnt signaling (described
in the following sections).

CELL CYCLE REGULATION
G1-S phase progression is strictly regulated by cyclin-dependent
kinase (Cdk)-cyclin complexes. The cyclin D-Cdk4 (or Cdk6) and
cyclin E-Cdk2 complexes phosphorylate pRb from mid-Gl1 to the
late-G1 stage. These pRb phosphorylations lead to release, and
activate E2F for the S phase progression. Cdk inhibitors (CKIs),
negative-regulators of cyclin-Cdk complexes, can be classified into
the Cip/Kip family (p21©P1, p27KiP1, and p57XiP?) and the INK4
family (p15NK4b) p1eINKa 1 gINKic - qnd p19INKad) - Gip/Kip
family proteins bind cyclin-Cdk complexes, leading to inhibition
of Cdk activity, and are targeted for K48-linked polyubiquitination
by SCES¥P2 complex E3 (Nakayama and Nakayama, 2006).
Kaposi’s sarcoma-associated herpesvirus mimics and uses these
regulatory factors. KSHV v-cyclin/ORF72, a human cyclin D2
homolog, interacts with and activates Cdk4 and Cdké to achieve
phosphorylation of pRb and cellular cyclin D, leading to G1-S
phase progression (Chang et al., 1996; Mittnacht and Boshoff,
2000; Jarviluoma and Ojala, 2006). Interestingly, unlike the cellu-
lar cyclins, v-cyclin-Cdk complex is resistant to the CKIs, p21, p27,
and p16 (Swantonetal., 1997),and this complex thus functionsas a
constitutively active kinase. The v-cyclin-Cdk6 complex phospho-
rylates p21 on Ser130, and this phosphorylated p21 cannot inhibit
Cdk2 (Jarviluoma et al., 2006). Furthermore, v-cyclin-Cdké com-
plex interacts with p27 and phosphorylates p27 at Thr187, leading
to polyubiquitination of p27 for degradation (Ellis et al., 1999;
Mann et al., 1999; Jarviluoma et al., 2004). This regulation of p27
is normally performed by cellular cyclin E-Cdk2. Skp2 F-box pro-
tein of SCFSXP? complex can bind Thr187-phosphorylated p27 and
mediates its modification with a K48-linked polyubiquitin chain
(Figure 3), leading to its degradation.

NOTCH SIGNALING

Kaposi’s sarcoma-associated herpesvirus-encoded proteins manip-
ulate upstream regulators in cell signaling and exploit the ubiquitin
system to alter the stabilization of target proteins. Furthermore,
KSHV proteins can directly bind a component of E3 ubiquitin
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ligases to inhibit the E3 activity for polyubiquitination, leading to
stabilization of target substrates. The SCE™™” complex (Figure 3)
is composed of Fbw7 as an F-box protein, which recognizes and
binds the intracellular regions of Notch-1, -3, and -4 (Nakayama
and Nakayama, 2006; Matsumoto et al., 2011). The F-box protein
Fbw?7, also known as Sel-10 in C. elegans and hCDC4 in humans, is
thus a critical component of SCEF™"7, while it is a negative regula-
tor of Notch signaling. Notch signaling plays roles in cell fate deci-
sions, proliferation, and differentiation. When a Notch ligand, such
as Jagged or Delta, binds the Notch receptor, a y-secretase com-
plex, including presenilin, cleaves the intramembrane region of the
Notch receptor, Notch-1, 2, 3, and 4, resulting in release of intra-
cellular Notch (ICN, also called the Notch intracellular domain,
NICD). ICN, which functions as a transcriptional activator, enters
the nucleus and binds “CBF1/Suppressor of Hairless/Lag-1” (CSL),
upregulating transcription of its targets (Hayward et al., 2006).

It is known that, in addition to ICN, KSHV RTA interacts with
CSL and activates target gene expression in cooperation with co-
activators (Liang and Ganem, 2003). KSHV also has another way
to activate Wnt signaling. KSHV LANA binds Fbw7/Sel-10, a com-
ponent of SCF™*"7, to inhibit polyubiquitination of intracellular
Notch-1 (ICN), which leads to stabilization of ICN. The carboxyl-
terminus of LANA binds the F-box domain and the WD40 domain
of Fbw7/Sel-10, whereas it competes with ICN for interaction with
Fbw7/Sel-10, resulting in inhibition of ICN polyubiquitination
and degradation (Lan et al., 2007). Stabilization of ICN by LANA
is also related to the proliferation of KSHV-infected cells.

NF-«B SIGNALING

NF-kB signaling, regulated by the ubiquitin system, influences
cell proliferation, anti-apoptosis, and inflammation. KSHV acti-
vates NF-kB pathways to promote host cell proliferation, sur-
vival, and angiogenesis. Additionally, constitutive activation of
NEF-kB signaling is essential for latent infection of KSHV and
survival in KSHV-infected PEL cells. In normal resting cells, the
canonical NF-kB signaling pathway is suppressed by IkBa pro-
tein. The NF-kB pathway is further regulated by IKK complex,
consisting of IKKa, B, and a scaffold subunit (IKKy/NEMO).
A stimulus, such as TNF-a or IL-1B, induces activation of
the IKK complex via TRAF6 and TRAF2. TRAF6 can modify
NEMO by K63-linked polyubiquitination, in collaboration with
Ubcl13. K63-linked polyubiquitinated NEMO then activates the
IKK complex, which phosphorylates IkBa. Phosphorylation of
Ser32 and Ser36 IkBa can be a trigger for K48-linked polyu-
biquitination by SCFPTCP (Figure 3). Phosphorylated IkBa is
then subjected to SCFPT'CP-mediated K48-linked polyubiquiti-
nation and subsequent proteasomal degradation. This releases
active NF-kB (p50—p65/RelA heterodimer). There is another
upregulation system for IKK complex: TGF-B-activated kinase
(TAK1) also phosphorylates and activates IKK. TAK1 forms a
complex with TAK1-binding protein 1 (TAB1) and TAB2 (or
TAB3). TAB2 stimulates TAK1 kinase activity and binds to K63-
linked polyubiquitinated NEMO (or TRAF6) through the Zn-
finger domain of TAB2. In response to TNF-a stimuli, receptor-
interacting protein (RIP) is modified with K63-linked polyubig-
uitin chain, and polyubiquitinated RIP recruits NEMO into the
IKK complex.

Kaposi’s sarcoma-associated herpesvirus-encoded v-FLIP, K7,
and microRNA can induce NF-kB transcriptional activation by
targeting the protein level of IxB. v-FLIP (ORF 71) achieves anti-
apoptosis by activating NF-kB signaling (Chaudhary et al., 1999;
Keller et al., 2000; Chugh et al., 2005). v-FLIP can activate the IKK
complex through interaction with NEMO of the IKK complex,
including Hsp90 (Field et al., 2003) and RIP (Chaudhary et al.,
1999; Liu et al., 2002). Additionally, TRAF2 leads to the associa-
tion of v-FLIP with the NEMO of the IKK complex (Guasparri
etal., 2006). Activated IKK complex phosphorylates IkBa, leading
to K48-linked polyubiquitination and proteasomal degradation.
miR-K1 of the miRNA cluster, encoded by the KSHV genome, can
decrease IxBa in a ubiquitin system-independent manner. miR-
K1 reduces expression of IkBa protein by targeting the 3’-UTR
of its transcript (Lei et al., 2010). Thus, miR-K1 upregulates NF-
kB activity and inhibits viral lytic replication in PEL cells. KSHV
small membrane protein, K7, inhibits caspase-3-induced apoptosis
and interacts with ubiquitin/PLIC1 (Feng et al., 2004). Ubiquilin
has an N-terminal ubiquitin-like (UBL) domain and a C-terminal
ubiquitin-associated (UBA) domain. The UBA domain binds
to the K7 protein and the polyubiquitin chain. The interaction
between K7 and ubiquilin induces the degradation of IkB and
concomitant activation of NF-kB signaling. Thus, to activate the
NF-kB pathway, KSHV may induce the phosphorylation of IkBa
for SCFPT'CP_mediated K48-linked polyubiquitination, resulting
in reduced IkBa protein. Interestingly, K7 induces the degrada-
tion of KSHV-encoded ORF74/vGPCR, which is a pirated version
of the human IL-8 receptor gene. vGPCR is a ligand-independent,
constitutively active signaling molecule that activates NF-kB sig-
naling and promotes cell proliferation. K7 causes vGPCR to be
retained in the endoplasmic reticulum and induces the proteaso-
mal degradation of vGPCR. Furthermore, K7 expression reduces
vGPCR tumorigenicity in nude mice (Feng et al., 2008).

Whnt SIGNALING

The Wnt signaling pathway, also regulated by ubiquitin and the
proteasome, is involved in several key developmental processes
and in tumorigenesis. The Wnt signaling cascade is triggered when
Wntligands bind to Frizzled receptors and the signal is transmitted
through Disheveled to the axin-APC-GSK-3f complex, resulting
in the disruption of this complex. The B-catenin level is regu-
lated by GSK-3f (GSK-3), Ser/Thr kinase, which phosphorylates
B-catenin and targets it for K48-linked polyubiquitination and,
subsequently, proteasomal degradation. Displacement of GSK-
3 from the complex leads to stabilization of B-catenin, which
translocates to the nucleus and forms a complex with Lef (or
Tcf4) transcription factors, stimulating the expression of c-Myc,
c-Jun, and cyclin D1. Phosphorylation of P-catenin is essen-
tial for binding SCFPT“? complex, containing the B-TrCP that
recognizes the DpSGXXpS motif in B-catenin. SCFETP com-
plex can mediate K48-linked polyubiquitination for B-catenin
(Figure 3). GSK-3 kinase recognizes and phosphorylates serine
and/or threonine residues in the context of the S/Txxx pS/pT
motif. The downstream Ser or Thr residue must first be phos-
phorylated by a priming kinase. In B-catenin, phosphorylation of
Ser45 by casein kinase I serves as the priming event for GSK-3
kinase, which then phosphorylates the Thr41, Ser37, and Ser33

www.frontiersin.org

February 2012 | Volume 3 | Article 66 | 101


http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

Ashizawa et al.

The ubiquitin system and KSHV

residues. Phosphorylation of Ser33 and Ser37 of B-catenin is
necessary for binding of the SCFPTCP complex and K48-linked
polyubiquitination.

Kaposi’s sarcoma-associated herpesvirus dysregulates Wnt sig-
naling by LANA (Fujimuro and Hayward, 2003; Fujimuro et al.,
2003,2005). The B-catenin protein accumulates in latently KSHV-
infected PEL cells and KS cells. The mechanism of B-catenin dys-
regulation is related to the interaction of LANA and GSK-3 kinase.
LANA associates with GSK-3, leading to nuclear translocation of
GSK-3. Although GSK-3 is localized primarily in the cytoplasm,
a small proportion of GSK-3 is known to enter the nucleus dur-
ing S phase (Diehl et al., 1998), and LANA increases the number
of cells in S phase (Fujimuro et al., 2003). Because LANA binds
to nuclear GSK-3, LANA induces depletion of cytoplasmic GSK-
3. In the absence of cytoplasmic GSK-3, B-catenin accumulates
in the cytoplasm and enters the nucleus to stimulate transcrip-
tional activation of downstream target genes. Additionally, LANA
binds ERK1/2, which participates in the phosphorylation of Ser
9 of GSK-3, resulting in inactivation of GSK-3 (Liu et al., 2007).
The stability of c-Myc is regulated by the c-Myc phosphorylation
at Ser62, mediated by Erk, and at Thr58, mediated by GSK-3.
This phosphorylation of c-Myc is necessary for the interaction
with Fbw7 protein of SCFF®"7 and K48-linked polyubiquitination
(Yada et al., 2004). Inactivation of nuclear GSK-3 by LANA may
increase the stability and activity of c-Myc and further contribute
to LANA-mediated growth dysregulation. In fact, abnormally sta-
ble c-Myc protein can be observed, and LANA is responsible for
this stability in PEL cells (Bubman et al., 2007).

EBV upregulates Wnt signaling through a different mechanism
than that in KSHV (Hayward et al., 2006). EBV LMP1 represses
expression of the transcripts for Siah-1 (Jang et al., 2005), the
human homolog of Drosophila seven in absentia. Siah-1 binds E2
enzyme with its N-terminal RING-finger domain and forms an E3
ubiquitin ligase complex, consisting of Siah-1, SIP, Skp1, and Ebi
that binds the B-catenin protein (Figure 2C-7). This E3 ubiquitin
ligase promotes the degradation of f-catenin through a mecha-
nism independent of GSK-3B-mediated phosphorylation; Siah-1
binds to APC and this binding directly promotes degradation of
B-catenin. On the other hand, an E3 complex including Siah-1
targets KSHV protein for polyubiquitination. The KSHV-encoded
ORF45 protein is capable of inhibiting virus-dependent interferon
induction and appears to be essential for both early and late stages
of infection. Siah-1 complex induces the destabilization of ORF45
protein through polyubiquitination (Abada et al., 2008).

KSHV AND DEUBIQUITINATING ENZYME
Polyubiquitination is reversed by the isopeptidase activities of
DUBs. DUBs disassemble polyubiquitin chains from substrates,
resulting in inhibition of the recognition by the 26S proteasome,
and induce stabilization of substrate proteins. It is well known that
human herpesviruses utilize activities of DUBs for stabilization of
their viral proteins. DUBs disassemble polyubiquitin chains from
polyubiquitinated proteins, resulting in stabilization of substrate
proteins.

USP7 (also called HAUSP) is an evolutionary-conserved mam-
malian DUB, which was originally identified as a protein binding
to the EBNAI of EBV and ICP0 of HSV-1 (Canning et al., 2004;

Holowaty and Frappier, 2004). USP7 can remove the K48-linked
polyubiquitin from the EBNA1 and ICPO, and stabilize them.
Interestingly, recent studies show that KSHV also targets DUBs to
stabilize the cellular and viral proteins needed for viral processes.
KSHYV encodes a viral DUB (ORF64) that can disassemble both
K48- and K63-linked polyubiquitin chains (Gonzélez et al., 2009),
while ORF64 protein suppresses RIG-I-mediated IFN signaling
by reducing the polyubiquitination of RIG-I (Inn et al., 2011).
Additionally, RTA targets the USP7 to stabilize the HECT-type
E3, RAUL (Yu and Hayward, 2010). KSHYV, directly or indirectly,
may exploit DUBs to stabilize its own proteins and other cellular
proteins involved in its survival and replication in infected cells.

CONCLUSION

Ubiquitination plays a key role in controlling the function and
stability of target proteins. KSHV hijacks the ubiquitin system
and the degradation-by-proteasome system for the purpose of cell
proliferation, anti-apoptosis, and evasion from immune surveil-
lance in infected cells. KSHV-encoded proteins and E3 enzymes
take advantage of cellular ubiquitins and induce the degradation
of host proteins that are antagonistic to infection. KSHV also uti-
lizes the activities of DUBs for stabilization of their viral proteins.
However, there are many questions about these KSHV dysregulat-
ing mechanisms. It remains to be determined how K3, K5, LANA,
and RTA recognize and dock their substrates. Particularly, it is not
known what type of signal (such as post-transcriptional modifica-
tion of the substrate, conformation-changing of substrate, or other
protein interaction with substrate) can trigger interactions with
KSHV E3s. These questions need to be resolved in a future study.
Additionally, a very interesting discovery has been made with RTA
Cys/His-rich domain, which is not categorized into RING-finger
domain, and which may be a new type of RING-finger. However,
it is unclear whether or not RTA Cys/His-rich domain binds to
E2. This important question also needs to be answered in a future
study.

With the exception of ubiquitination, several post-translational
modifications of cellular and viral proteins, such as glycosylation,
methylation, acetylation, sumoylation, and S-nitrosylation, have
been described by numerous studies. Because these modifications
play critical roles in regulating functions of substrate proteins, we
need to consider these modification as well as ubiquitination. Fur-
ther study is expected to reveal how KSHV associates with these
post-translational modifications.

To further elucidate KSHV pathogenesis, it should be resolved
how KSHYV dysregulates and exploits ubiquitin pathways through
advanced proteomic approaches. A better understanding of the
interaction between KSHYV infection and the ubiquitin system will
provide new insights into the viral evasion of host immunity and
the process of carcinogenesis triggered by KSHV, and may provide
the basis for theories for the development of novel therapeutic
interventions against KSHV-related cancers.

ACKNOWLEDGMENTS

This work was partly supported by Health and Labor Sciences
Research Grants (grant no. H23-AIDS-Ippan-002) from the Min-
istry of Health, Labor and Welfare of Japan, Grants-in-Aid for Sci-
entific Research from the Ministry of Education, Culture, Sports,

Frontiers in Microbiology | Virology

February 2012 | Volume 3 | Article 66 | 102


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive

Ashizawa et al.

The ubiquitin system and KSHV

Science and Technology of Japan, the Takeda Science Founda-
tion, the Japan Health Sciences Foundation, and New Energy

REFERENCES

Abada, R., Dreyfuss-Grossman, T.,
Herman-Bachinsky, Y., Geva, H.,
Masa, S. R., and Sarid, R. (2008).
SIAH-1 interacts with the Kaposi’s
sarcoma-associated  herpesvirus-
encoded ORF45 protein and
promotes its ubiquitylation and
proteasomal degradation. J. Virol.
82,2230-2240.

Ahmad, H., Gubbels, R., Ehlers, E.,
Meyer, E., Waterbury, T., Lin, R., and
Zhang, L. (2011). Kaposi sarcoma-
associated herpesvirus degrades
cellular Toll-interleukin-1 receptor
domain-containing adaptor-
inducing beta-interferon (TRIF). J.
Biol. Chem. 286, 7865-7872.

Ballestas, M. E., Chatis, P. A., and
Kaye, K. M. (1999). Efficient
persistence of extrachromosomal
KSHV DNA mediated by latency-
associated nuclear antigen. Science
284, 641-644.

Bieniasz, P. D. (2006). Late bud-
ding domains and host proteins
in enveloped virus release. Virology
344, 55-63.

Bosanac, I, Phu, L., Pan, B., Zilber-
leyb, 1., Maurer, B., Dixit, V. M.,
Hymowitz, S. G., and Kirkpatrick,
D. S. (2011). Modulation of K11-
linkage formation by variable loop
residues within UbcH5A. J. Mol
Biol. 408, 420-431.

Brander, C., Suscovich, T., Lee, Y,
Nguyen, P. T., O’Connor, P., See-
bach, J., Jones, N. G., van Gorder,
M., Walker, B. D., and Scadden, D.
T. (2000). Impaired CTL recogni-
tion of cells latently infected with
Kaposi’s sarcoma-associated herpes
virus. J. Immunol. 165, 2077-2083.

Bubman, D., Guasparri, 1., and Cesar-
man, E. (2007). Deregulation of
c-Myc in primary effusion lym-
phoma by Kaposi’s sarcoma her-
pesvirus latency-associated nuclear
antigen. Oncogene 26, 4979-4986.

Cai, Q. L., Knight, J. S., Verma, S.
C., Zald, P, and Robertson, E. S.
(2006). EC5S ubiquitin complex is
recruited by KSHV latent antigen
LANA for degradation of the VHL
and p53 tumor suppressors. PLoS
Pathog. 2, ell6. doi:10.1371/jour-
nal.ppat.0020116

Canning, M., Boutell, C., Parkinson,
J., and Everett, R. D. (2004). A
RING finger ubiquitin ligase is pro-
tected from autocatalyzed ubiquiti-
nation and degradation by binding
to ubiquitin-specific protease USP7.
J. Biol. Chem. 279, 38160-38168.

Chang, Y., Cesarman, E., Pessin, M. S.,
Lee, E, Culpepper, J., Knowles, D.

M., and Moore, P. S. (1994). Iden-
tification of herpesvirus-like DNA
sequences in AIDS-associated Kapo-
sis sarcoma. Science 266, 1865—1869.

Chang, Y., Moore, P. S., Talbot, S.
J., Boshoff, C. H., Zarkowska, T.,
Godden-Kent, Paterson, H., Weiss,
R. A., and Mittnacht, S. (1996).
Cyclin encoded by KS herpesvirus.
Nature 382, 410.

Chaudhary, P. M., Jasmin, A., Eby, M.
T.,and Hood, L. (1999). Modulation
of the NF-(k B pathway by virally
encoded death effector domains-
containing proteins. Oncogene 18,
5738-5746.

Chugh, P, Matta, H., Schamus, S.,
Zachariah, S., Kumar, A., Richard-
son, J. A., Smith, A. L., and
Chaudhary, P. M. (2005). Constitu-
tive NF-kB activation, normal Fas-
induced apoptosis, and increased
incidence of lymphoma in human
herpes virus 8 K13 transgenic mice.
Proc. Natl. Acad. Sci. US.A. 102,
12885-12890.

Ciechanover, A. (2005). Proteolysis:
from the lysosome to ubiquitin and
the proteasome. Nat. Rev. Mol. Cell
Biol. 6, 79-87.

Coscoy, L., and Ganem, D. (2000).
Kaposi’s sarcoma-associated her-
pesvirus encodes two proteins that
block cell surface display of MHC
class I chains by enhancing their
endocytosis. Proc. Natl. Acad. Sci.
U.S.A. 97, 8051-8056.

Coscoy, L., and Ganem, D. (2001). A
viral protein that selectively down-
regulates ICAM-1 and B7-2 and
modulates T cell costimulation. J.
Clin. Invest. 107, 1599—-1606.

Coscoy, L., Sanchez, D. J.,and Ganem, D.
(2001). A novel class of herpesvirus-
encoded membrane-bound E3 ubiq-
uitin ligases regulates endocytosis
of proteins involved in immune
recognition. J. Cell Biol. 155,
1265-1273.

Deng, H., Liang, Y., and Sun, R.
(2007). Regulation of KSHV lytic
gene expression, Curr. Top. Micro-
biol. Immunol. 312, 157-183.

Diehl, J. A., Cheng, M., Roussel, M. E,
and ana Sherr, C. J. (1998). Glyco-
gen synthase kinase-3beta regulates
cyclin D1 proteolysis and subcel-
lular localization. Genes Dev. 12,
3499-3511.

Duncan, L. M., Piper, S., Dodd, R. B.,
Saville, M. K., Sanderson, C. M.,
Luzio, J. P,, and Lehner, P. J. (2006).
Lysine-63-linked ubiquitination is
required for endolysosomal degra-
dation of class I molecules. EMBO
J. 25,1635-1645.

and Industrial Technology Development Organization (NEDO)

of Japan.

Ellis, M., Chew, Y. P., Fallis, L., Fredders-
dorf, S., Boshoff, C., Weiss, R. A., Lu,
X., and Mittnacht, S. (1999). Degra-
dation of p27 (Kip) cdk inhibitor
triggered by Kaposi’s sarcoma virus
cyclin-cdké6 complex. EMBO J. 18,
644—653.

Feng, H., Dong, X., Negaard, A., and
Feng, P. (2008). Kaposi’s sarcoma-
associated herpesvirus K7 induces
viral G protein-coupled receptor
degradation and reduces its tumori-
genicity. PLoS Pathog. 4, e1000157.
doi:10.1371/journal.ppat.1000157

Feng, P, Scott, C. W, Cho, N.
H., Nakamura, H., Chung, Y.
H., Monteiro, M. J., and Jung,
J. U. (2004). Kaposi’s sarcoma-
associated herpesvirus K7 protein
targets a ubiquitin-like/ubiquitin-
associated domain-containing pro-
tein to promote protein degradation.
Mol. Cell. Biol. 24, 3938-39438.

Field, N., Low, W., Daniels, M., How-
ell, S., Daviet, L., Boshoff, C., and
Collins, M. (2003). KSHV vFLIP
binds to IKK-gamma to activate
IKK. J. Cell Sci. 116, 3721-3728.

Friborg, J. J., Kong, W., Hottiger, M. O.,
and Nabel, G. J. (1999). p53 inhibi-
tion by the LANA protein of KSHV
protects against cell death. Nature
402, 889-894.

Fujimuro, M., and Hayward, S. D.
(2003). The latency-associated
nuclear antigen of Kaposis sarcoma-
associated herpesvirus manipulates
the activity of glycogen syn-
thase kinase-3beta. J. Virol. 77,
8019-8030

Fujimuro, M., Liu, J., Zhu, J., Yokosawa,
H., and Hayward, S. D. (2005). Reg-
ulation of the interaction between
glycogen synthase kinase 3 and
the Kaposi’s sarcoma-associated her-
pesvirus latency-associated nuclear
antigen. J. Virol. 79, 10429-10441.

Fujimuro, M., Wu, E Y., Aprhys, C.,
Kajumbula, H., Young, D. B., Hay-
ward, G. S., and Hayward, S. D.
(2003). A novel viral mechanism
for dysregulation of beta-catenin
in Kaposis sarcoma-associated her-
pesvirus latency. Nat. Med. 9,
300-306.

Ganem, D. (2007). “Kaposi’s sarcoma-
associated herpesvirus,” in Fields’
Virology, 5th Edn, eds D. M. Knipe
and P. M. Howley (Philadelphia, PA:
Lippincott Williams and Wilkins),
2847-2888.

Gonziélez, C. M., Wang, L., and Dama-
nia, B. (2009). Kaposi’s sarcoma-
associated herpesvirus encodes a
viral deubiquitinase. J. Virol 83,
10224-11033.

Gould, E, Harrison, S. M., Hewitt,
E. W,, and Whitehouse, A. (2009).
Kaposi’s sarcoma-associated her-
pesvirus RTA promotes degrada-
tion of the Heyl repressor protein
through the ubiquitin proteasome
pathway. J. Virol. 83, 6727-6738.

Guasparri, I, Wu, H., and Cesarman,
E. (2006). The KSHV oncoprotein
VvFLIP contains a TRAF-interacting
motif and requires TRAF2 and
TRAFS3 for signalling, EMBO Rep. 7,
114-119.

Hayward, S. D., Liu, J., and Fujimuro,
M. (2006). Notch and Wnt Signal-
ing: Mimicry and manipulation by y
herpesviruses. Sci. STKE 335, re4.

Hicke, L. (1999). Gettin® down with
ubiquitin: turning off cell-surface
receptors, transporters and chan-
nels. Trends Cell Biol. 9, 107-112.

Hicke, L. (2001). Protein regulation by
monoubiquitin. Nat. Rev. Mol. Cell
Biol. 2,195-201.

Holowaty, M. N., and Frappier, L.
(2004). HAUSP/USP7 as an Epstein—
Barr virus target. Biochem. Soc.
Trans. 32,731-732.

Inn, K. S., Lee, S. H., Rathbun, J. Y.,
Wong, L. Y., Toth, Z., Machida, K.,
Ou, J. H,, and Jung, J. U. (2011).
Inhibition  of  RIG-I-mediated
signaling by Kaposi’s
associated herpesvirus-encoded
deubiquitinase ORF64. J. Virol. 85,
10899-10904.

Ishido, S., Wang, C., Lee, B. S., Cohen, G.
B., and Jung, J. U. (2000a). Down-
regulation of major histocompat-
ibility complex class I molecules
by Kaposi’s sarcoma-associated her-
pesvirus K3 and K5 proteins. J. Virol.
74, 5300-5309.

Ishido, S., Choi,J. K., Lee, B. S.,Wang, C.,
DeMaria, M., Johnson, R. P., Cohen,
G. B, and Jung, J. U. (2000b). Inhi-
bition of natural killer cell-mediated

sarcoma-

cytotoxicity by Kaposi’s sarcoma-
associated herpesvirus K5 protein.
Immunity 13, 365-374.

Jang, K. L., Shackelford, J., Seo, S. Y., and
Pagano, J. S. (2005). Up-regulation
of beta-catenin by a viral onco-
gene correlates with inhibition of
the seven in absentia homolog 1 in
B lymphoma cells. Proc. Natl. Acad.
Sci. U.S.A. 102, 18431-18436.

Jarviluoma, A., Child, E. S., Sarek,
G., Sirimongkolkasem, P., Peters,
G., Ojala, P. M., and Mann, D.
J. (2006). Phosphorylation of the
cyclin-dependent kinase inhibitor
p21Cipl on serine 130 is essential
for viral cyclin-mediated bypass of
a p21Cipl-imposed G1 arrest. Mol.
Cell. Biol. 26, 2430-2440.

www.frontiersin.org

February 2012 | Volume 3 | Article 66 | 103


http://dx.doi.org/10.1371/journal.ppat.0020116
http://dx.doi.org/10.1371/journal.ppat.1000157
http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

Ashizawa et al.

The ubiquitin system and KSHV

Jirviluoma, A., Koopal, S., Rasanen,
S., Makela, T. P, and Ojala, P. M.
(2004). KSHYV viral cyclin binds to
p27KIP1 in primary effusion lym-
phomas. Blood 104, 3349-3354.

Jirviluoma, A., and Ojala, P. M. (2006).
Cell signaling pathways engaged by
KSHV. Biochim. Biophys. Acta 1766,
140-158.

Jenner, R. G., and Boshoff, C. (2002).
The molecular pathology of Kaposis

sarcoma-associated  herpesvirus.
Biochim.  Biophys. Acta 1602,
1-22.

Keller, S. A., Schattner, E. ], and
Cesarman, E. (2000). Inhibition
of NF-kappaB induces apoptosis
of KSHV-infected primary effu-
sion lymphoma cells. Blood 96,
2537-2542.

Kwun, H. J, da Silva, S. R, Qin,
H., Ferris, R. L., Tan, R., Chang,
Y., and Moore, P. S. (2011).
The central repeat domain 1 of
Kaposi’s sarcoma-associated her-
pesvirus (KSHV) latency associated-
nuclear antigen 1 (LANA1) prevents
cis MHC class I peptide presenta-
tion. Virology 412, 357-365.

Kwun, H. J., da Silva, S. R., Shah,
I. M., Blake, N., Moore, P. S,
and Chang, Y. (2007). Kaposi’s
sarcoma-associated herpesvirus
latency-associated nuclear antigen 1
mimics Epstein-Barr virus EBNA1
immune evasion through central
repeat domain effects on protein
processing. J. Virol. 81, 8225-8235.

Lan, K., Verma, S. C., Murakami, M.,
Bajaj, B., Kaul, R, and Robert-
son, E. S. (2007). Kaposi’s sar-
coma herpesvirus-encoded latency-
associated nuclear antigen stabilizes
intracellular activated Notch by tar-
geting the Sel10 protein. Proc. Natl.
Acad. Sci. U.S.A. 104, 16287-16292.

Lee, H. R, Toth, Z., Shin, Y. C,, Lee,
J. S., Chang, H., Gu, W,, Oh, T.
K., Kim, M. H, and Jung, J. U.
(2009). Kaposi’s sarcoma-associated
herpesvirus viral interferon regu-
latory factor 4 targets MDM2 to
deregulate the p53 tumor suppressor
pathway. J. Virol. 83, 6739—-6747.

Lei, X., Bai, Z., Ye, E, Xie, J., Kim, C.
G., Huang, Y., and Gao, S. J. (2010).
Regulation of NF-kappaB inhibitor
IkappaBalpha and viral replication
by a KSHV microRNA. Nat. Cell
Biol. 12,193-199.

Levitskaya, J., Coram, M., Levitsky, V.,
Imreh, S., Steigerwald-Mullen, P.
M., Klein, G., Kurilla, M. G., and
Masucci, M. G. (1995). Inhibition
of antigen processing by the inter-
nal repeat region of the Epstein-Barr
virus nuclear antigen-1. Nature 375,
685—688.

Li,Q., Means, R., Lang, S.,and Jung, J. U.
(2007). Downregulation of gamma

interferon receptor 1 by Kaposi’s
sarcoma-associated herpesvirus K3
and K5. J. Virol. 81,2117-2127.

Liang, Y., and Ganem, D. (2003).
Lytic but not latent infection by
Kaposi’s sarcoma-associated her-
pesvirus requires host CSL protein,
the mediator of Notch signaling.
Proc. Natl. Acad. Sci. US.A. 100,
8490-8495.

Lipkowitz, S., and Weissman, A. M.
(2011). RINGs of good and evil:
RING finger ubiquitin ligases at the
crossroads of tumour suppression
and oncogenesis. Nat. Rev. Cancer
11, 629-643.

Liu, J., Martin, H., Shamay, M.,
Woodard, C., Tang, Q. Q., and
Hayward, S. D. (2007). Kaposi’s
sarcoma-associated herpesvirus
LANA  protein  downregulates
nuclear glycogen synthase kinase
3 activity and  consequently
blocks differentiation. J. Virol. 81,
4722-4731.

Liu, L., Eby, M. T., Rathore, N., Sinha, S.
K., Kumar, A., and Chaudhary, P. M.
(2002). The human herpesvirus 8-
encoded viral FLICE inhibitory pro-
tein physically associates with and
persistently activates the ikappa B
kinase complex. J. Biol. Chem. 277,
13745-13751.

Mann, D. J, Child, E. S., Swan-
ton, C., Laman, H., and Jones,
N. (1999). Modulation of p27
(Kip1) levels by the cyclin encoded
by Kaposi’s sarcoma-associated her-
pesvirus. EMBO J. 18, 654—663.

Mansouri, M., Douglas, J., Rose, P. P.,
Gouveia, K., Thomas, G., Means,
R. E., Moses, A. V., and Friih,
K. (2006). Kaposi sarcoma her-
pesvirus K5 removes CD31/PECAM
from endothelial cells. Blood 108,
1932-1940.

Mansouri, M., Viswanathan, K., Dou-
glas, J. L., Hines, J., Gustin, J., Moses,
A.V.,and Friih, K. (2009). Molecular
mechanism of BST2/tetherin down-
regulation by K5/MIR2 of Kaposi’s
sarcoma-associated herpesvirus. J.
Virol. 83, 9672-9681.

Matsumoto, A., Onoyama, I., Suna-
bori, T., Kageyama, R., Okano, H.,
and Nakayama, K. I. (2011). Fbxw7-
dependent degradation of Notch is
required for control of “stemness”
and neuronal-glial differentiation in
neural stem cells. J. Biol. Chem. 286,
13754-13764.

Mittnacht, S., and Boshoff, C. (2000).
Viral cyclins. Rev. Med. Virol. 10,
175-184.

Nakayama, K. I, and Nakayama, K.
(2006). Ubiquitin ligases: cell-cycle
control and cancer. Nat. Rev. Cancer
6,369-381.

Pardieu, C., Vigan, R., Wilson, S. J.,
Calvi, A., Zang, T., Bieniasz, P,

Kellam, P., Towers, G. J., and Neil,
S. J. (2010). The RING-CH lig-
ase K5 antagonizes restriction of
KSHV and HIV-1 particle release
by mediating ubiquitin-dependent
endosomal degradation of teth-
erin. PLoS Pathog. 6, €1000843.
doi:10.1371/journal.ppat.1000843

Pickart, C. M. (2001). Mechanisms
underlying ubiquitination. Annu.
Rev. Biochem. 70, 503-533.

Radkov, S. A., Kellam, P., and Boshoff,
C. (2000). The latent nuclear antigen
of Kaposi sarcoma-associated her-
pesvirus targets the retinoblastoma-
E2F pathway and with the oncogene
H-ras transforms primary rat cells.
Nat. Med. 6,1121-1127.

Rhodes, D. A., Boyle, L. H., Boname,
J. M., Lehner, P. J., and Trows-
dale, J. (2010). Ubiquitination of
lysine-331 by Kaposi’s sarcoma-
associated herpesvirus protein K5
targets HFE for lysosomal degrada-
tion. Proc. Natl. Acad. Sci. U.S.A. 107,
16240-16245.

Russo, J. J., Bohenzky, R. A., Chein, M.
C., Chen, J., Yan, M., Maddalena,
D., Parry, J. P, Peruzzi, D., Edel-
man, I. S., Chang, Y., and Moore,
P. S. (1996). Nucleotide sequence of
the Kaposi sarcoma-associated her-
pesvirus (HHVS). Proc. Natl. Acad.
Sci. U.S.A. 93, 14862-14867.

Sanchez, D. J., Gumperz, J. E., and
Ganem, D. (2005). Regulation of
CD1d expression and function by a
herpesvirus infection. J. Clin. Invest.
115, 1369-1378.

Shin, Y. C., Nakamura, H., Liang, X,
Feng, P., Chang, H., Kowalik, T. E,
and Jung, J. U. (2006). Inhibition
of the ATM/p53 signal transduc-
tion pathway by Kaposi’s sarcoma-
associated herpesvirus interferon
regulatory factor 1. J. Virol. 80,
2257-2266.

Sulea, T., Lindner, H. A., and Menard,
R. (2006). Structural aspects of
recently discovered viral deubiqui-
tinating activities. Biol. Chem. 387,
853-862.

Swanton, C., Mann, D. ]., Flecken-
stein, B., Neipel, F, Peters, G.,
and Jones, N. (1997). Herpes viral
cyclin/Cdké complexes evade inhi-
bition by CDK inhibitor proteins.
Nature 390, 184-187.

Thomas, M., Boname, J. M., Field,
S., Nejentsev, S., Salio, M., Cerun-
dolo, V., Wills, M., and Lehner, P. J.
(2008). Down-regulation of NKG2D
and NKp80 ligands by Kaposi’s
sarcoma-associated herpesvirus K5
protects against NK cell cytotoxic-
ity. Proc. Natl. Acad. Sci. U.S.A. 105,
1656-1661.

Weissman, A. M., Shabek, N., and
Ciechanover, A. (2011). The preda-
tor becomes the prey: regulating the

ubiquitin system by ubiquitylation
and degradation. Nat. Rev. Mol. Cell
Biol. 12, 605-620.

Yada, M., Hatakeyama, S., Kamura,
T., Nishiyama, M., Tsunematsu, R.,
Imaki, H., Ishida, N., Okumura, F,,
Nakayama, K., and Nakayama, K. I.
(2004). Phosphorylation-dependent
degradation of c-Myc is mediated by
the F-box protein Fbw7. EMBO J. 23,
2116-2125.

Yang, Z., Yan, Z., and Wood, C.
(2008). Kaposi’s sarcoma-associated
herpesvirus transactivator RTA pro-
motes degradation of the repressors
to regulate viral lytic replication. J.
Virol. 82, 3590-35603.

Yin, Y., Manoury, B., and Fahraeus, R.
(2003). Self-inhibition of synthesis
and antigen presentation by Epstein-
Barr virus-encoded EBNAIL. Science
301, 1371-1374.

Yu, Y., and Hayward, G. S. (2010). The
ubiquitin E3 ligase RAUL negatively
regulates type-I interferon through
ubiquitination of IRF7 and IRF3.
Immunity 33, 863-877.

Yu, Y., Wang, S. E., and Hayward, G.
S. (2005). The KSHV immediate-
early transcription factor RTA
encodes ubiquitin E3 ligase activity
that targets IRF7 for proteosome-
mediated degradation. Immunity 22,
59-70.

Zaldumbide, A., Ossevoort, M., Wiertz,
E.J.,and Hoeben, R. C. (2007). In cis
inhibition of antigen processing by
the latency-associated nuclear anti-
gen I of Kaposi sarcoma herpes virus.
Mol. Immunol. 44, 1352—1360.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 15 November 2011; accepted:
07 February 2012; published online: 23
February 2012.

Citation: Ashizawa A, Higashi C,
Masuda K, Ohga R, Taira T and
Fujimuro M (2012) The ubiquitin sys-
tem and Kaposi’s sarcoma-associated her-
pesvirus. Front. Microbio. 3:66. doi:
10.3389/fmicb.2012.00066

This article was submitted to Frontiers
in Virology, a specialty of Frontiers in
Microbiology.

Copyright © 2012 Ashizawa, Higashi,
Masuda, Ohga, Taira and Fujimuro. This
is an open-access article distributed under
the terms of the Creative Commons Attri-
bution Non Commercial License, which
permits non-commercial use, distribu-
tion, and reproduction in other forums,
provided the original authors and source
are credited.

Frontiers in Microbiology | Virology

February 2012 | Volume 3 | Article 66 | 104


http://dx.doi.org/10.1371/journal.ppat.1000843
http://dx.doi.org/10.3389/fmicb.2012.00066
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive

{frontiers in
MICROBIOLOGY

REVIEW ARTICLE
published: 15 March 2012
doi: 10.3389/fmicb.2012.00098

=

Tegument proteins of Kaposi's sarcoma-associated
herpesvirus and related gamma-herpesviruses

Narayanan Sathish’*, Xin Wang? and Yan Yuan?

" Department of Biological Sciences, Indian Institute of Science Education and Research Bhopal, Bhopal, Madhya Pradesh, India
2 Department of Microbiology, School of Dental Medicine, University of Pennsylvania, Philadelphia, PA, USA

Edited by:
Keiji Ueda, Osaka University Graduate
School of Medicine, Japan

Reviewed by:

Paul Dalling Ling, Baylor College of
Medicine, USA

Jeremy Phillip Kamil, Louisiana State
University Health Sciences Center,
USA

*Correspondence:

Narayanan Sathish, Department of
Biological Sciences, Indian Institute of
Science Education and Research
Bhopal, ITI (Gas Rahat) Building,
Govindpura, Bhopal 462023, Madhya
Pradesh, India.

e-mail: sathishn@iiserb.ac.in

A herpesvirus virion is composed of a viral genomic DNA-containing capsid surrounded
by a viral envelope with glycoprotein spikes on its surface. Located between the capsid
and the outer viral envelope is the virion tegument layer. Though the majority of the virion
proteins are located in the tegument, this layer is less studied and was thought to be an
amorphous structure. Over the last decade, a number of studies have indicated the pres-
ence of organized tegument structures across the spectrum of herpesviruses, implicating
tegument components in critical steps governing the viral life cycle. In the case of Kaposi's
sarcoma-associated herpesvirus (KSHV), the etiological agent of Kaposi's sarcoma, several
functions exerted by tegument proteins at different stages of the viral life cycle, inclusive
of primary de novo infection and virion assembly, have been identified over the last several
years. In this review, KSHV tegument components are cataloged and the occurrence of
organized tegument structures in KSHV, built through interactions amongst the different
virion proteins, is discussed in depth. The significant functional roles of the KSHV tegument
proteins at different stages of the viral life cycle are elaborated under separate headings.
Definitive functional roles exerted by tegument proteins of related gamma-herpesviruses
are also discussed. Since tegument proteins play key roles during viral assembly, viral entry,
and represent an important interface for virus—host interactions, further research in this
area should provide detailed insights into the functional capacity of the KSHV tegument,
resulting in a better understanding of the viral life cycle.

Keywords: Kaposi’s sarcoma-associated herpesvirus, human herpesvirus type 8, tegument, virion, protein interac-

tion, virion assembly

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiological
agent of Kaposi’s sarcoma (KS). Based on phylogenetic analysis,
KSHYV is placed in the human herpesviridae family and gamma
herpesvirinae sub-family along with other closely related gamma-
herpesviruses such as Epstein—Barr virus (EBV; Chang et al., 1994;
Moore et al., 1996; Russo et al., 1996). KSHV being the last addi-
tion to the human herpesvirus group is thus also designated as
the human herpesvirus-8 (HHV-8; Moore et al., 1996; Russo et al.,
1996). KSHV was first identified in 1994 from a KS lesion (Chang
et al., 1994) and thereafter has been found to be unequivocally
associated with KS (Chang et al., 1994; Dupin et al., 1995; Moore
and Chang, 1995; Schalling et al., 1995; Chuck et al., 1996). Prior
to the AIDS epidemic, KS was a rare disease occurring predomi-
nantly in elderly men across the Mediterranean and Middle East
regions (Dupin et al., 1995). KS is now recognized as a lead-
ing cause of death in AIDS patients (Moore and Chang, 1995;
Antman and Chang, 2000; Ganem, 2010). The AIDS-associated KS
(AIDS-KS) manifests frequently on the skin with high propensity
to spread to multiple organs such as lungs and the gastrointestinal
tract (Dezube, 1996; Ganem, 2010). AIDS-KS is the most com-
mon oral malignancy in HIV-infected individuals contributing to
about 70-90% of all AIDS-associated oral tumors (Antman and
Chang, 2000). In addition to KS, KSHYV is also implicated in two
other lymphoproliferative disorders, namely the primary effusion

lymphoma (PEL; Cesarman et al., 1995a) and the plasma cell
variant of multicentric Castleman’s disease (MCD; Soulier et al.,
1995).

Similar to other herpesviruses, KSHV exhibits two alternative
phases in its life cycle, the lytic and latent. Primary infection of
a host cell begins with the entry of KSHV viral particles into the
cell which get transported to the nucleus (Akula et al., 2001; Wang
et al,, 2001; Chandran, 2010). The viral genomic DNA is released
into the nucleus and establishes viral latency by default (Cesarman
et al., 1995b; Ballestas et al., 1999). In latently infected cells, there
is expression of only a limited number of viral (latent) genes and
no infectious virions are produced (Zhong et al., 1996; Sarid et al.,
1998). The latent viral genome undergoes periodic lytic reacti-
vation followed by a temporally regulated cascade of viral gene
expression (Renne et al., 1996; Miller et al., 1997; Sun et al., 1999).
The newly expressed viral proteins assemble to form infectious
mature virions which egress out of the cell and initiate primary
infection of uninfected cells (reviewed in Ganem, 2007).

Unlike other herpesviruses where the latent life cycle is usually
responsible for the disease potential, in KSHYV, the lytic cycle is
also responsible, contributing to tumorigenesis. The most com-
pelling evidence for this notion is the observation that treatment
of KS patients or AIDS patients at risk for KS with anti-herpesviral
drugs, such as Foscarnet and ganciclovir that block lytic but not
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latent KSHV replication, resulted in regression of KS lesions with
a decrease in the incidence of KS development (Morfeldt and
Torssander, 1994; Martin et al., 1999). Furthermore, the produc-
tive replication cycle directly contributes to viral tumorigenesis by
spreading viruses to target cells and providing paracrine regula-
tion for KS development (Cesarman et al., 2000). An early study by
Grundhoff and Ganem (2004) suggests a role of lytic replication
in sustaining the population of latently infected cells that other-
wise would be quickly lost by segregation of latent viral episomes
as spindle cells divide. Thus, KSHV lytic replication and constant
primary infection to fresh cells are crucial for viral tumorigenic-
ity. Given the importance of the KSHV lytic cycle in both viral
propagation and tumorigenesis, a thorough understanding of viral
Iytic replication processes including virion assembly and egress
becomes vital.

KSHV VIRION STRUCTURE AND PROTEINS

A typical herpesviral particle (or virion) consists of the following
morphologically distinct components: (i) a core which contains a
linear double stranded viral DNA enclosed within an icosahedral
capsid, (ii) an outer envelope with viral glycoproteins appearing as
spikes on the surface, and (iii) an electron-dense material defined
as the tegument, located between the capsid and envelope (Pellet
and Roizman, 2007). During the lytic cycle, almost the entire set
of KSHV viral genes are expressed. Approximately one-third of
these viral genes encode virion proteins that assemble into infec-
tious virions. These virion proteins are thought to contain the
functional information required for both de novo primary infec-
tion and for the KSHV virion assembly and egress. Employing
proteomic approaches, two independent studies identified nearly
thirty KSHV virion proteins from purified KSHV virions (Bechtel
et al., 2005; Zhu et al., 2005).

Among these virion proteins, five are characterized as capsid
proteins (Nealon et al., 2001). Specific interactions amongst these
capsid proteins mediate capsid assembly processes (Sathish and
Yuan, 2010). Seven virion proteins are specified as viral glycopro-
teins, mediating entry of KSHV into host cells through interactions
with the host cell surface receptors (Baghian et al., 2000; Akula
et al., 2001; Wang et al., 2001; Naranatt et al., 2002; Koyano et al.,
2003; Chandran, 2010). Although the viral capsid and the enve-
lope are well-characterized, the KSHV tegument remains largely
undefined. The first step toward defining the KSHV tegument
was an identification of its component proteins. The majority
of earlier identified KSHV virion proteins were characterized as
tegument components, on the basis of specific biochemical crite-
ria. These criteria included (i) resistance to trypsin digestion in the
absence of detergent and (ii) susceptibility to trypsin digestion fol-
lowing treatment with outer viral envelope dissolving detergents
(Bechtel et al., 2005; Zhu et al., 2005). Based on these criteria,
proteins encoded by ORFs 21, 33, 45, 64, and 50 (replication
transcription activator/Rta) are identified as components of the
KSHYV tegument (Bechtel et al., 2005; Zhu et al., 2005). In addi-
tion, proteins encoded by ORFs 6, 7, 11, 52, 63, and 75, which
belong to neither the capsid nor the viral envelope, are also con-
sidered putative tegument proteins (Bechtel et al., 2005; Zhu et al.,
2005). Among these, (i) ORFs 11, 52, and 75 are identified as tegu-
ment components in closely related gamma-herpesviruses such
as murine herpesvirus-68 (MHV-68) and murid herpesvirus 4

(MHV-4; Bortz et al., 2003, 2007; Gaspar et al., 2008). On the basis
of considerable sequence similarity, the KSHV homologs of these
ORFs are also considered tegument components (Bechtel et al,,
2005; Zhu et al., 2005); (ii) the analog of ORF63 in HSV-1 is a
well-characterized tegument protein and is predicted to encode
for a tegument protein in KSHV as well (Russo et al., 1996; Zhu
et al., 2005); (iii) ORFs 6 and 7 are yet to be characterized (May
etal.,2005a,b). ORF19 and ORF67 are also predicted to encode for
tegument proteins, based on their sequence homology to tegument
proteins of other well-characterized herpesviruses and await fur-
ther characterization (Russo et al., 1996). Taken together, proteins
encoded by ORFs 11, 21, 33, 45, 50, 52, 63, 64, and 75 are currently
considered as KSHV tegument proteins with several more to be
characterized.

Though the tegument was earlier considered an amorphous
layer of proteins, recent studies indicate the occurrence of ordered
tegument structures built through specific protein—protein inter-
actions in HSV-1 (Zhou et al., 1999; Vittone et al., 2005), human
cytomegalovirus (HCMYV; Chen et al., 1999; Phillips and Bresna-
han, 2011), and MHV-68 (Dai et al., 2008). Figure 1 illustrates a
3D structure of MHV-68 virion reconstructed by cryoET, which
demonstrates a two-layered organization of the tegument. The
inner tegument layer (green in Figure 1B) remains tethered to the
capsid by directly interacting with it. The outer tegument (violet
in Figure 1B) occupies the space between the inner layer and the
envelope, and is much more loosely organized, as it conforms to
the irregular shape of the viral envelope.

Further details regarding the tegument architecture were
obtained through a systematic investigation of the KSHV tegu-
ment protein interactions (Figure 2). A total of 37 binary protein
interactions were detected between the KSHV tegument proteins
and the different virion proteins (inner capsid proteins/tegument
proteins/outer envelope glycoproteins; Rozen et al., 2008). This
observation pointed to the occurrence of organized tegument
structures in KSHV also. A significant proportion of the above
interactions are mediated by the tegument proteins encoded by
ORFs 21, 33, 45, 52, 63, 64, and 75 (Rozen et al., 2008).

FUNCTIONAL ROLES OF KSHV TEGUMENT PROTEINS IN
VIRAL ASSEMBLY PROCESSES

Herpesviral assembly is a multi-stage process consisting of the
following events: (i) incorporation of the newly replicated DNA
into the pre-formed capsid within the nucleus generating the viral
nucleocapsid; (ii) exit of the nucleocapsid from the nucleus into
the cytoplasm through a sequence of coordinated steps such as
acquisition of a primary envelope (from the nuclear membrane)
by the nucleocapsid and its subsequent loss; (iii) acquisition of
tegument proteins by the nucleocapsid in the cytoplasm and trans-
portation of tegumented capsids to sites of final envelopment, the
Golgi-derived vesicles; (iv) final envelopment including acquisi-
tion of other tegument and envelope glycoproteins by budding
into the vesicles; and (v) egress of mature virions from the infected
cell following fusion of the vesicle membrane with the cell plasma
membrane (reviewed in Mettenleiter, 2002; Mettenleiter et al.,
2009). Although the above framework for herpesvirus assembly
and egress may be common to all herpesviruses, the detailed steps
and the mechanisms underlying these processes have been less
studied in gamma-herpesviruses including KSHV.

Frontiers in Microbiology | Virology

March 2012 | Volume 3 | Article 98 |106


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive

Sathish et al.

KSHV tegument proteins

FIGURE 1 | 3D structure of an MHV-68 virion reconstructed by
cryo-electron tomography. (A) Tomogram slices from a representative
HMV-68 virion. (B) Shaded surface representation of central slabs of the
virion segmented from the tomogram shown in (A). Color coding: red,
internal density in capsid; yellow, capsid shell; green, inner layer tegument;
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violet, outer layer tegument; magenta, viral envelope. Two layers of tegument
are shown: an inner tegument layer tethered to the underlying capsid and an
outer tegument layer conforming to the overlying envelope. This figure is
adapted from Dai et al. (2008), courtesy of Z. Hong Zhou at UCLA, with
permission from Elsevier Press, Oxford, UK.
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FIGURE 2 | Interactome map of KSHV virion proteins. Interactions
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Dynamic and intricate interactions mediated by the tegument
proteins amongst themselves as well as with the inner capsid
and the outer envelope proteins impacts both tegumentation and
envelopment in related herpesviruses like HSV and HCMV thus
influencing viral assembly processes (Mettenleiter, 2002; Metten-
leiter etal.,2009). Given the homology amongst tegument proteins

of herpesviruses, it is reasonable to assume that tegument pro-
teins in KSHV could also influence virion assembly pathways.
As a first step toward bridging the existing gap, interactions of
the KSHV tegument proteins with the different virion proteins
(capsid/tegument/envelope) have been systematically investigated
(Rozen et al., 2008). This has led to a revelation of a virion-wide
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protein interaction network (Figure 2). This network is expected
to serve as a road map to gain insights into the less studied but
critical KSHV tegumentation and viral assembly processes. Here
we attempt to summarize the knowledge accumulated over the
recent years regarding roles of KSHV tegument proteins in virion
assembly and egress.

ORF64

This ORF encodes for a 290-kDa tegument protein and is the
largest protein encoded by the KSHV genome. Homologues of
ORF64 exist across the three herpesvirus sub-families (Zhu et al.,
2005). The earlier established KSHV protein interaction map indi-
cated a diverse interaction potential of ORF64. This protein was
found to interact with three viral capsid proteins, namely ORFs 25
(major capsid protein/MCP), 26 (TRI-2), and 62 (TRI-1; Rozen
et al., 2008), suggesting an attachment of ORF64 to the icosa-
hedral capsid structure (Figure 2). This is likely to be true as
the HSV-1 analog, VP1/2 encoded by UL36, is also involved in
a tight interaction with the viral capsid (McNabb and Courtney,
1992; Newcomb and Brown, 2010). A three-dimensional image
reconstructed from a cryo-electron microscopic study of HSV-1
particles revealed interactions of the ORF64 homolog of HSV-1
(VP1/2) with MCP, TRI-2, and TRI-1 (Zhou et al., 1999). There is
no doubt that the association of ORF64 with three capsid proteins
is conserved across the herpesvirus family.

KSHV ORF64 was also found to interact with several tegu-
ment proteins including ORFs 11, 21, 33, 45, 63, 75 and with itself
(Rozen et al., 2008). The interactions of ORF64 with a plethora of
tegument proteins has led to a hypothesis that ORF64 functions
as a major hub or a scaffold protein, recruiting other tegument
proteins during KSHV virion tegumentation (Rozen et al., 2008).
ORF64 also interacted with several envelope glycoproteins (Rozen
et al.,, 2008). This finding justifies a rather peculiar behavior of
ORF64 wherein its degradation was noticed subsequent to treat-
ment of intact virion particles with trypsin, despite the absence of
envelope dissolving detergent, suggesting its association with the
viral envelope as well (Zhu et al., 2005). The ability of ORF64 to
interact with KSHV glycoproteins is consistent with a role of this
protein in positioning the DNA-filled tegumented capsid at the
trans-Golgi apparatus through association with envelope glyco-
proteins, promoting secondary envelopment processes. Delineat-
ing the interaction dynamics of KSHV ORF64 with the different
virion components is needed to identify the step/s in which these
interactions occur in the viral assembly pathways.

ORF45

This ORF encodes a protein of 407 amino acids (Zhu and Yuan,
2003; Zhu et al., 2005), homologues of which are present only in
gamma-herpesviruses. An important functional role of ORF45 in
KSHV assembly pathways was suggested in a study employing an
ORF45-null recombinant KSHV (Zhu et al., 2006). A noticeably
lowered yield of progeny virions was obtained from ORF45-null
recombinant mutant virus reconstituted cells as compared to that
obtained from cells reconstituted with the wild-type virus though
viral gene expression and viral DNA replication remained unaf-
fected in the absence of ORF45 (Zhu et al., 2006). A specific role of
ORF45 in KSHYV virion assembly was revealed by the finding that

ORF45 interacts with the microtubule (MT) associated kinesin-2
motor protein, KIF3A, and mediates the docking of entire viral
capsid-tegument complex on to the cargo-binding domain of
KIF3A (Sathish et al., 2009). KIF3A is involved in transporta-
tion of cargo along the MTs from the nucleus toward the cell
periphery (Yamazaki et al., 1995; Hirokawa, 2000). Inhibition
of KIF3A-ORF45 interaction with a headless dominant negative
(DN) mutant of KIF3A or by an shRNA-mediated silencing of
endogenous KIF3A expression decreased KSHV particle release
noticeably. These approaches, did not impact HSV-1 virion release,
demonstrating the specificity of KIF3A in transport of KSHV par-
ticles. The above observations led to a proposed model (Figure 3)
on the role of ORF45 in KSHV assembly and egress, wherein
(i) subsequent to nuclear egress, KSHV capsids acquire tegu-
ment proteins such as ORFs 64, 63, and 45 in the cytoplasm, (ii)
ORF45 recruits KIF3A and mediates loading of the viral particles
onto KIF3A, and (iii) the viral particles are transported along the
MTs from the peri-nuclear region to the cell periphery or trans-
Golgi network (TGN) membrane for final envelopment and egress
(Sathish et al., 2009). The KSHV envelope glycoproteins were not
transported along with the KSHV tegument—capsid complexes,
indicating that as newly assembled viral tegumented capsids are
transported by kinesin-2 to sites of further envelopment, viral
glycoproteins travel separately.

ORF52

This ORF encodes a small protein of 21 kDa, conserved across the
gamma-herpesviruses with homologs in both the closely related
MHV-68 and EBV (Bortz et al., 2003; Zhu et al., 2005). ORF52
has been characterized as a tegument protein in MHV-68 on the
basis of its presence in the detergent-resistant pellet fraction sub-
sequent to detergent treatment and centrifugation of virions and
its absence in the capsid pellet fraction subsequent to treatment
of virions with non-ionic detergent by high salt extraction and
centrifugation (Bortz et al., 2007). MHV-68 ORF52 shares a 28%
identity with the KSHV homolog, thus serving as a useful model to
assess the functional roles of the less studied KSHV ORF52 (Zhu
et al., 2005; Bortz et al., 2007).

An ORF52-null recombinant MHV-68 exhibited no appar-
ent defects in viral DNA replication, viral lytic gene expression,
and capsid assembly processes. A normal nuclear accumulation
of viral capsid structures was noticed by TEM-based approaches
(Bortz et al., 2007). Though partially tegumented nucleocapsids
could be seen juxtaposed to the trans-Golgi vesicular membra-
nous compartments, enveloped virions were not noticed within
these membranous vesicles. Analysis of these partially tegumented
capsids revealed the presence of capsid proteins and tegument pro-
teins such as ORF64 and ORF67 but the absence of other tegument
proteins such as ORF45 and ORF42 (Bortz et al., 2007). Structural
studies performed on MHV-68 ORF52 have indicated the exis-
tence of an N-terminal a-helical domain which interacts with the
other tegument protein partners (Benach et al., 2007). Failure of
an ORF52 mutant (lacking the N-terminal a-helix) in compensat-
ing defective virion production seen with a MHV-68 ORF52-null
mutant virus clearly demonstrated the necessity of the interac-
tions between ORF52 and other tegument proteins (Benach et al.,
2007). All the above observations suggested a vital role of ORF52
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FIGURE 3 | Role of ORF45 in mediating transportation of assembled
KSHV capsid-tegument complexes on microtubules toward sites of
maturation/envelopment and egress. Newly synthesized

nucleocapsids exit out of the nuclear compartment wherein they acquire
the tegument proteins including ORFs 33, 45, and 64. ORF45 on the viral

particles binds to KIF3A, docking the entire viral capsid-tegument
complexes onto it. The complexes are then transported along
microtubules either to trans-Golgi network (TGN) or the cell membrane
for further envelopment and viral egress. This figure is adapted from
Sathish et al. (2009).

in MHV-68 tegumentation during viral assembly. On the basis
of considerable homology in ORF52 sequences between MHV-68

and KSHYV, it is tempting to speculate that similar structural and
functional characteristics could be exhibited by KSHV ORF52 also.
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ORF33

This ORF encodes a tegument protein of 334 amino acids and
homologs of this protein are present across all three herpesvirus
sub-families (Jenner and Boshoff, 2002; Zhu et al., 2005; Guo
et al., 2009). Though functional studies on ORF33 have not been
undertaken in KSHYV, such studies were performed in MHV-68.
An ORF33-null recombinant MHV-68 has provided useful infor-
mation on the functional role of this protein in virion assembly.
This mutant virus did not exhibit any defects in viral DNA repli-
cation, viral gene expression and viral capsid assembly. However,
a TEM-based analysis of thin sections obtained from ORF33-null
MHV-68 virus carrying cells showed a defective release of nucle-
ocapsids from the nucleus into the cytoplasm. Enveloped virions
were not seen both within the cytoplasmic vesicles and in the extra-
cellular space (Guo et al., 2009). These observations are consistent
with the functional roles of ORF33 homologues in both HSV-
1 (UL16; Meckes and Wills, 2007) and HCMV (UL94; Liu et al.,
2009) in directing partially tegumented particles to the trans-Golgi
vesicles. Analysis of the intracytoplasmic partially tegumented
particles of ORF33-null MHV-68 revealed the presence of cap-
sid proteins and some tegument proteins including ORF64 and
ORF52 though ORF45 was absent (Guo et al., 2009). These obser-
vations indicate a pivotal role of ORF33 in MHV-68 tegumentation
and viral assembly. It would be worthwhile to investigate if KSHV
ORF33 also exerts a similar function.

PERSPECTIVES ON THE ROLES OF KSHV TEGUMENT PROTEINS IN
VIRAL ASSEMBLY PATHWAYS

The above studies indicate the critical roles exerted by tegument
proteins of KSHV and other related gamma-herpesvirus in viral
assembly processes. The earlier established KSHV virion pro-
tein interaction network indicates the functional potential of an
ORF64-ORF52-ORF33-ORF45 network (Figure 2) in both tegu-
mentation and secondary envelopment processes (Rozen et al.,
2008) and hence would need to be further investigated. Since
virion assembly and egress are dynamic processes, interactions
among virion proteins could be transiently exerted at different
stages in the viral life cycle (Meckes and Wills, 2007). These
dynamic interactions could either be environment-dependent
(such as pH regulated) or could occur as the viral particles travel
through the assembly and egress pathway. Thus the focus of the
virion assembly studies would also need to shift toward identifying
the step(s) in the KSHV viral assembly pathway at which specific
protein interactions come into play. Though much remains to be
discovered, certain approaches as above could result in a better
understanding of the functional roles of the tegument proteins in
KSHYV assembly.

FUNCTIONAL ROLES OF KSHV TEGUMENT PROTEINS IN
VIRAL ENTRY PATHWAYS

Kaposi’s sarcoma-associated herpesvirus infects a broad range of
cell types in vitro resulting in viral latency. Establishment of KSHV
latency requires the delivery of the viral genome into the host cell
nucleus which is preceded by a well connected sequence of events.
The first step involves the binding of KSHV virions, specifically the
viral envelope glycoproteins (e.g., gB and gpK8.1A), to the ubiqui-
tously expressed heparan sulfate (HS) cell surface receptor (Akula

et al., 2001; Birkmann et al., 2001; Wang et al., 2001; Hahn et al.,
2009), followed by temporal interactions with integrin molecules
and other transmembrane proteins such as xCT (CD98) (Akula
et al., 2002; Kaleeba and Berger, 2006; Veettil et al., 2008). Subse-
quent to the initial binding, the viral particles enter the infected
cells within endocytic vesicles, releasing tegumented capsids into
the cytoplasm by fusion of the viral envelope with the endo-
cytic vesicles (Akula et al., 2003; Raghu et al., 2009; reviewed in
Chandran, 2010).

Transportation of the tegumented capsids to the nucleus
involves a complex interplay between cellular and viral compo-
nents. Confocal microscopic images of KSHV infected cultured
cells revealed a close association of incoming KSHV viral particles
with MTs. Treatment of these cells with MT depolymerizing agents
disrupted the association resulting in an inhibition in nuclear
delivery of the viral DNA (Naranatt et al., 2005; Raghu et al,
2007, 2009). Dyneins are minus-end directed motors that trans-
port cargo along the MTs from the cell periphery to the nucleus
(Mandelkow and Mandelkow, 1995; King, 2000). Interference with
dynein activity through over expression of dynamitin (dynactin
complex disruptor) or through treatment of cells with sodium
orthovanadate (an inhibitor of dynein activity) resulted in reduced
KSHV genomic DNA in the nucleus of infected cells (Naranatt
etal., 2005). These observations indicated significant roles of MTs
and dyneins in the transportation of incoming KSHV particles
toward the nucleus. The above functional roles exerted by MTs
and dyneins are in lines with similar roles exerted by them in
related herpesviruses such as HSV-1 (Douglas et al., 2004; Doh-
ner et al., 2006; Diefenbach et al., 2008) and HCMV (Ogawa-Goto
et al., 2003).

In HSV-1, inner tegument proteins, VP16, VP1-3, UL37, recruit
dynein and dynactin mediating transportation of viral particles
along the MTs (Luxton et al., 2005; Wolfstein et al., 2006). Both
untegumented naked capsids and completely tegumented capsids
of HSV failed to recruit the dynein motors, indicating a role of
inner tegument proteins in recruiting cellular cytoskeletal ele-
ments (Wolfstein et al., 2006). This gives rise to an interesting
premise that tegument proteins of KSHV could also exert a simi-
lar role in dynein-mediated transport of viral particles on MTs. To
date, KSHV virion protein/s mediating transportation of incoming
KSHYV particles to the nucleus remains unidentified thus providing
a very fertile ground for research.

The tegument protein ORF75 of MHV-4 (a murine gamma-
herpesvirus) has been hypothesized to exert a role in incoming
viral particle transportation based on two experimental obser-
vations. The first was a significant reduction in the peri-nuclear
capsid staining with majority of the particles scattered in the cyto-
plasm, during examination of ORF75~ virus infected BHK-21
cells by immunofluorescence. The second observation was the
defectiveness of ORF757 viral particles in establishing an infection
subsequent to intranasal infection of mice. This was illustrated by
a steady increase in the viral genome copy numbers in the lungs
of wild-type virus infected mice, which was not noticed in the
ORF757~ virus infected animals. These observations suggest a role
of ORF75 in associating the incoming MHV-4 viral particles to
the host motor proteins (Gaspar et al., 2008). On similar lines, the
ORF75 homolog in EBV, BNRF1, mediates the transportation of
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incoming viral particles from the endosomal compartments to the
nucleus (Feederle et al., 2006).

PERSPECTIVES ON THE ROLES OF KSHV TEGUMENT PROTEINS IN
VIRAL ENTRY PATHWAYS

As the outermost components of incoming KSHV particles, the
tegument proteins have the potential to mediate viral particle
transportation to the nucleus through interactions with the cellu-
lar cytoskeleton. In the absence of comprehensive studies on this
aspect, there are certain issues which would need to be resolved.
One is the identification of KSHV protein(s) participating in the
transport of incoming viral particles through interactions with
the cellular cytoskeleton elements. KSHV inner tegument com-
ponents may be involved in interaction with dyneins and MTs,
as the outer tegument components are released into the cytosol
subsequent to entry.

Yet another interesting aspect would be identifying if any of
the KSHV tegument proteins play a role in the induction of host
cell signaling pathway proteins that regulate cellular cytoskeleton
dynamics. In fact, KSHV cellular entry has been shown to induce
Rho GTPases leading to acetylation of MTs, promoting MT reor-
ganization and transportation of incoming viral particles to the
nucleus (Sharma-Walia et al., 2004; Naranatt et al., 2005; Veettil
et al., 2006; Raghu et al., 2007; reviewed in Chandran, 2010).

REGULATORY ROLES EXERTED BY KSHV TEGUMENT
PROTEINS

ROLES OF ORF45 IN EVASION OF IFN-MEDIATED ANTI-VIRAL RESPONSE
Primary KSHYV infection gets initiated with the binding of viral
glycoproteins to host cell surface receptors. This event elicits type
I IFNs that constitute the first line of the innate anti-viral defense
mechanism of host cell against the invading virus (reviewed in
Sathish and Yuan, 2011). Induction of type I IFNs is influenced by
a group of proteins, belonging to the family of IFN regulatory fac-
tors (IRFs). Among the nine different IRFs identified to date, IRFs
3 and 7 contribute significantly to the type ITFN induction (Honda
et al., 2005a,b; Honda and Taniguchi, 2006; Hiscott, 2007). Subse-
quent to a viral infection, the toll-like receptors recognize viruses
and through specific signaling pathways bring about the activa-
tion of IRFs. Activation of IRFs involves their phosphorylation
and subsequent nuclear translocation, wherein they bind to the
promoter regions of the type I IEN genes mediating their induc-
tion (Honda et al.,2005b). Recent observations have documented a
greater potential of IRF-7 (as compared to IRF-3), in the induction
of type I IFNs (Honda et al., 2005a,b). Type I IFNs thus induced,
mediate the transcription of a diverse group of anti-viral effector
proteins, the IFN stimulated genes (ISGs), which inhibit multiple
stages of the viral life cycle (Goodbourn et al., 2000; Brierley and
Fish, 2002; Sadler and Williams, 2008).

As type I IFNSs are elicited immediately following a viral infec-
tion (Perry and Compton, 2006; Zhu et al., 2010), it is essential for
incoming KSHV particles to effectively antagonize them for a suc-
cessful establishment of a primary infection (reviewed in Sathish
and Yuan, 2011). Noticeably reduced transcription of both type I
IFN genes and their cognate receptors following primary KSHV
infection of cultured cells has been documented (Perry and Comp-
ton, 2006). A similar observation witnessed subsequent to primary

infection of cells with UV-irradiated KSHV virions, suggested an
involvement of virion component proteins in disarming the type
I IFN signaling initially triggered by viral glycoprotein attachment
(Naranatt et al., 2004; Zhu et al., 2010).

Among the virion proteins, tegument proteins are the outer-
most components of incoming herpesvirus particles, exposed to
the cellular milieu. Therefore the tegument proteins do have a
potential to curtail the type I IFN responses. ORF45 was charac-
terized as a tegument component mediating the type I IFN evasion
in KSHV. Being a KSHV tegument protein, ORF45 is delivered to
the cell cytosol at very early stages of KSHV infection (Zhu et al.,
2010). ORF45 was shown to inhibit the activation of IRF-7, the
master regulator of type I IFN responses, through inhibition of
both its phosphorylation and nuclear translocation (Zhu et al.,
2002; Sathish et al., 2011). The role of ORF45 in antagonizing type
TIinterferon responses during primary infection was demonstrated
using an ORF45-null recombinant virus. While cells infected with
wild-type KSHV failed to induce anti-viral responses judged by
their permissiveness to superinfection with vesicular stomatitis
virus (VSV), infection of cells with an ORF45-null recombinant
KSHV (BAC-stop45) resulted in increased transcription of type
I IFN and downstream anti-viral effector genes that resisted VSV
superinfection. In addition, a lentiviral mediated ectopic expres-
sion of ORF45 in human fibroblast cells diminished the host
cell elicited type I IFN anti-viral responses (Zhu et al., 2010).
Taken together, the inhibitory effect exerted by ORF45 on IRF-7
contributes to KSHV survival subsequent to a primary infection.

ROLE OF ORF63 IN INHIBITION OF INFLAMMATION REACTION

ORF63 has been identified as a KSHV virion tegument compo-
nent (Russo et al., 1996; Zhu et al., 2005). A recent study revealed
a vital role of this tegument protein in inhibiting the genera-
tion of the inflammasome. ORF63 shares amino acid sequence
homology with NLRP1, specifically its nucleotide binding domain
(NBD) and was found to interact with it (Gregory et al., 2011).
NLRP1 is a protein of the nucleotide binding and oligomeriza-
tion, leucine-rich repeat family (NLRs), which along with TLRs are
placed under the broader group of pattern recognition receptors
(Meylan et al., 2006). Activation pathways involving these NLRs
culminate in the generation of inflammasomes, which are large
multimeric protein complexes constituted by specific NLRs and
procaspase-1 among others (Martinon et al., 2002). The inflam-
masomes induce the caspase-1 mediated proteolytic processing
of proinflammatory cytokines such as IL-18 and IL-18 (Stutz
et al., 2009). Induction of these cytokines triggers pyroptosis,
an inflammatory process involving caspase-1 mediated death of
infected cells.

The critical role of NLRP1 in combating KSHV was evidenced
by the fact that knockdown of NLRP1 expression in BCBL-1 cells
resulted in increased KSHV genomic DNA replication and infec-
tious virion titers subsequent to lytic reactivation. Conversely,
an siRNA-mediated knockdown of ORF63 resulted in reduced
KSHV lytic gene expression and virion production along with
significantly increased expression levels of IL-1f (Gregory et al,,
2011). These observations suggested a role of ORF63 in mediat-
ing a potent reactivation of KSHV through inhibition of NLRP1
activity. ORF63 was found to inhibit both the oligomerization
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and the association of NLRP1 with active components of the
inflammasome (Gregory et al., 2011).

ORF64 ENCODES FOR A POTENT VIRAL DEUBIQUITINASE

A KSHYV large tegument protein encoded by ORF64 functions
as a potent viral deubiquitinase (DUB) (Gonzdlez et al., 2009),
an enzyme that removes ubiquitin (Ub) from either the cellular
E3 ligase or the target protein thus abrogating the Ub-mediated
regulation (Amerik and Hochstrasser, 2004). ORF64 homologues
in related herpesviruses such as HSV-1 (Kattenhorn et al., 2005),
HCMV (Wang et al., 2006), EBV (Sompallae et al., 2008), and
MHV-68 (Gredmark et al., 2007) exhibit DUB activity. The DUB
activity of KSHV ORF64 was localized to its first 205 amino acids
in the N-terminal domain. Among the K48- and K63-linked Ub
chains commonly targeted by DUBs, KSHV ORF64 has no dis-
tinct specificity to either of them and was capable of targeting
both (Gonzilez et al., 2009). This behavior is in sharp contrast to
the DUBs of other herpesviruses, which had exclusive specificity
for the K48-linked Ub chains alone (Amerik and Hochstrasser,
2004; Kattenhorn et al., 2005; Wang et al., 2006).

An siRNA-mediated knockdown of ORF64 resulted in
decreased reactivation of KSHV from latency accompanied with
decreased levels of viral lytic replication, suggesting a possible role
of ORF64 in influencing the KSHYV lytic cycle through its deu-
biquitination function (Gonzalez et al., 2009). A recent study has
documented a function of the KSHV ORF64 deubiquitinase in
inhibiting the retinoic acid-inducible gene 1 (RIG-1) mediated
type I IFN signaling (Inn et al., 2011). Though RIG-1 is known to
be a cytosolic RNA sensor recognizing viral RNA, recent studies
do indicate a role of this protein in recognition of DNA viruses like
herpesviruses (Samanta et al., 2006, 2008; Rasmussen et al., 2009).
A persistent presence of KSHV was noticed in RIG-1 deficient
cells indicating an important role of this protein in influencing
the outcome of primary KSHV infection. On these lines it was
also observed that KSHV ORF64 inhibits the tripartite motif pro-
tein 25 (TRIM25) mediated ubiquitination of RIG-1 (Inn et al,,
2011), a critical step essential for the initiation of the type I IFN
signaling cascade (Gack et al., 2007).

In addition, ORF64, by virtue of its being a tegument com-
ponent (Zhu et al., 2005), is delivered into cells during de novo
infection, hence is efficiently poised to exert its DUB activity
toward modifying the cellular environment. In this context, HSV-
1 DUB is known to be involved in multiple processes such as
virion transportation along MTs, release of the viral nucleic acid
into the host cell nucleus, tegumentation and viral egress pathways
(Abaitua and O’Hare, 2008; Jovasevic et al., 2008; Shanda and Wil-
son, 2008). It remains to be clarified if KSHV ORF64 DUB also
plays a similar role during de novo infection.

ORF75 HOMOLOGUES TARGET COMPONENTS OF PROMYELOCYTIC
LEUKEMIA NUCLEAR BODIES (PML NUCLEAR BODIES)

MHV-68 tegument protein, ORF75c, has been shown to mediate
the rapid degradation of promyelocytic leukemia protein (PML)
nuclear bodies (NBs) through a proteasome-dependent mecha-
nism (Gaspar et al., 2008; Ling et al., 2008). These PML NBs are
dynamic nuclear organelles characterized by the presence of the
PML and several other cellular proteins including Daxx, Sp100,
and ATRX (Bernardi and Pandolfi, 2007; Everett and Chelbi-Alix,

2007). IFN treatment is known to directly trigger the transcrip-
tion of several genes associated with PML NBs such as PML and
Sp100, resulting in increased expression levels of these proteins
and an increase in both the size and number of PML NBs (Chelbi-
Alix et al., 1995; Lavau et al., 1995; Grotzinger et al., 1996). These
observations have suggested the involvement of PML NBs and its
constituents in host anti-viral defense mechanisms (Everett and
Chelbi-Alix, 2007).

The EBV homologue of MHV-68 ORF75¢, BNRFI1, known to
influence establishment of viral latency (Feederle et al., 2006), has
also been characterized as a PML NB interacting protein. BNRF1
specifically binds with Daxx, abrogating the association of ATRX
(a Daxx-interacting partner) with Daxx, preventing the localiza-
tion of this complex to the PML-NBs. In addition to interfering
with the PML-mediated anti-viral defenses, this process also reg-
ulates the chromatin organization toward establishment of latent
infection (Tsai et al., 2011).

Targeting PML NBs or their constituent proteins is not a unique
property of gamma-herpesviruses. Similar to EBV BNRF1, the
pp71 tegument protein of HCMV also interacts with Daxx. Unlike
the BNRF1, pp71 induces the degradation of Daxx subsequent to
displacement of ATRX (Lukashchuk et al., 2008). Furthermore,
HSV-1 ICP0 mediates a proteasomal degradation of PML (Maul
et al., 1993; Everett et al., 1998; Boutell et al., 2002). Yet only
the de novo synthesized form is capable of this activity (Maul
et al., 1993) unlike the tegument delivered ORF75¢ which exerts
its effect immediately following viral infection. With the signif-
icance of PML-NBs and its constituents in influencing the out-
come of a primary herpesviral infection, it is not surprising that
multiple herpesviruses target PML-NBs or its constituent pro-
teins through multiple mechanisms. It would be interesting to
investigate if KSHV ORF75 also exerts a similar action on the
PML-NBs.

ROLES IN MANIPULATION OF CELLULAR SIGNALING
Several tegument proteins of KSHV have been reported to regulate
or interfere with cellular signal transduction.

(i) A study employing reverse transcription cell microarray
(RTCM) technology identified ORF75 as a viral gene acti-
vating NF-kB. ORF75 was involved in the inactivation of IkB
complexes, thereby promoting the nuclear translocation of
NF-kB (Konrad et al., 2009; de Oliveira et al., 2010). Increased
levels of NF-kB are known to exert inhibitory effects on
the activation of gamma-herpesvirus lytic promoters, lytic
protein synthesis and virus replication (Brown et al., 2003).
On the other hand, inhibition of NF-kB activity in latently
infected cells facilitates KSHV lytic protein synthesis reflective
of viral reactivation (Grossmann and Ganem, 2008). These
observations do suggest the involvement of NF-kB in reg-
ulating the fine balance between the KSHV lytic and latent
phases. In the context of a primary KSHV infection, the release
of ORF75 tegument protein into cells subsequent to primary
infection could activate NF-kB and help establish viral latency.
Future experiments are needed to elucidate the role of ORF75
modulation of NF-kB in KSHV viral latency.

(ii) ORF45 was shown to stimulate the kinase activities of two
serine—threonine kinase proteins, RSK1 and RSK2 (Kuang

Frontiers in Microbiology | Virology

March 2012 | Volume 3 | Article 98 [112


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Virology
http://www.frontiersin.org/Virology/archive

Sathish et al.

KSHV tegument proteins

et al,, 2008). RSK1 and RSK2 belong to the family of 90-kDa
ribosomal S6 kinases (RSKs) and are directly phosphory-
lated by mitogen-activated protein kinases (MAPKs) such as
ERK1/ERK?2. The activated RSKs in turn mediate the phos-
phorylation of many nuclear and cytoplasmic proteins influ-
encing several biological processes such as gene expression,
cell cycle and cell growth, cell survival and proliferation (Roux
and Blenis, 2004; Hauge and Frodin, 2006). The RSKs are acti-
vated subsequent to both KSHV primary infection and lytic
reactivation. A dramatic reduction in lytic gene expression
and virion titers following lytic reactivation was seen in the
cells exhibiting siRNA-mediated RSK knockdown, suggesting
a role of these RSKs in pathways subsequent to KSHV lytic
reactivation (Kuang et al., 2008).

Infection of cells with UV-irradiated KSHV resulted in activa-
tion of RSKs, indicating that a virion component protein partic-
ipates in the activation (Sharma-Walia et al., 2005). ORF45-null
mutant virus exhibited noticeably reduced activation of ERK/RSK
in the cells infected in comparison to the levels with wild-type
viral infection, indicating a role of ORF45 in the ERK/RSK activa-
tion (Kuang et al., 2008). A more recent study demonstrated that
the binding of ORF45 to RSK also augments the association of

ERK to RSK, resulting in the generation of high-molecular weight
complexes constituted by ORF45, RSK, and ERK. These complexes
help to stabilize the otherwise transient interactions between active
phosphorylated pERK and pRSK, also protecting them against cel-
lular phosphatases (Kuang et al., 2009). Thus, the high-molecular
weight complex-associated RSK and ERK are activated and sus-
tained at levels sufficient to mediate their biological effects. Since
the ERK/RSK MAPK signaling cascade promotes cell survival
and proliferation, the ORF45-RSK-ERK complex may lead to
prolonged cell survival contributing to KSHV viral pathogenesis.

CONCLUDING REMARKS

It is evident that tegument components of KSHV, which were
previously less studied and understood, are slowly catching the
attention of herpesvirologists. KSHV tegument components are
known to influence several phases of the viral life cycle such as
assembly and transportation of viral particles toward egress, trans-
portation of incoming viral particles toward the nucleus, immune
evasion processes and a multitude of other regulatory roles (an
overview of the functional roles of KSHV tegument proteins is
depicted in Table 1). In spite of this, a number of issues remain
to be addressed. For example, it is unknown if KSHV tegument
components influence the nuclear egress of capsids into cytosol

Table 1 | Functional roles of KSHV tegument proteins.

Functional roles ORF Functional ability Reference
In viral egress ORF64 Inner tegument proteins tethering to the capsid; Hub/scaffolding protein Rozen et al. (2008)
mediating tegumentation and secondary envelopment processes
ORF45 Recruitment of KIF3A motor onto newly assembled viral tegumented Sathish et al. (2009)
capsids for transportation along microtubules to trans-Golgi vesicles for
secondary envelopment
ORF52 Contributes to tegumentation and secondary envelopment processes Bortz et al. (2007)
ORF33 Contributes to tegumentation and secondary envelopment processes Guo et al. (2009)

In viral ingress

Regulatory roles
Immune evasion

Other regulatory roles

To be identified
To be identified

To be identified

ORF45
ORF63
To be identified

(ORF75 probably)
ORF64

ORF45

Possible role in nuclear egress of capsids

Probable role in recruitment of dynein motors mediating transportation of
incoming viral particles along microtubules to the nucleus

Probable role in induction and modulation of host cell signaling molecules
(e.g., RhoA) that promote acetylation and stabilization of microtubules and
change cell physical status

Inhibition of type | IFN-mediated innate anti-viral responses through
inhibition of IRF7 activation

Prevention of caspase-1 activation and inhibition of induction of interleukins
Il-1B and IL=18 through inhibition of inflammasome formation

Inhibition of NF-«B activation helping to establish viral latency

A possible role of its deubiquitinase activity in multiple processes including
virion transportation along microtubules, release of viral nucleic acid into
the host cell nucleus, tegumentation, and viral egress

Inhibition of the retinoic acid-inducible gene 1 (RIG 1) mediated type IIFN
signaling

Generation of high-molecular complexes with RSK and ERK, activating and
sustaining their activities probably contributing to prolonged cell survival
and thus KSHV viral pathogenesis

Naranatt et al. (2005)

Chandran (2010)

Zhu et al. (2010)

Gregory et al. (2011)

Konrad et al. (2009)

Gonzélez et al. (2009)

Inn et al. (2011)

Kuang et al. (2008, 2009)
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during viral assembly. It would also be interesting to investigate if
tegument proteins contribute to establishment of latency. Findings
from these studies could serve as examples of the diverse functional
capabilities of the tegument proteins.

Some cellular proteins have been found within the KSHV
virions, presumably in the tegument layer (Zhu et al., 2005).
Although the functions of these cellular proteins in KSHV virion
have not been revealed, it is possible that some of these pro-
teins are specifically recruited into virions to exert important
roles in viral life cycle. Some of the cellular proteins identified
in KSHV virions such as non-muscle B-actin, annexins, Hsp70,
Hsp90, 14-3-3, and APOBEC3G have also been detected in other
herpesviruses, other non-herpes DNA viruses and RNA viruses
(Johannsen et al., 2004; del Rio et al., 2005; Chung et al., 2006;

Loret et al., 2008; Kramer et al., 2011). Pharmacological inhi-
bition of Hsp90 or its knockdown by siRNA has been shown
to inhibit replication of several RNA viruses such as HCV and
VSV (Connor et al., 2007; Nakagawa et al., 2007), indicating the
significance of virus associated cellular proteins. Understanding
functions of the cellular proteins in KSHV tegument and their
interaction with viral tegument proteins or other virion proteins
would lead to a better understanding of the multiple facets of the
KSHYV life cycle. To conclude, we expect to see a great increase in
the number of studies addressing the biological functions of tegu-
ment components of KSHV, and of other herpesviruses. Future
studies on these fascinating proteins should herald the onset of
a new chapter in our ever evolving understanding of herpesvirus
biology.
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Kaposi's sarcoma-associated herpesvirus (KSHV) is thought to be an oncogenic member
of the y-herpesvirus subfamily. The virus usually establishes latency upon infection as a
default infection pattern. The viral genome replicates according to the host cell cycle by
recruiting the host cellular replication machinery. Among the latently expressing viral fac-
tors, LANA plays pivotal roles in viral genome replication, partitioning, and maintenance.
LANA binds with two LANA-binding sites (LBS1/2) within a terminal repeat (TR) sequence
and is indispensable for viral genome replication in latency. The nuclear matrix region seems
to be important as a replication site, since LANA as well as cellular replication factors accu-
mulate there and recruit the viral replication origin in latency (ori-P) by its binding activity to
LBS. KSHV ori-P consists of LBS followed by a 32-bp GC-rich segment (32GC). Although it
has been reported that LANA recruits cellular pre-replication complexes (pre-RC) such as
origin recognition complexes (ORCs) to the ori-P through its interaction with ORCs, this
mechanism does not account completely for the requirement of the 32GC. On the other
hand, there are few reports about the partitioning and maintenance of the viral genome.
LANA interacts with many kinds of chromosomal proteins, including Brd2/RING3, core his-
tones, such as H2A/H2B and histone H1, and so on. The detailed molecular mechanisms
by which LANA enables KSHV genome partitioning and maintenance still remain obscure.
By integrating the findings reported thus far on KSHV genome replication, partitioning, and
maintenance in latency, we will summarize what we know now, discuss what questions
remain to be answered, and determine what needs to be done next to understand the
mechanisms underlying viral replication, partitioning, and maintenance strategy.

Keywords: Kaposi’s sarcoma-associated herpesvirus, human herpesvirus 8, latency-associated nuclear antigen,

ori-P, DNA replication, genome maintenance, pre-replication complex, nuclear matrix

INTRODUCTION

Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV) is a
gamma-2 herpesvirus discovered from KS specimens in 1994
(Changetal., 1994). KSHV is closely associated with KS and several
non-Hodgkin lymphomas, including primary effusion lymphoma
(PEL) and multicentric Castleman’s disease (MCD; Cesarman
et al., 1995, 1996; Soulier et al., 1995). While KS is the most com-
mon cancer in acquired immune deficiency syndrome patients
(Potthoff et al., 2010), KSHV is detected in about 95% of all types
of KS lesions by PCR analysis (Dupin et al., 1995; Huang et al,,
1995; Moore and Chang, 1995). PEL is a rare B cell lymphoma
originated from preterminal B cells, and PEL in AIDS patients is
often associated with KSHV as well as EBV. Several KSHV-infected
PEL cell lines have been established, and EBV is frequently lost in
the course of establishment (Arvanitakis et al., 1996; Gaidano et al.,
1996; Renne et al., 1996; Said et al., 1996; Carbone et al., 1997, 1998;
Katano et al., 1999). MCD is a plasmacytic lymphadenopathy with
polyclonal hyper-immunoglobulinemia and high levels of serum
IL-6 (Frizzera et al., 1983; Yoshizaki et al., 1989).

Like all herpesviruses, KSHV has two life cycles: latent and
lytic replication phases (for review, see Boshoff and Chang, 2001).
Whereas KSHYV is usually in latency when it infects KS and PEL
cells, in MCD some cells express lytic genes (Katano et al., 2000,

Parravicini et al., 2000). On the other hand, it has been reported
that KSHV infection itself and/or viral lytic proteins promote cell
proliferation and angiogenesis as well as lymphatic reprogram-
ming (Ciufo et al., 2001; Gao et al., 2003; Carroll et al., 2004; Hong
etal., 2004; Naranatt et al., 2004; Pan et al., 2004; Wang et al., 2004;
Sharma-Walia et al., 2006; Qian et al., 2007, 2008; Sadagopan et al.,
2007; Ye et al., 2007).

In latency, the KSHV genome is present as an episome, which
is capable of autonomously replicating during S phase of the host
cell cycle without integration into host chromosomes, and only
limited genes are expressed during latency. Therefore, there is no
generation of progeny virions. It is very important to elucidate
and learn the virus’s survival strategy in order to control infection
and to formulate treatment for KSHV-related diseases.

In this review, we would like to focus on studies on the mecha-
nisms underlying viral DNA replication, genome segregation and
maintenance, and gene expression regulation in latency, and to
discuss these topics in the light of studies on cellular mechanisms.

GENE EXPRESSION CONTROL IN KSHV LATENCY

The KSHV genome is a double-stranded linear DNA in the virion.
It is circularized upon infection and is maintained as an episome in
the infected nucleus. The complete genome is about 160-170 kbp,
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including a 40 ~ 50 times repeated sequence called a terminal
repeat (TR), which is 801 bp as a unit, at each end of the genome
(Figure 1). The viral genome encodes approximately 90 ORFs in
the unique region (for reviews, see Moore and Chang, 2001; Dour-
mishev et al., 2003). In latency, the viral genome is maintained in
a cell cycle-dependent manner, and extremely limited viral genes,
such as latent gene clusters, are expressed. Although the estab-
lishment of latent infection could be this virus’s default infection
mode, it is not good for the virus to continue latent infection for a
long time, since it will vanish from the earth without progeny virus
production. Thus, latency is a state in which the virus waits for an
opportunity for the explosive production of progeny virions. Nev-
ertheless, it is very interesting how KSHV establishes latency and
is maintained in infected host cells without losing the genomes.

As mentioned above, the limited region within the KSHV
genome is transcriptionally active in latency, and this region con-
tains only several genes, including the latency-associated nuclear
antigen (Wang and Frappier, 2009), viral cyclin (v-CYC), viral
FLICE-inhibitory protein (v-FLIP), kaposin, 17 microRNAs (miR-
NAs), and viral interferon regulatory factor 3 (v-IRF-3; Chang
et al., 1996; Thome et al., 1997; Muralidhar et al., 1998; Lubyova
and Pitha, 2000; Gomez-Roman et al., 2001; Rivas et al., 2001;
Staudt and Dittmer, 2003; Cai et al., 2005; Pearce et al., 2005;
Pfeffer et al., 2005; Samols et al., 2005). Such genes, except for v-
IRF-3, are in that limited region, and LANA, v-CYC, and v-FLIP
are in one of the unit’s genes. This region forms an active locus for
expression including miRNAs and kaposin. It is unclear why this
region is active for the expression of genes and is insulated from
inactive lytic genes, such as ORF69 and K14 just downstream and
upstream, respectively.

Recently, it was reported that CTCE, which is the only insulator
protein found in vertebrates, coupled with SMC3, endows this gene
insulation. More interestingly, the binding sites are in the genes,
i.e., downstream from the LANA transcription start sites, not at
the boundary regions (Stedman et al., 2008; Kang and Lieber-
man, 2009). Transcriptional analysis using the KSHV-BAC system
demonstrated that mutations of CTCF binding sites abolished
latency-regulated transcription such as K14 and ORF74 during
latency (Kang and Lieberman, 2009). CTCF usually binds at the
boundary regions between active and inactive loci in mammalian
genomes, forming locus control regions (LCRs; Tanimoto et al.,
2003). A typical example is an LCR seen in the beta-globin locus.
CTCEF binds to several DNase I hypersensitivity sites (HS), called
HS4 and HS5, and forms boundaries to insulate this locus from

the outside locus (Tanimoto et al., 2003; Hou et al., 2008). Thus,
latent gene expression in KSHV-infected cells might be regulated
differently from the mechanism observed in the beta-globin locus.

Inversely, it is interesting how the viral lytic genes are tightly
inactivated in latency. Epigenetic regulation seems to be essen-
tial for inactivation as well as activation of latent genes. LANA
recruits heterochromatin components to the TR by the interac-
tion between LANA and SUV39H1, which is a key factor that
methylates histone H3, which in turn recruits heterochromatin
protein 1 (HP1; Sakakibara et al., 2004). Because this mechanism
contributes to the propagation and maintenance of heterochro-
matin, it appears that heterochromatin could spread over the
KSHV genome during latency. The propagation of heterochro-
matin into the active latent gene zone might be blocked by the
boundary effect and by the enhancer-blocking activity of an insu-
lator, CTCF which has multiple functions such as gene activation
or inactivation, X-chromosome inactivation, and gene imprinting
(for review, see Zlatanova and Caiafa, 2009).

Thus, it is thought that not the overall lytic genes region, except
for the latent gene clusters, forms heterochromatin during latency,
because recent genome-wide analysis using ChIP-on-chip showed
that not only latent gene clusters but also several regions of lytic
genes are enriched in activating histone marks (acetylated H3
and H3K4me3). However, H3K27me3, which is a bivalent histone
marker, is widely distributed through the KSHV genome (Toth
et al., 2010), meaning that the genome is poised for reactivation.
Furthermore, the treatment of specific histone demethylases of
H3K27me3 such as JMJD3 and UTX could induce the lytic reac-
tivation. Immunoprecipitation of methylated DNA assay showed
that the KSHV genome was methylated during latency (Gunther
and Grundhoff, 2010). Gunther and Grundhoff (2010) suggested
that the CpG methylation process could take a long time to pre-
vail over the genome, and thus could not control early latency.
There are several reports that DNA methylation of viral genomes
is related to the regulation of the gene expression of gammaher-
pesviruses such as EBV and herpesvirus saimiri (HVS; Minarovits,
2006). Heterochromatin formation on the viral genomes, however,
seems to be inconvenient for the rapid induction of lytic repli-
cation. Further investigations are needed to clarify how viruses
are ready for lytic induction if heterochromatin and/or DNA
methylation was formed on the genome.

Viral factors play key roles in maintaining gene expression
profiles in latency. Otherwise, modulation by viral and cellular
factors maintains viral latency. In addition to the recruitment of

KSHV genome
40-50 units

Ysrnmrarwuns®

FIGURE 1 | Terminal repeat (TR) sequences. The KSHV genome has 40-50 units of TR sequences. TR contains LANA-binding site (LBS) and GC-rich
sequences termed 32GC. It is thought that one of the LBS-32GC sequence is selected as DNA replication origin (ori-P).

lunit
LBS 32GC
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heterochromatin factors on to the genome, LANA itself tends to
repress viral lytic gene expression. LANA physically associates with
recombination signal sequence-binding protein Jk (RBP-Jk) and
represses the replication and transcription activator (RTA) pro-
moter through the RBP-Jk binding site existing within its promoter
(Lan et al., 2005a).

Viral FLICE-inhibitory protein, also known as K13, interacts
with several NF-kB-related signaling proteins and activates the
NF-kB pathways, thus enhancing cell survival (Chaudhary et al,,
1999; Field et al., 2003; Matta et al., 2003, 2007; Matta and Chaud-
hary,2004). It should be noted that the effect of NF-k B signaling on
reactivation depends on cellular context (Grossmann and Ganem,
2008) and seems to be regulated by an intricate balance within
the cellular environment. Previous studies, however, demonstrated
that v-FLIP repressed the RTA promoter by activating NF-«kB
binding to the cognate sequence, but in that case it deregulates
vIL-6 and hIL-6 expression (Zhao et al., 2007). The reactiva-
tion is initiated by RTA, which is a lytic switch protein and a
homolog of EBV BRLF1 (Liang et al., 2002). The RTA promoter
region is highly responsive to 12-O-tetradecanoylphorbol 13-
acetate (TPA) or phorbol 12-myristate 13-acetate (PMA), sodium
butylate (NaB), and trichostatin A (TSA), and is associated with
several histone deacetylase proteins such as HDAC, which leads to
chromatin remodeling of a nucleosome and then regulates KSHV
reactivation from latency (Lu et al., 2003). RTA activates various
viral genes through direct binding with RTA-responsive elements
existing within the K8 and ORF57 promoters (Byun et al., 2002)
and also through indirect mechanisms on RTA itself and vIRF-1
(Nishimura et al., 2001; Sakakibara et al., 2001; Ueda et al., 2002).
Although RTA is a strong transactivator and inducer of lytic repli-
cation, it also enhances LANA expression and then is involved in
the establishment of latency in the early infection phase (Lan et al.,
2005b). This feedback mechanism explains the low efficiency of
lytic replication and the generation of complete viral particles in
KSHV-infected cell lines.

MicroRNAs (miRNAs) are single-stranded and 20- to 23-
nucleotide RNA molecules that are involved in gene expression
(Bartel, 2004; Bartel and Chen, 2004). Recent studies have high-
lighted the critical role of viral microRNAs (miRNAs) in the
maintenance of KSHV latency (for review, see Ganem and Ziegel-
bauer, 2008; Boss et al., 2009; Lei et al., 2010a). The KSHV genome
contains 17 miRNAs that are clustered and located in the intra-
genic region between kaposin and v-FLIP (Cai et al., 2005; Pearce
et al., 2005; Samols et al., 2005; Cai and Cullen, 2006). Surpris-
ingly, a new proteomic approach suggests that a single miRNA can
directly lead to the suppression of the synthesis of hundreds of
proteins at both mRNA and translation levels, although the level
of suppression is mild (Baek et al., 2008; Selbach et al., 2008).

Kaposi’s sarcoma-associated herpesvirus miRNAs are reported
to regulate, directly or indirectly, various factors including lytic
genes (Murphy et al., 2008; Bellare and Ganem, 2009) and cellular
factors such as NF-kB and IkBa, the latter of which is directly reg-
ulated by KSHV miR-K1 (Lei et al., 2010b) and Bcl-2 associated
factor (BCLAFI) as a target of miR-K5 (Ziegelbauer et al., 2009).
miR-K12-7 (Lin et al., 2011) and miR-K9 (Bellare and Ganem,
2009) directly target RTA and contribute to the maintenance
of latency. miR-K12-11 shows remarkable homology to cellular

miR-155;it inhibits a BACH-1 3'UTR-containing reporter and
downregulates the expression of BACH-1, which is a broadly
expressed transcriptional repressor that regulates genes involved
in the hypoxia response (Gottwein et al., 2007; Skalsky et al.,
2007). Thrombospondin 1 (THBS]I), an inhibitor of angiogenesis,
is targeted by multiple KSHV miRNAs, such as miR-K12-1, miR-
K12-3-3p, miR-K12-6-3p, and miR-K12-11(Samols et al., 2007).
miR-K1 represses the expression of p21 via the 3’UTR and attenu-
ates p21-mediated cell cycle arrest during KSHV latency (Gottwein
and Cullen, 2010).

CELLULAR DNA LICENSING AND VIRAL DNA REPLICATION IN
LATENCY

Because eukaryotic DNA replication is strictly regulated by a
licensing mechanism, the genome is replicated only once per cell
cycle. DNA replication starts at multiple sites on a chromosome;
these sites are called the replication origin, whose number is pre-
dicted to be 30,000 ~ 50,000 (Huberman and Riggs, 1966). The
genome size of eukaryotes is about 107 to 10!! bp (fungi to mam-
mals), and the entire DNA must be replicated within a limited
time (Wyrick et al., 2001). To achieve this, many proteins partic-
ipate in DNA replication licensing, including origin recognition
complex (ORC), Cdc6, Cdtl, and mini-chromosomal mainte-
nance (MCM) helicase, and so on. First, ORC recognizes and binds
to the origins and then recruits a Cdc6 followed by the associa-
tion of another replication protein, called Cdt1. Finally, the MCM
helicase is loaded onto the complex to establish a complete pre-
replication complex (pre-RC) (reviews in Nishitani and Lygerou,
2002; DePamphilis, 2003, 2005).

KSHV ORIGIN OF REPLICATION IN LATENCY

The features of DNA replication origins have been reported.
Although there are no consensus sequences for the replication
origin, recent studies showed that CpG islands, promoter regions,
DNA topology, and nucleosome positioning are involved in origin
selection (Mechali, 2010). Saccharomyces cerevisiae (S. cerevisiae)
has autonomous replication sequence (ARS) elements that are
specific 12 bp consensus sequences and has origin activity (Stinch-
comb et al., 1979; Bell and Stillman, 1992). S. pombe ARS also has
been identified, but it does not share a consensus sequences as
in S. cerevisiae (Segurado et al., 2003; Dai et al., 2005; Heichinger
etal.,2006). Substitution experiments showed that the ARS region
could be replaced with a 40-bp poly (dA/dT) fragment (Okuno
et al., 1999).

In higher eukaryotes, no consensus sequences are identified,
though known origin sequences have been reported (for review,
see Aladjem, 2004). It is not yet known why there is no consensus
sequence among ORC binding sites of higher eukaryotes, or how
they are selected. Replication origins should be determined by dif-
ferent mechanisms, and recent genome-wide analyses show that
the origin sequences are closely related with transcriptional regu-
latory elements and CpG islands but not sequence motifs (Cadoret
et al., 2008; Sequeira-Mendes et al., 2009).

The KSHV genome appears to replicate once per cell cycle
during latency, as cellular DNA replication. The number of the
genome copies is supposed to be 50-100 per KSHV-infected PEL
cell and the copy number is kept at the same number, at least
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appears to be kept at the same copy number (Cesarman et al,,
1995; Ballestas et al., 1999; Ueda et al., 2006). This observation
suggests that the KSHV genome uses cellular replication machin-
ery so that viral DNA replication synchronizes with the cell cycle.
The KSHYV origin of replication in latency, called ori-P, consists
of two LANA-binding sites (LBS), in which LBSI has a higher
affinity with LANA (Garber et al., 2002), and the following 32 bp
GC-rich segment (termed 32GC in this manuscript) and the ori-P
is in the TR region of the KSHV episome (Hu and Renne, 2005;
Figure 1). LANA directly binds to LBS and supports viral DNA
replication (Garber et al., 2002; Hu et al., 2002; Fejer et al., 2003;
Grundhoff and Ganem, 2003). The components of pre-RC, such
as ORC, Cdc6, and MCM were recruited to the TR sequences in
a LANA-dependent manner (Lim et al., 2002; Ohsaki et al., 2004;
Stedman et al., 2004; Verma et al., 2006).

In the case of EBV ori-P, the dyad symmetry (DS) and fam-
ily of repeats (FR) are essential for the ori-P activity (Reisman
et al., 1985), though FR rather works for viral genome mainte-
nance. The DS element contains two EBNA1 binding sites and is
the functional replicator in the presence of EBNA1 (Wysokenski
and Yates, 1989; Harrison et al., 1994). The FR element contains
20 copies of a 30-bp repeat sequence and has an essential role in
the long-term maintenance of ori-P-containing plasmid (Krysan
et al., 1989; Marechal et al., 1999). It is suggested that cellular
replication factors bind to the sequences adjacent to EBNA1 bind-
ing sites through the interaction with EBNALI (Yates et al., 20005
Koons et al., 2001). A chromatin immunoprecipitation assay sug-
gested that the ORC complex and EBNA1 bound to chromatin
and ori-P in GO-arrested cells (Ritzi et al., 2003). Nucleosome
assembly proteins, such as NAP1 and TAF-I, interact with EBNA1
and are recruited to the ori-P regions. These proteins contribute
to the activation of transcription, although TAF-I negatively reg-
ulates DNA replication (Wang and Frappier, 2009). The EBNA1
LR1 and LR2 domains are critical for the interaction with ORC
and for disrupting this association by binding with G-rich RNA
(Norseen et al., 2009). Thus, the latent replication of KSHV and
EBV totally depends on cellular DNA replication machinery with
the only exception of the requirement of LANA and EBNAI,
respectively.

HOW LANA WORKS

LANA is a nuclear protein with 1162 amino acids. It shows a func-
tional homology to EBNA1 of EBV and, in part, to E1/E2 of human
papillomavirus and to SV40 large T antigen. Especially, the C-
terminus of LANA and that of EBNAI conserve secondary and
tertiary structures (Han et al., 2010). The N-terminus of LANA
contains a chromosome binding site (CBS) and a nuclear local-
ization signal (NLS), and the C-terminus contains a DNA binding
domain and a dimerization domain, called DBD. In the DBD, there
appears to be another NLS, but this NLS is rather cryptic and weak,
since an N-terminal deleted mutant, which contains 108—-1162 aa,
is localized in the cytoplasm (Ohsaki et al., 2009). The central
region is composed of a proline-rich region, an aspartate (D)-
and glutamate (E)-rich repetitious region, and a glutamine-rich
domain (Garber et al.,, 2001; Piolot et al., 2001; Figure 2). DBD
(923-1162 aa) is necessary and partially sufficient to support ori-
P replication compared to the full-length LANA (Hu et al., 2002;

Ohsaki et al., 2009), and when considering their expression levels
in in vitro study.

Many studies show that LANA binds to LBS and recruits ORC
to the origin as described above. What is the mechanism by which
ORC is recruited to ori-P? One possible mechanism is that LANA
directly interacts with ORC so that ORC is loaded to the origin
(Lim et al., 2002; Stedman et al., 2004; Verma et al., 2006). If
LANA could directly interact with ORC and recruit to the origin,
we are confronted with this question: why is 32GC required for
ori-P activity despite LANA’s ability to bind to the ori-P? It could
be that the 32GC is required to load ORC and the other pre-RC
components to the region next to LBS, although the underlying
molecular mechanism is not yet known. Further study is needed
to resolve this question.

LANA is highly expressed in KSHV-related malignancies, and
plays an essential in episomal maintenance. It interacts with mul-
tiple cellular proteins, including tumor suppressors such as p53
(Friborg et al., 1999) and Rb (Radkov et al., 2000), as well as
transcription factors such as ATF4/CREB2 (Lim et al., 2000) and
STAT3 (Muromoto et al., 2006), chromatin-associated proteins
such as HP1 (Lim et al., 2003), histone H2A/B (Barbera et al.,
2006b), MeCP2 (Krithivas et al., 2002; Matsumura et al., 2010),
and Brd4 (Ottinger et al., 2006), in addition to signal trans-
ducers such as GSK-3b (Fujimuro and Hayward, 2003) and so
on (Figure 2). Almost all of these proteins interact with the C-
terminal domain of LANA, implying the functional importance of
this domain. However, careful analysis of protein—protein interac-
tion is required, because only DBD sometimes shows non-specific
binding with other proteins and may exhibit different properties
from the full-length LANA (our personal observation).

REGULATION OF KSHV ori-P ACTIVATION

The origin number varies from species to species. In mammals,
it, 30,000-50,000 origins are thought to exist at each cell cycle
(Huberman and Riggs, 1966). However, not all of these origins
start DNA synthesis at the same time. Some origins are activated
early in the S phase, whereas others are activated in the late S
phase; that is, the DNA replication timing is controlled (Dimitrova
and Gilbert, 1999; Cimbora et al., 2000). How is the timing of
DNA replication determined? Some groups have provided possi-
ble answers to this question. It was reported that heterochromatin
could change the timing of DNA replication by transgene inser-
tion into a mammalian genome (Lin et al., 2003). Sir proteins,
which are silencer proteins, can delay replication and correlate
with transcriptional silencing (Zappulla et al., 2002). Thus, var-
ious studies suggest that heterochromatin modulates replication
timing (Goren et al., 2008; Klochkov et al., 2009; Schwaiger et al.,
2010) and EBV replication in latency occurs in mid-late S phase
(Zhou et al.,, 2009). In the case of KSHYV, the replication timing
of the viral genome is not yet known. Considering that ori-P is
present in the proximity of heterochromatin because of LANA-
dependent accumulation of heterochromatin, DNA replication of
the KSHV genome may start at the middle or late S phase.

The frequency of origin usage also differs from origin to origin;
some origins are used in every cell cycle, whereas others are used
rarely. Various studies including in Drosophila, Xenopus, and mam-
mals demonstrate how specific origins are selected, but several
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extremely aspartate (D)- and glutamate (E)-rich region (DE) and a glutamine
(Q)-aspartate (D)-glutamate (E)-rich region (QQQDE/QQQQDE).
LEE(D)QEQ(V)E looks like a leucine zipper but has not been recognized as a
functional determinant. The C-terminal region has roles in both
homo-dimerization and DNA binding to LBS. The main interacting proteins
with LANA are listed below. The C-terminal region seems to be a region that
interacts with many proteins.

questions about the decision mechanism of origins remain unan-
swered. Considering the genome size of this virus, one origin is
enough to complete replication within the S phase; and because
of the existence of “origin interference” by the ATR and ATM
pathways (Shechter et al., 2004), a single origin must be chosen.

The micrococcal nuclease digestion pattern at TR in G1-
arrested cells leads to change, suggesting that the chromatin struc-
ture became more accessible to enzymatic digestion (Stedman
et al., 2004). Therefore, the chromatin structure may be changed
by the recruitment of the replication machinery during the late G1
phase.

A recent study shows that the cellular deubiquitylating enzyme
USP7 stimulates EBNA1 binding to its recognition sites so that
histone modification at the EBV ori-P is changed by EBNAI1
mediating the recruitment of USP7 (Sarkari et al., 2009).

THE ROLES OF NUCLEAR ARCHITECTURES

NUCLEAR MATRIX AS A SCAFFOLD FOR DNA REPLICATION AND
TRANSCRIPTION

The nucleus consists of a well-organized structure and is highly
complex. The structures of nuclear matrix proteins such as

lamins, nuclear mitotic apparatus (NuMA), hnRNP, and so on,
are important for the organization of chromatin, DNA replica-
tion, and transcription (Dechat et al., 2008). The nuclear matrix,
isolated by Berezney and Coffey (1974), is believed to support the
spatial distribution of several nuclear factors, such as DNA repli-
cation machinery and transcription factors. The nuclear matrix
fraction contains DNase I-resistant and high salt-resistant pro-
teins. Because the nuclear matrix can be visualized only after
chromatin extraction, there has been a debate that such a nuclear
matrix is an essential component of in vivo nuclear architec-
tures. In previous studies, replication origins have come to the
nuclear matrix (van der Velden et al., 1984; Amati and Gasser,
1990; Adom et al., 1992; Brylawski et al., 1993; Fallaux et al., 1996).
Eukaryotic DNA is organized into DNA loops generated by the
attachment of chromatin to the nuclear matrix via specific regions,
referred to as scaffold/matrix attachment regions (Pardoll et al.,
1980; Vogelstein et al., 1980; Laemmli et al., 1992; Roberge and
Gasser, 1992). DNA loop formation is essential for DNA repli-
cation, transcription, and chromosomal packaging (Gasser and
Laemmli, 1987; Berezney et al., 1995; Bode et al., 1995; Nicker-
son et al., 1995; Razin et al., 1995; Jackson, 1997; Volpi et al,,
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2000; Mahy et al., 2002; Sumer et al., 2003; Marenduzzo et al.,
2007).

In EBV, both the latent ori-P and the lytic ori-Lyt are bound
to the nuclear matrix (Jankelevich et al., 1992; Mattia et al.,
1999). EBV nuclear antigen leader protein (EBNA-LP) is a nuclear
matrix-associated protein, and its nuclear matrix-targeting signal
is a 10-aa segment, which also functions as a NLS (Yokoyama
et al., 2001). However, this is not the case for LANA, because
it was reported that C-terminal truncation up to 1128 aa could
not be localized in a high salt-resistant fraction (nuclear matrix
fraction), but the C-terminal region (1129-1143 aa) is high salt
extractable (Viejo-Borbolla et al., 2003). We previously showed
that the N-terminal region up to 107 aa is localized in nucleo-
cytoplasmic and chromatin fractions (Ohsaki et al., 2009). The
localization to the nuclear matrix fraction of LANA might
depend on the conformation of LANA or post-translational
modifications.

On the other hand, a cell fractionation assay has shown that
cellular pre-RC components, such as ORC2, Cdc6, and Cdtl,
preferentially localize in the nuclear matrix fraction in a cell cycle-
dependent manner, and LANA itself also can localize in the nuclear
matrix fraction. Accordingly, TR accumulates in the nuclear matrix
fraction during the late G1 phase, suggesting that LANA recruits
the ori-P to the nuclear matrix, so that cellular replication machin-
ery is abundant and available for viral DNA replication during
latency (Ohsaki et al., 2009; Figure 3).

GENOME SEGREGATION MECHANISMS OF KSHV IN
LATENCY

The same copy number of KSHV genomes appears to be main-
tained in daughter cells after every cell division (Ballestas et al.,
1999; Ueda et al., 2006), indicating that a strict genome mainte-
nance mechanism is working. In the KSHV-infected PEL cell lines,
LANA associates with a condensed mitotic chromatin (Ballestas

et al., 1999; Cotter and Robertson, 1999; Tetsuka et al., 2004). It
was reported that MeCP2, a methyl CpG-binding protein, inter-
acts with the N-terminal of LANA and that DEK protein interacts
with the C-terminal of LANA. These two independent interac-
tions are involved in the tethering of LANA to chromosomes
(Krithivas et al., 2002). Various studies have reported the inter-
action between LANA and multiple cellular proteins associated
with chromatin.

Brd4, which is a member of the BET family that carries two bro-
modomains and associates with mitotic chromosomes, interacts
with LANA on mitotic chromosomes (You et al., 2006). It has also
been reported that core histones such as H2A and H2B are essen-
tial for LANA N-terminal chromosome binding (Barbera et al,,
2006a,b). Furthermore, LANA interacts with Brd2/Ring3, which is
a member of the BET family of double bromodomain-containing
genes and contains two tandem bromodomains (Viejo-Borbolla
etal., 2005).

Xiao et al. (2010) reported that LANA is associated with
centromeres via the formation of complexes with Cenp-F and
Bubl, which are kinetochore-associated proteins. This suggests
that LANA preferentially interacts with kinetochore-associated
proteins and that its association is critical for segregation into
daughter cells. Though the interaction of LANA with kinetochore
factors might interfere with correct spindle formation, it suggests
that LANA should support viral genome segregation along with
condensed chromatin.

A NuMA plays a critical role in the nuclear architecture in the
interphase. After nuclear envelope breakdown in mitosis, NuMA
is hyperphosphorylated by p34°4<? and is distributed at spindle
poles, where it remains until the anaphase and plays an essential
role in tethering spindle microtubules to each pole (Merdes et al.,
1996; Gehmlich et al., 2004). Although NuMA drastically alters
the localization and functions in the interphase and M phase, bio-
chemical fractionation analysis shows that NuMA is localized in

cdtl

Nuclear matrix

MCM2-7

FIGURE 3 | A model for latent DNA replication of KSHV. LANA can associate with the nuclear matrix and can directly bind to the ori-P so that LANA can
recruit the ori-P to the nuclear matrix. Cellular DNA replication machinery assembles to the nuclear matrix in a cell cycle-dependent manner, and is therefore

available for viral DNA replication.
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the insoluble nuclear matrix fraction in both phases. A recent study
demonstrated that the C-terminus of LANA was co-localized with
NuMA during the interphase and that the knockdown of NuMA
expression caused the disruption of genome segregation and TR-
containing plasmid maintenance (Bhaumik et al., 2008) and thus,
KSHYV genome segregation is disrupted in the absence of NuMA.
Through siRNA and knockdown strategies in mice, NuMA has
been shown to be an essential protein for early embryogenesis and
cellular proliferation (Harborth et al., 2001; Silk et al., 2009), and
it is thus unclear how the interaction with LANA actually works
for viral genome segregation.

In either case, LANA has the capability of associating with vari-
ous cellular proteins so that KSHV can maintain the genome stably
if the cells are divided into two daughter cells. Nuclear matrix
proteins function as a scaffold of DNA replication, transcription,
and repair during the interphase, and also play an essential role
in the segregation of condensed chromosomes in mitosis. Con-
densed chromosomes include, for example, NuMA, which can
behave as a component of a spindle pole during mitosis, or Cenp-
E, which is a nuclear matrix protein during the interphase and is
distributed to kinetochores in mitosis. Taken together, the previ-
ous and present results suggest that nuclear architectures such as
the nuclear matrix have essential roles not only in DNA replication
and transcription but also in genome segregation during mitosis
(Figure 4).

CONCLUSION AND PERSPECTIVES FOR FUTURE ANALYSIS
The importance of nuclear architecture is increasingly recognized
as important in various nuclear events, such as DNA replication,

transcription, and DNA repair. It is well accepted that the chro-
mosomes are organized into distinct territories in the interphase.
These distributions of chromosomes are closely related to the
place for active or inactive transcription, the presence of DNA
replication machinery, and the formation of higher-order struc-
tures of chromatin loops. DNA looping appears to be mediated by
attachment to the nuclear matrix and thus achieves transcriptional
control (Ostermeier et al., 2003). Other studies have suggested that
the gene-rich chromosomes are frequently located in the nuclear
interior. On the other hand, gene-poor chromosomes are located
in the nuclear periphery (Tanabe et al., 2002; Reddy et al., 2008).
A recent study shows that the transcriptional silencing might be
accomplished by the binding of a specific promoter region to lamin
type A (Lee et al., 2009). It is reported that replication foci at the
middle to late S phase are also preferentially located toward the
nuclear periphery, whereas early replication foci are located in the
nuclear interior (Grasser et al., 2008) or throughout the nucleus
(Tzumi et al., 2004).

The spatial and temporal analyses using live-cell imaging
revealed that replication forks are generated at the same origin and
are closely associated during replication (Kitamura et al., 2006).
Interestingly, two replication loci, located at the same distance
from the origin, were in closer proximity when DNA replication
took place at these loci, after which they moved apart from each
other after replication. It is speculated that the replication fac-
tory anchors some region and that replicated DNA can move away
from a replication factory immediately after DNA synthesis. This
anchored region may be a nuclear scaffold such as the nuclear
matrix.

DNA replication Nuclear envelop breakdown

[LANA-iInteracting proteins)

\ , MeCP2
\ 8rd4, Brd2
\ /\ /| Histone H2A/8
| |~ LN A
] \{ \ / enp-F
NuMA
. / \ Bubl

G1/S phase

Distributions of
Nuclear matrix
proteins in mitosis

LANA and
KSHV genome

Y,

FIGURE 4 | A model for KSHV genome segregation. The KSHV genome
associates with the nuclear matrix through LANA, which exhibits nuclear
matrix localization activity. DNA replication factories are supposed to anchor
to the nuclear matrix, and DNA replication of the KSHV genome occurs on the
nuclear matrix at the G1/S phase. Nuclear architectures, including the nuclear
matrix, are disrupted at the prophase (nuclear envelope breakdown), and

Replication

lear matrix
factories el

<D

M-phase

nuclear matrix proteins drastically change these functions and distributions;
such as spindle pole or kinetochore proteins. It has been reported that KSHV
LANA interacts with various proteins such as MeCP2, Brd2, Brd4, Histone
H2A/B, Cenp-F, NuMA, Bub1, and so on. These interactions can associate a
sisterchromatid with LANA, and thus KSHV genomes can separate into two
daughter cells.
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The cellular environment is critical for viral survival, for
which viruses make full use of the cellular machinery. The analy-
sis of insoluble proteins, including nuclear matrix proteins, is
difficult for the investigation of protein—protein and protein—
DNA interactions in vitro, because the conditions of in vitro
experiments always include soluble fractions. To overcome these
problems, recent new approaches, such as genome-wide analysis
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Kaposi's sarcoma-associated herpesvirus (KSHV), a member of the herpesvirus family, has
evolved to establish a long-term, latent infection of cells such that while they carry the viral
genome gene expression is highly restricted. Latency is a state of cryptic viral infection
associated with genomic persistence in their host and this hallmark of KSHV infection leads
to several clinical-epidemiological diseases such as KS, a plasmablastic variant of multi-
centric Castleman’s disease, and primary effusion lymphoma upon immune suppression
of infected hosts. In order to sustain efficient life-long persistency as well as their life cycle,
KSHYV dedicates a large portion of its genome to encode immunomodulatory proteins that
antagonize its host's immune system. In this review, we will describe our current knowl-
edge of the immune evasion strategies employed by KSHV at distinct stages of its viral life
cycle to control the host's immune system.
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INTRODUCTION

Herpesviruses have co-evolved with their hosts for more than
one hundred million years. During this coevolution, hosts have
come to equip themselves with elaborate immune system to defend
themselves from invading viruses and other pathogens. In order
to establish infection and maintain latency, herpesviruses have
acquired a number of genes that cause selective suppression of
normal immune system functions and allow for an apathogenic,
persistent infection.

Kaposi’s sarcoma-associated herpesvirus [KSHV; also known as
human herpesvirus 8 (HHV8)] is a large double-stranded, DNA
oncogenic virus belonging to the gammaherpesvirus subfamily.
Its genome consists of a long unique region (LUR) encoding over
87 open reading frames (ORFs), at least 17 microRNAs, and a
variable number of GC-rich 801-bp large terminal repeat (TR)
elements. Like all other herpesviruses, KSHV can adopt one of
two lifestyles known as latency and lytic replication. In latency,
the viral genome is retained as a circular episome in the nucleus,
expressing only a minimal number of genes without producing
progeny virions. Lytic replication can be induced from the latency
state by a single master-switch viral gene, which encodes a tran-
scription factor known as RTA. The switch to lytic replication
from latency leads to the expression of the entire viral genome as
well as the production of progeny virions. Interestingly, KSHV
dedicates almost a quarter of its genome to immunomodula-
tory genes, most of which seem to be pirated from the host and
are cellular orthologs. Through these proteins, KSHV has devel-
oped elaborate mechanisms for outsmarting and adapting to the
host’s immune responses, ultimately establishing a life-long, per-
sistent infection within an immunocompetent host after primary
infection.

Herein, we summarize recent advances in our understanding
of how KSHV utilizes immunomodulatory genes to subvert the
antiviral immune responses of its host (Figure 1 and Table 1).

HOST IMMUNE SYSTEM OVERVIEW

The immune system provides numerous mechanisms of pro-
tection against invading pathogens like viruses. These immune
responses include both broad spectrum, innate responses, and
highly specific, adaptive responses. The innate immune system is
our first line of defense against invading organisms while the adap-
tive immune system acts as a second line of defense that also affords
protection against re-exposure to the same pathogen. In order
to overcome innate responses, KSHV proteins deregulate inter-
feron responses, the complement cascade, inflammatory cytokine
production, natural killer (NK) cell immunity, Toll-like receptors
(TLRs), apoptosis, and autophagy pathways. Furthermore, KSHV
employs several strategies to block the two adaptive arms of the
immune system: the humoral immune response arm (production
of antibodies by B cells) and the cellular immune response arm
(activities carried out by cytotoxic CD4™ and CD8™ T cells).

INNATE IMMUNITY

Interferon

Interferon (IFN) plays an important role as a primary defense
mechanism against viral infection by inhibiting viral replica-
tion, suppressing cell growth, promoting apoptosis, upregulating
antigen presentation, and modulating several signal transduction
pathways. To date, three distinct classes of IFN designated as types
I to III have been identified, classified according to their receptor
complex and amino acid sequence (Pestka et al., 2004; Sadler and
Williams, 2008). Type II IEN consists of a single gene, IFN-vy, that
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and adapt, during their life cycle.
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can interact with IFN-y receptor (IFNYR) complexes and induce
broad immune responses to pathogens other than viruses. Type I1I
IFNs (namely, IFN-)1, -12, and -)3, also known as IL-28/29), and
type I IFNs (IFN-a/B) mainly regulate antiviral responses. Virus-
activated IFN-regulatory factors (IRFs) undergo phosphorylation,
dimerization, and nuclear translocation, ultimately turning on
positive regulators of the transcription of type I IFN and type
III IFN genes (Sadler and Williams, 2008; Trinchieri, 2010).

Remarkably, KSHV encodes four viral IRFs (vIRF1-4) that
show homology with cellular IRFs in one cluster region of its
genome, and employs them as negative regulators that subvert
host IFN-mediated immune responses ( Takaoka et al., 2008). They
are all expressed during lytic reactivation, but vIRF1 and vIRF3
[also know as latency-associated nuclear antigen (LANA2)] have
also been detected in latently infected cells. This suggests that
although vIRFs may function redundantly, they may act indepen-
dently depending on the cell type and the stage of the viral lifecycle
to thereby elicit disparate and distinct mechanisms of IFN evasion
(Cunningham et al., 2003; Lee et al., 2009a). A number of pre-
vious studies have shown that vIRFs associate with and regulate
cellular IRFs, other transcriptional factors and cofactors rather
than directly interacting with DNA to inhibit IFN-induced gene
transcripts (Takaoka et al., 2008; Tamura et al., 2008; Lee et al,,
2009a, 2010).

vIRF1 (K9). Viral IRF1 was the first VIRF found to effectively
repress cellular IFN responses (Gao et al., 1997; Zimring et al,,
1998). vIRF1 does not compete with IRF1 for DNA binding
although it inhibits IRF1 transcriptional activity (Zimring et al.,
1998). Alternatively, vIRF1 binds to transcriptional cofactor p300
and interferes with CBP/p300-IRF3 complex formation along
with p300 histone acetyltransferase (HAT) activity, thus prevent-
ing IRF3-mediated transcriptional activation (Li et al., 2000; Lin
et al., 2001).

vIRF2 (K11/K11.1). Full length vIRF2, translated from two
spliced exons (K11 and K11.1), accelerates IRF3 degradation and
inhibits IRF3 transactivation, thereby repressing IRF3-mediated
IEN-B transcriptional activity (Areste et al., 2009). In addition,
vIRF2 inhibits IFN-a/p driven signaling as well as signaling
induced by IFN-\ (Fuld et al., 2006). The underlying mechanism,
however, has yet to be defined. In a recent study, vIRF2 reduced
the activation of the IFN-induced interferon-response element
(ISRE) promoter through the deregulation of IFN-stimulated gene
factor-3 (ISGF-3), (Mutocheluh et al., 2011). It is suggested that
VIRF2 possesses pleiotropic activity of inhibiting early type I IFN
(IFN enhanceosome-dependent) and delayed type I IFN (ISGF-
dependent) responses. Previous studies have shown that the first
exon of VIRF2 (K11.1) interacts with cellular IRF1, IRF2, IRF8,
RelA, and p300 (Burysek and Pitha, 2001). Furthermore, vIRF2
prevents PKR kinase activity to overcome IFN-o/f-mediated
antiviral effects (Burysek and Pitha, 2001).

vIRF3 (K10.5). Viral IRF3 interaction with cellular IRF7 sup-
presses IRF7 DNA binding activity and, therefore, inhibits IFN-
mediated immunity through the inhibition of IFN-a production
(Joo et al., 2007). Remarkably, a putative double a-helix motif of
vIRF3 (residues 240-280) that has been shown to be responsible

for the interaction of vIRF3 with IRF7 is also sufficient to bind
to IRF5 (Wies et al., 2009). As a result of this interaction, vIRF3
inhibits IRF5-mediatd ISRE and IFN-f promoter activity (Wies
et al., 2009). It was recently shown that vIRF3 is required for the
survival of primary effusion lymphoma (PEL) cells. RNA inter-
ference (RNAi) knockdown of vIRF3 in PEL cells reduced cell
proliferation by releasing IRF5 from p21 promoter transcription
complexes.

While it remains to be discovered whether vIRF4, the most
recently identified member of the vIRF family, affects IFN-
mediated innate immunity, the downregulation of the IFN-
regulatory pathway is a common characteristic of the vIRFs, whose
functions have been well studied, as IRF3 and IRF7 are key initi-
ation factors of the host immune surveillance program against
viral infection. Accordingly, in addition to vVIRFs, other viral pro-
teins restrain the type I and II IFN signaling pathways. The LANA
protein, expressed during viral latency, competes with IRF3 for
binding to the IFN-f promoter, thus preventing the expression of
the CREB-binding protein as well as inhibiting IFN-B transcrip-
tion (Cloutier and Flamand, 2010). Three immediately early gene
products, K8, ORF45, and RTA, are also involved in the inhibition
of IFN pathway in distinctive manners. The K8 (K-bZIP) pre-
cludes efficient IFN-§ gene expression by impeding IRF3 binding
to the IFN-B promoter through a direct interaction with the IFN-f
promoter (Lefort et al., 2007). ORF45 interacts with IRF7, pre-
venting its phosphorylation and subsequent translocation into the
nucleus, hence impairing this amplification loop in type I IFN pro-
duction (Zhu et al., 2002). RTA antagonizes type I IFN-mediated
antiviral response, enhancing the ability of RTA-associated ubiqui-
tinligases (RAUL) to degrade IRF7 and IRF3 (Yu et al.,2005; Yuand
Hayward, 2010). Much less is known about the state of type I [IFN
signaling in infected cells. Bisson et al. (2009) demonstrated that
lytically infected cells display profound defects in IFN-mediated
STAT activation. More recent studies have demonstrated that an
early protein RIF (the product of ORF10) forms complexes with
Jakl, Tyk2, STAT2, and both IFNAR subunits, resulting in the
inhibition of the kinase activities of both Jakl and Tyk2 (Bisson
et al., 2009). In addition, KSHV ORF64, a tegument protein with
deubiquitinase (DUB) activity, suppresses retinoic acid-inducible
gene I-mediated IFN signaling by reducing the ubiquitination
of RIG-1 upon KSHYV infection (Inn et al., 2011). In summary,
KSHV dedicates almost 10% of its gene production to modu-
lating host IFN responses, further indicating the importance of
IFN-mediated innate immunity as a primary defense mechanism
against viral infection. Recently, HIV-1 Vpu led to the discov-
ery of the interferon-induced transmembrane protein, tetherin
(BST-2, CD317), as a novel component of host innate defense
against enveloped viruses. Thus far, six viral proteins have been
reported to counteract tetherin: HIV-1 Vpu, HIV-2, SIV Env, SIV
Nef, Ebola glycoprotein (GP), and KSHV K5 (Neil et al., 2008; Van
Damme et al., 2008; Jia et al., 2009; Kaletsky et al., 2009; Le Tortorec
and Neil, 2009; Mansouri et al., 2009; Zhang et al., 2009). KSHV
K5 induces the proteasomal degradation of tetherin during pri-
mary infection and upon reactivation from latency in endothelial
cells. Furthermore, tetherin reduces KSHV release upon inhibition
of K5 expression by small interfering RNA (siRNA), suggesting
that tetherin is part of the IFN-induced innate immune response
against KSHV (Mansouri et al., 2009; Pardieu et al., 2010).
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P53 tumor suppression regulation
p53 (also known as tumor protein 53, TP53) is a transcriptional
factor often described as the “guardian of the genome” because
of its major roles in cell cycle arrest and in inducing apoptosis
in response to a myriad of cellular stresses such as DNA dam-
age and viral infection (Vogelstein et al., 2000; Collot-Teixeira
etal., 2004). Therefore, viruses openly employ products that over-
come the action of p53 to circumvent its growth-suppressive and
proapoptotic actions (Coscoy, 2007; Liang et al., 2008; Lee et al.,
2009a).

p53 is activated in a specific manner by post-translational mod-
ifications thatlead to either cell cycle arrest, a program that induces
cell senescence, or cellular apoptosis. Activation of the p53 net-
work by stressors including virus replication and DNA damage is
marked by two major events. First, the half-life of the p53 protein
is increased drastically, leading to a quick accumulation of p53 in
stressed cells (Collot-Teixeira et al., 2004). Second, a conforma-
tional change activates p53 as a transcriptional regulator in these
cells, stimulating the phosphorylation and acetylation of p53 to
increase the levels of activated p53. Activated p53 then binds to its
regulatory region, which activates the expression of several target
genes leading to diverse cellular responses, such as apoptosis, cell
cycle arrest, or DNA repair (Harris and Levine, 2005). When p53
is no longer needed, it is ubiquitinated by murine double minute
2 (MDM2) and translocates from the nucleus to be degraded
(Michael and Oren, 2003; Bond et al., 2005). In order to hinder
p53-mediated irreversible cell cycle arrest and apoptosis, viruses
need to tightly regulate the expression and/or functions of p53.

Viral IRFs. Notably, mounting studies show that vIRFs have
remarkable functional redundancy in inhibiting p53-mediated cell
cycle arrest and apoptosis. vIRF1 suppresses its acetylation, imped-
ing the transcriptional activation of p53, resulting in a decrease
in p53 target gene expression and transcription (Nakamura et al.,
2001;Seo etal.,2001). Moreover, vVIRF1 blocks ATM kinase activity,
thereby reducing p53 phosphorylation and increasing p53 ubiq-
uitination (Shin et al., 2006). Like vIRF1, vIRF3, and vIRF4 also
interfere with p53 signaling. The B cell-specific, latently expressed
vIRF3 inhibits p53-mediated transcriptional activity and apopto-
sis through its interaction with p53, although the way in which
it targets the p53 pathway is not clear (Rivas et al., 2001). vIRF4
targets two major components, HAUSP and MDM2, of the p53
pathway to effectively reducing p53 and suppressing p53-mediated
apoptosis. Furthermore, vVIRF4’s actions with HAUSP and MDM?2
are functionally and genetically separable and the vIRFA-MDM?2
interaction has a more significant role in downregulating p53 than
the vVIRF4-HAUSP interaction (Lee et al., 2009b, 2011).

LANA (ORF73). Similar to vIRF3, the LANA also acts as neg-
ative regulator of the p53 pathway. LANA physically interacts
with p53 to repress its transcriptional and translational activity
(Friborg et al., 1999; Si and Robertson, 2006; Chen et al., 2010).
Ultimately, LANA inhibits the ability of p53 to induce cell death,
thereby, promoting chromosomal instability (Friborg et al., 1999;
Siand Robertson, 2006). Initially, the modulation of p53 transcrip-
tional activity by LANA was reported to be neither through p53
degradation nor inhibition of its DNA binding ability. However, a
later report indicated that expression of LANA leads to decreased

p53 protein levels due to LANA enhanced ubiquitination and
degradation of p53 (Suzuki et al., 2010).

Cytokine regulation

Viral infection stimulates the production of cytokines and
chemokines, secreted proteins that enable either the positive or
negative regulation of the immune responses. They have crucial
roles in inducing the migration of immune cells to areas of infec-
tion, immune regulation, antiviral defense, as well as the capacity
of targets cells to support viral replication. Therefore, it is not
surprising to find that many viruses benefit from an antagonism
of cytokine activity by encoding proteins homologous to cellular
cytokines (virokines), chemokine receptors (viroceptors), and/or
secreting chemokine-binding proteins. Alternatively, viruses also
utilize viral proteins to neutralize cytokine activities and may use
cytokine pathways to induce cell proliferation, cell migration, or
control homeostasis to enhance viral replication.

Viral cytokine (vIL-6). KSHV K2, an early lytic gene, encodes
a viral interleukin, vIL-6, which shows homology to cellular IL-6
(Swanton et al., 1997). vIL-6 directly binds to and activates gp130
without the need of the gp80 a-subunit of the IL-6 receptor for IL-
6 signal transduction (Molden et al., 1997; Hoischen et al., 2000
Chow et al., 2001; Chatterjee et al., 2002; Chen et al., 2009). As
a functional consequence, vIL-6 mimics a number of IL-6 activ-
ities, including stimulation of IL-6 dependent proliferation of B
cells, activation of the JAK/STAT pathway and stimulation of cells
by intracellular signaling (Molden et al., 1997; Burger et al., 1998;
Meads and Medveczky, 2004). Furthermore, vIL-6 plays impor-
tantroles as an angiogenic factor through the induction of vascular
endothelial growth factor (VEGF; Aoki et al., 1999), the promotion
of Th2-cell development by increasing CCL2 expression, as well
as blocking IFN response (Chatterjee et al., 2002; Diehl and Rin-
con, 2002). Moreover, secreted vIL-6 can be detected from latently
infected KSHV-positive B cells and contributes to the survival and
growth of PEL cells (Moore et al., 1996; Foussat et al., 1999; Mori
et al., 2000; Chen et al., 2009). Hence, it is indicated that vIL-6 has
distinctive functions in latency, where it promotes the growth and
survival of infected cells for the maintenance of the latent virus
within host cells, and lytic replication, where it protects virally
infected cells from undergoing growth arrest and cell death.

Viral chemokines (vCCL-1, vCCL-2, vCCL-3). KSHV contains
three virally encoded chemokines: vCCL-1 (K6/vMIP-I), vCCL-
2 (K4/vMIP-II), and vCCL-3 (K4.1/vMIP-III), (Lee et al., 2010).
vCCL-1, vCCL-2, and vCCL-3 can activate signal transduction
through CCR3/CCR8, CCR8, and CCR4, respectively. Interest-
ingly, they appear to be chemoattractants that specifically target
Th2 lymphocytes as these chemokine receptors are preferentially
expressed on Th2 cells, and not Thl cells (Choi and Nicholas,
2008). It is indicated that KSHV CCLs act as Th2-cell chemokine-
receptor agonists and can polarize the adaptive immune response
toward a predominantly Th2-type response at sites of KSHV infec-
tion, potentially reducing the efficacy of host antiviral responses.
Likewise, vCCL-2 acts as an antagonist by inhibiting a broad range
of CC and CXC receptors expressed by Thl cells and effectively
blocks the RANTES-induced arrest of monocytes while promot-
ing the arrest of eosinophils (Chen et al., 1998; Weber et al., 2001;
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Choi and Nicholas, 2008). Aside from their immune modula-
tory functions, vCCLs may further contribute to KSHV-associated
disease by enhancing angiogenic responses through the induction
of VEGF (Masood et al., 1997; Nakamura et al., 1997; Dittmer
et al., 1998).

vGPCR (ORF74). The KSHV-encoded vGPCR (ORF74) is a
seven-transmembrane, IL-8 receptor homolog that possesses
promiscuous chemokine-binding activity (Swanton et al., 1997;
Bais et al., 2003). Moreover, it has been shown that vGPCR
constitutively activates mitogen-activated protein kinase (MAPK)
cascades, p38 MAPK (Sodhi et al., 2000), Akt/protein kinase B
(Cannon, 2007), mTOR (Montaner, 2007), as well as some small
GTPases, like RhoA and Racl (Bottero et al., 2010). Consequently,
certain transcription factors, including AP-1, NFAT, NF-«B, HIF-
a, and cyclic AMP response element binding protein (CREB)
have been shown to be activated by vGPCR expression, which
in turn, lead to the expression of growth factors, proinflammatory
cytokines, as well as angiogenic factors (Sodhi et al., 2000; Cannon
et al., 2003; Cannon and Cesarman, 2004; Montaner et al., 2004).
Expression of vGPCR in transgenic mice causes KS-like lesions
characterized by increased vascularization and the recruitment of
inflammatory cells (Bais et al.,2003; Montaner et al.,2003). Among
the multiple intracellular pathways stimulated by vGPCR men-
tioned above, the PI3K/Akt/mTOR pathway has recently drawn
great attention for its contribution to KS development. Notably,
VvGPCR expression was detected in only a very few cells within the
tumor mass and other tissues, indicating that there is a paracrine
effect, perhaps due to the enhanced activation of PI3Ky (Martin
etal.,2011). The fact that expression of vGPCR is restricted to the
lytic phase of KSHV replication has raised arguments against its
role in pathogenesis and further examination will be required.

vCD200 (K14). Another negative regulator of inflammatory sig-
naling is K14, a surface glycoprotein (vOX2) expressed during the
early lytic phase. It shows significant homology with OX2, also
named CD200, a member of the immunoglobulin superfamily
that is broadly distributed on the surface of cells (Chung et al,,
2002). It was initially thought that vCD200 promotes the secre-
tion of proinflammatory cytokines upon stimulation of mono-
cytes, macrophages and DCs through an undefined receptor, to
promote cytokine-mediated proliferation of KSHV-infected cells
(Chung et al., 2002). However, vCD200 was later shown to down-
modulate proinflammatory cytokines via a direct interaction with
cellular CD200R, inhibiting myeloid cell activation and reduc-
ing Th1-cell-associated cytokine production (Foster-Cuevas et al.,
2004; Rezaee et al., 2005; Shiratori et al., 2005). Furthermore,
vCD200 has also been shown to suppress neutrophil-mediated
inflammation in mice (Rezaee et al., 2005), suggestive of vCD200-
mediated immunosuppressive activities in KSHV infection. Over-
all, mounting data hasled to the conclusion that vCD200 can cause
immune dysfunction associated with persistent infection, but the
immunomodulatory role of v€D200 is still controversial. Recently,
Salata et al. (2009) reported that vCD200 acts as a proinflamma-
tory stimulus in the early stage of viral infection (or reactivation),
while contributing to the downregulation of macrophage immune
response activities, from phagocytosis to antigen presentation, in
later stages.

TLR signaling

Toll-like receptors are transmembrane proteins expressed by vari-
ous immune and non-immune cells of the innate immune system
that recognize invading infectious agents and initiate signaling
pathways, culminating in the increased expression of immune and
inflammatory genes. To date, 11 human TLRs and 13 murine TLRs
have been identified. Each TLR contains 21-25 leucine-rich repeat
regions that specifically recognize a variety of pathogen associ-
ated molecular patterns (PAMPs), (Akira et al., 2006). TLRs are
expressed in distinct cellular compartments: TLR1, TLR2, TLR4,
TLR5, and TLR6 are expressed on the cell surface, whereas TLR3,
TLR7, TLR8, and TLRY are expressed in intracellular vesicles such
as the endosome and ER (O’Neill and Bowie, 2010). Accumulated
evidence in relation to TLR signal transduction has demonstrated
that TLR3, TLR4, TLR7, TLRS8, and TLR9 are involved in the
recognition of viruses by way of binding to RNA, DNA, or viral
glycoproteins (Akira and Takeda, 2004; Kawai and Akira, 2006). A
recent growing body of information is beginning to shed light on
TLR recognition of KSHV: KSHYV infection of human monocytes
enhance TLR3 expression and induction of cytokines including
IFN-B1, CCL2, and CXCL10 (West and Damania, 2008). Infec-
tion of endothelial cells with KSHV causes suppression of TLR4
through the activation of the extracellular signal-regulated kinase
(ERK) MAPK pathway via viral gene expression-independent
mechanisms and viral gene expression dependent mechanisms by
way of vIRF1 and vGPCR (Lagos et al., 2008). In addition, stim-
ulation of TLR7 and TLRS reactivates KSHV in latently infected
B lymphocytes (Gregory et al., 2009). A later study has shown
that KSHYV infection of plasmacytoid dendritic cells (pDCs) acti-
vates the TLRY signaling pathway, leading to the upregulation of
CD83 and CD86, and secretion of IFN-a (West et al., 2011). Over-
all, there is evidence that KSHV has developed different ways to
escape TLR-mediated detection throughout their lifecycle to limit
KSHV lytic replication and facilitate the establishment of latency.

Modulation of inflammasome pathway

Inflammasomes are emerging as key regulators of host responses
against infectious agents. When a pathogen invades sterile tis-
sues or elicits cellular damage, it can cause the activation of NLRs
(nucleotide binding and oligomerization, leucine-rich repeat) that
then trigger inflammasomes, molecular platforms composed of
oligomers of specific NLRs, pro-caspase 1, and an adaptor pro-
tein called ASC (apoptotic-associated speck-like; Martinon et al.,
2002). These cytosolic multiprotein complexes activate cysteine
protease caspase 1, leading to the processing and secretion of the
proinflammatory cytokines, IL-18,1L-18,and IL-33 (Masters et al.,
2009; Schroder and Tschopp, 2010; Lamkanfi and Dixit, 2011).
In addition, production of IL-1f and IL-18 is associated with
a caspase 1-mediated inflammatory cell death program known
as pyrotosis (Ting et al., 2008; Miao et al., 2010). Therefore, it
is not surprising that viruses have evolved a variety of strate-
gies to interfere with inflammasome activation and downstream
signaling cascades (Lamkanfi and Dixit, 2011).

Recently, Gregory et al. found that KSHV ORF63 shows
sequence similarity to a NLR family member, NLRP1, and hinders
the interaction between NLRP1 and pro-caspase 1 through a direct
interaction with NLRP1 oligomerization domains. Thus, ORF63
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reduces caspase 1 activity and lowers production of IL-1f and
IL-18. Interestingly, ORF63 also interacts with two additional
NLR family members, NOD2 and NLRP3, and may thus broadly
inhibit NLR inflammasome responses (Gregory et al., 2011).
Taken together, KSHV deploys ORF63 to prevent inflammasome
assembly and further enhance viral virulence.

Apoptosis and autophagy

A common cellular defense against pathogenic invasion is cell
death by two programmed cell death (PCD) mechanisms: apop-
tosis (“self-killing”) and autophagy (“self-eating”), (Maiuri et al.,
2007). These two PCDs are characterized by distinctive morpho-
logical and biochemical changes and both are highly conserved and
tightly regulated processes that are essential for cell homeostasis,
disease, and development. Apoptosis is the best-described cellu-
lar suicide mechanism against invading pathogens that involves
a cascade of internal proteolytic digestion that result in the rapid
demolition of cellular infrastructure (Danial and Korsmeyer, 2004;
Green, 2005). By contrast, autophagy has been historically recog-
nized as a cellular survival program that is involved in homeostasis
by removing damaged or superfluous organelles through lysoso-
mal degradation and recycling of cytoplasmic material delivered
to autophagosomes (Maiuri et al., 2007; Kim et al., 2010; Liang
and Jung, 2010). Recently, a growing body of evidence suggests
that apoptosis and autophagy are not mutually exclusive path-
ways even though these two pathways seem to act independently.
The functional relationship between apoptosis and autophagy is
complex, with autophagy serving as a cell survival pathway that
suppresses apoptosis that can also lead to cellular demise called
autophagic cell death (type II PCD) in other cellular settings.
Currently, a number of pathways that link the apoptotic and
autophagic machineries and polarize the cellular response to favor
one over the other have been deciphered at the molecular level. For
instance, several apoptosis signaling molecules including TNF-
o, TRAIL, FADD, and p53, also mediated autophagy. Likewise,
Atg5, an autophagy effector, triggers apoptosis through its inter-
action with FADD (Mills et al., 2004; Feng et al., 2005; Levine,
2005; Lum et al., 2005; Pyo et al., 2005; Thorburn et al., 2005),
while the inhibition of the class I PI3K, AKT, and mTOR path-
ways suppress both apoptosis and autophagy (Arico et al., 2001).
Hence, it is not surprising that KSHV employs some gene prod-
ucts that target the crosstalk between apoptotic and autophagic
signaling to evade and subvert this part of the overall host sur-
veillance mechanism directed at blocking viral replication and
dissemination.

vFLIP (K13). The K13 (ORF71) latent viral gene encodes
viral FLICE (Fas-associated death-domain like IL-1 B-converting
enzyme) inhibitory protein (vFLIP), a truncated homolog of cel-
lular FLIP (cFLIP), (Dittmer et al., 1998; Fakhari and Dittmer,
2002). The vFLIP gene is expressed in KS and PEL cells from
a polycistronic mRNA encompassing the latency locus. As such,
vFLIP can inhibit extrinsic death-receptor-mediated apoptosis
pathway by preventing the activation of caspases, including cas-
pase 8 (Djerbi et al., 1999), and additionally associates with the
IKK complex and heat shock protein 90 (HSP90) to induce the
expression of anti-apoptotic proteins via the activation of NF-kB

(Chaudhary etal., 1999; Liu et al., 2002; Field et al., 2003; Bubman
et al., 2007). The induction of NF-kB activity has been linked to
at least two aspects of KSHV-infected pathogenesis: viral latency
and oncogenesis. On the other hand, NF-kB activation by vFLIP is
crucial for its inhibition of lytic replication via the AP-1 pathway
(Zhao et al., 2007; Ye et al., 2008). vFLIP likely contributes to a
proinflammatory microenvironment given that its expression was
found to induce NF-kB-regulated cytokine expression and secre-
tion (Grossmann et al., 2006; Sun et al., 2006). Taken together,
VFLIP appears to directly contribute to KSHV pathogenesis with
functions in viral infected cell survival, transformation, inflam-
matory activation and latency control. Lately, vFLIP has not only
been recognized to possess anti-apoptotic activities, but addition-
ally serves as an anti-autophagy protein through its prevention of
Atg3 binding to and processing of LC3, a protein involved in the
elongation step of autophagy (Lee et al., 2009¢).

vBcl-2 (ORF16). KSHV ORF16 encodes the viral Bcl-2 protein
that generally shares 15-20% amino acid identity with human cel-
lular homologs and inhibits apoptosis induced by virus infection
and the pro-death protein BAX (Cheng et al., 1997; Sarid et al.,
1997). Furthermore, recent evidence shows that vBcl-2 suppresses
the cellular autophagy pathway through its direct interaction with
the autophagy protein Beclin-1 (Pattingre et al., 2005; Liang et al.,
2006). Although vBcl-2 possesses low degrees of homology with
most regions of cellular Bcl-2 except the Bcl-2 homology (BH)
1 and BH2 domains, vBcl-2 shares three-dimensional structural
conservation with Bcl-2 family members such that they all contain
a central hydrophobic cleft called the BH3-peptide binding groove
(Cheng et al., 1997; Huang et al., 2002; Loh et al., 2005). Interest-
ingly, the BH3 binding cleft of vBcl-2 binds with high affinity
and specificity with BH3-containing molecules (BAX, BAK, BIM,
PUMA, BID, and Noxa) as well as selective binding to Beclin-1. It
is thus possible that vBcl-2 may direct apoptosis and autophagy
through a coordinated control of the two pathways. vBcl-2 is
transcribed during lytic viral infection (Sarid et al., 1997; Paulose-
Murphy et al., 2001) so inhibition of apoptosis and autophagy by
vBcl-2 may function to prolong the life-span of KSHV-infected
cells, which in turn enhances viral replication and establishment
of latency. In summary, KSHV has evolved to acquire viral versions
of Bcl-2 and FLIP to avoid elimination by the host’s apoptotic and
autophagy-mediated immune responses.

COMPLEMENT

The complement system has long been considered to be a part of
the innate immune defense system that also bridges innate and
adaptive immune responses, activated spontaneously in response
to pathogen surface components or antibodies to help clear
pathogens from an organism (Blue et al., 2004; Morgan et al.,
2005). The complement system is comprised of 30 different pro-
teins that are either circulating in the serum or attached to the cell
surface, and they shared a common structural motif known as the
short consensus repeat (SCR). They orchestrate three distinct cas-
cades, termed the classic, alternative, and mannose-binding lectin
pathways, which contribute to four major functions: lysis of infec-
tious organisms, activation of inflammation, opsonization, and
immune clearance. All three cascades converge at C3 convertase
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assembly, which can either initiate the opsonization of the foreign
body or continue to activate C5 and thus propagate the cascade
(Dunkelberger and Song, 2010).

KCP (ORF4)

It is not surprising that KSHV encodes its own inhibitor of the
complement system in ORF4, designated as KSHV complement
control protein (KCP). Three lytic protein isoforms are produced
by alternative splicing (Spiller et al., 2003b). All three isoforms
retain four SCR domains and a transmembrane region, and can
regulate complement by accelerating the decay of the classical C3
convertase and acting as cofactors for the inactivation of C3b and
C4b, components of the C3 and C5 convertases (Spiller et al.,
2003a, 2006; Mark et al., 2008). KCPs are expressed and incorpo-
rated onto the surface of the virions during lytic infection, and have
been detected at the surface of de novo infected endothelial cells

after induction of Iytic replication as well as at the surface of KSHV-
infected cells from patients with PEL (Spiller et al., 2003b, 2006).
Moreover, other y-herpesviruses also encode KCP homologs indi-
cating that an anti-complement defense system is essential during
KSHYV infection (Fodor et al., 1995; Kapadia et al., 1999; Okroj
etal., 2009).

ADAPTIVE IMMUNITY

B cell-dependent immune response

B lymphocytes are the major cell type involved in the creation of
antibodies, also known as humoral immunity. Antibodies (e.g.,
IgG, IgM, and IgA) are produced by plasma cells, have been stimu-
lated by CD4 " Th cells, which activate B cells through a signaling
mechanism involving binding of CD40 on the B cell surface to
CD40 ligand. In lymph nodes, naive B cells recognize cognate
antigen by their surface antibodies, become activated, switch from

Table 1 | Anti-immune strategies of KSHV.

Strategy Gene product Function
INNATE IMMUNE EVASION
Inhibit interferon VIRF1 Inhibition of IRF3-mediated transcription

VIRF2 Suppression of IRF1 and IRF3
VIRF3 Inhibition of IRF7 DNA binding activity
LANA Competing with IRF3
K8 (K-bZIP) Impede IRF3 binding on IFN-B promoter
ORF45 Prevent IRF7 activation
ORF50 (RTA) Promotes IRF7 degradation
ORF64 Suppression of RIG-1
Regulation of p53 tumor suppression VvIRFs Suppression of p53
LANA Repress transcriptional activity of p53
Inhibit cytokines/chemokines K6 (vCCL-1) CCR8 agonist, Th2 chemoattractant
K4 (vCCL-2) CCR3 and CCR8 agonist
C-, CC-, CXC-, and CX3C-chemokine antagonist
K4.1 (vCCL:3) CCR4 agonist, Th2 chemoattractant
K14 (vCD200) Inhibition of myeloid cell activation, reduction of
Th1-associated cytokine production
K2 (vIL-6) B cell growth factor
ORF74 (vGPCR) Homolog of the cellular 1L-8 receptor
TLR signaling vIRF1, vGPCR Suppression of TLR4
Modulation of inflammasome pathway ORF63 Decrease caspase 1 activity and lower production
of I-18 and IL-18
Inhibit apoptosis and autophagy K13 (vFLIP) Inhibition of caspase 8 activity
Prevent Atg3 interaction
ORF16 (vBcl-2) Bind proapoptotic Bak and Bax proteins
Direct bind with Beclin-1
Inhibit complement ORF4 (KCP) Inhibit complement activation
ADAPTIVE IMMUNE EVASION
Inhibit humoral immune response K5 Induces tetherin degradation
Inhibit MHC class | antigen presentation K3 Downregulates MHC class | molecules as well
as CD1d
K5 Downregulates HLA-A and HLA-B as well as
CDid
VIRF1 Downregulates MHC class 1
VIRF3 Downregulates MHC class
Inhibit the co-stimulation K5 Downregulates ICAM1, B7-2
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IgM to IgG production (class-switch), increase their immunoglob-
ulin specificity and affinity, and differentiate into plasma cells or
memory B cells as the cell continues to divide in the presence of
cytokines. As a general host defense mechanism, antibodies can
directly neutralize viruses by sterically hindering the receptor—
virus ligand interaction or by inducing conformational changes in
viral receptor ligands. Other indirect effects caused by antibodies
include the recruitment or activation of the innate immune effec-
tor system such as antibody-dependent cell cytoxicity (ADCC),
engulfment of antibody-coated (opsonized) viruses by phagocytes,
and complement activation. B cells are the likely cellular reservoir
of KSHYV infection and KSHV seems to influence several aspects
of B cell biology through the modulation of humoral immune
responses.

Mounting evidence shows that a B cell terminal differentiation
factor, X-box binding protein 1 (XBP-1), can effectively initiate
KSHYV reactivation by activating the RTA promoter, thus provid-
ing a link between B cell development and KSHV pathogenesis
(Wilson et al., 2007; Yu et al., 2007; Dalton-Griffin et al., 2009).
Interestingly, PEL cells predominantly express the inactive form
of XBP-1, XBP-1u, but when the active form, XBP-1s, is induced,
the KSHYV lytic cycle is activated (Reimold et al., 1996). This raises
the possibility that in KSHV-infected B cells, latency is maintained
until plasma cell differentiation occurs.

T cell-dependent immune response

Unlike B cells, T cells recognize antigenic determinants asso-
ciated with self MHC molecules on the surface of antigen-
presenting cells (APCs) instead of soluble antigens. Classically,
during viral infection, the recognition of viral peptides pre-
sented by MHC class I molecules on cytotoxic T lymphocytes
(CTLs) is a key event in the elimination of cells producing
abnormal or foreign proteins, specifically during a virus infec-
tion. CTLs thus play a critical role in the control of a viral
infection, especially as a long-term immune surveillance effector
that can more quickly react against the same virus after a pri-
mary infection (Micheletti et al., 2002). CTL evasion is hence
a prerequisite for the replication of persistent viruses particu-
larly in the case of herpesviruses, which must establish a persis-
tent, latent infection, and must then reactivate in immunologi-
cally primed hosts to shed infectious virions. All herpesviruses
implement strategies that target key stages of the MHC class I
antigen presentation pathway with the goal of preventing the pre-
sentation of viral peptide to CTLs (for review see Alcami and
Koszinowski, 2000; Ambagala et al., 2005). For instance, KSHV
encodes two well-known inhibitors of MHC class I cell sur-
face molecules that effectively suppress CTL response to virus
infected cells.

Inhibition of MHC class I antigen presentation. The K3 and K5
proteins, also known as modulator of immune recognition (MIR)
1 and MIR2, consist of an N-terminal RING-CH domain harbor-
ing ubiquitin E3 ligases activity and two transmembrane domains
responsible for substrate recognition (Lehner et al., 2005). In con-
trast to other viral inhibitors of MHC class I, K3 and K5 do
not affect assembly or transportation of MHC complexes to the
cell surface. Instead, they interact with MHC class I molecules

through transmembrane interactions and trigger endocytosis and
proteasomal degradation of MHC class I molecules without affect-
ing their assembly or transport by ubiquitinating its cytoplasmic
tail (Coscoy et al.,, 2001). Interestingly, K3 downregulates the
expression of both canonical and non-canonical MHC class I mol-
ecules in humans (HLA-A, -B, -C, and -E), whereas K5 primarily
downregulates HLA-A and -B alleles due to substrate specificity
arising from TM interactions (Coscoy and Ganem, 2000; Ishido
et al., 2000; Sanchez et al., 2002; Wang et al., 2004). Addition-
ally, vIRF1 has been implicated to interact with p300 to prevent
basal transcription of MHC class I molecules and thereby down-
regulate MHC class I molecules on the cell surface of infected
cells (Lagos et al., 2007). Notably, from the viral perspective, the
virus must thwart both CTLs and NK cells because the down-
regulation of only MHC class I molecules renders infected cells
sensitive to NK cell-mediated lysis. NK cells recognize infected
cells in an antigen-independent manner and destroy such cells
via cytotoxic activities. Furthermore, they can rapidly produce
large amounts of IFN-y, which induces diverse antiviral immune
responses upon receptor activation, including the augmentation
of antigen presentation and activation/polarization of CD4* T
cells and macrophages (Goodbourn et al., 2000). Hence, K3 and
K5 also target gamma interferon receptor 1 (IFN-yR1) by induc-
ing its ubiquitination, endocytosis, and degradation, ultimately
resulting in the inhibition of IFN-yR1-mediated activation of
transcription factors (Li et al., 2007). Very recently, Schmidt et al.
reported that VIRF3 also contributes to viral immunoevasion by
downregulating of IFN-y and class II transactivator (CIITA), thus
MHC class II expression (Schmidt et al., 2011). Overall, it is sug-
gested that the downregulation of surface MHC class I molecules
and IFN- yR1 by K3- and K5-mediated ubiquitination and lyso-
somal degradation inhibits primary host immunity against viral
infection.

Inhibition of co-stimulation. The generation of a robust adap-
tive immune response requires the engagement of T cells with
professional APCs such as DCs, macrophages, and B cells. To
sufficiently activate T cells, costimulatory signals such as the inter-
action between CD28 and its ligands, B7-1 and B7-2 on APC
surfaces (Sperling and Bluestone, 1996; Chambers and Allison,
1999), and between intercellular adhesion molecules 1 (ICAM1)
and lymphocyte function-associated antigen 1 (LFA1; Dustin and
Springer, 1989) are essential. In addition to lowering the level of
MHC class I molecules, K5 also downregulates other components
of the immune synapse on the B cell surface such as ICAM (CD54)
and B7-2 (CD86), two co-activating molecules for NK cell activa-
tion, by inducing their endocytosis and degradation (Ishido et al.,
2000; Coscoy and Ganem, 2001).

Taken together, K3 seems to specifically target MHC class
I molecules, whereas K5 additionally targets multiple receptors
including MHC class I, CD86, and ICAM, with the overall effect
of preventing detection by CTL and NK cells (Nathan and Lehner,
2009; Manes et al., 2010). Even in a single gene overexpression sys-
tem, the resultant downregulation is sufficient to confer resistance
to immune cells in culture, and therefore may protect KSHV-
infected cells undergoing lytic replication in vivo. The contribution
of K3 and K5 to immune evasion in the context of viral genome
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during latency, however, is less clear. Their influence appears to
be most important in the early stages of KSHV infection, when
diminished detection by T cells can result in a reduced antiviral
cytokine responses and an impaired production of CTLs, thereby
allowing the virus to establish a persistent infection.

VIRAL microRNAs

MicroRNAs (miRNAs) are a copious class of evolutionarily con-
served small non-coding RNAs that are thought to modulate gene
expression post-transcriptionally by targeting mRNAs for degra-
dation or translational repression. miRNAs are 21-23 nucleotide
long RNAs that lack protein coding capacity and primarily reg-
ulate gene expression by binding to the 3’ untranslated region
(3'UTR) of target mRNAs (Bartel, 2004). The genomic regions
encoding miRNAs are generally transcribed into primary miR-
NAs (pri-miRNAs) by RNA polymerase II. The nuclease Drosha
cleaves pri-miRNA into precursor miRNAs (pre-miRNAs), which
are further processed by Dicer to produce mature miRNAs. miR-
NAs are loaded into a protein complex known as the RNA-induced
silencing complex (RISC) to inhibit the translation of target
mRNAs (Bartel, 2004). Through various methods of microRNA
target identification, miRNA have been found to regulate diverse
biological processes including cell cycle, development, differen-
tiation, and metabolism. Given the propensity of viruses to co-
opt cellular systems and activities for their benefit, it is perhaps
not surprising that several viruses have now been shown to
reshape the cellular environment by reprogramming the host’s
RNAi machinery. Indeed, most herpesviruses encode miRNAs
and KSHV in particular encodes 12 pre-miRNAs genes (miR-
K1-12) located in the latency locus (Ganem and Ziegelbauer,
2008; Cullen, 2009; Lei et al., 2010a; Ziegelbauer, 2011). These
pre-miRNAs are ultimately processed into mature miRNAs. Inter-
estingly, in some cases, mature miRNAs can undergo RNA edit-
ing along with variations at the 5 end of the mature miRNA,
leading to at least five different mature miRNAs arising from
one pre-miRNA (Pfeffer et al., 2004; Lin et al., 2010; Umbach
and Cullen, 2010). Very recently, Gottwein et al. revealed that
KSHV miRNAs directly target numerous cellular mRNAs, includ-
ing many involved in pathways relevant to KSHV pathogenesis
and replication (Table 2). Notably, around 60% of these miR-
NAs are also target EBV miRNAs in PEL cells (Gottwein et al,,
2011).

Table 2 | Summary of KSHV miRNAs.

Target miRNAs Biological effects

THBS1 miR-K12-1, -3, -6, -11 Angiogenesis

BCLAF1 miR-K12-5, -9, -10a, -10b  Viral replication, caspase inhibition
TWEAKR miR-K12-10a Anti-apoptosis, anti-inflammation
BACH-1 miR-K12-11 Viral replication

MICB miR-K12-7 Immune evasion

p21 miR-K12-1 Suppress growth arrest

RBL2 miR-K12-4 DNA alteration

NFKBIA miR-K12-1 NF-«B activation, maintain latency
KSHV RTA  miR-K12-9%, -7 -5 Maintain latency

Targeting of cellular mRNAs

As with other viral mechanisms of host interaction, viral miR-
NAs display redundancy in that multiple miRNAs target and
repress an individual cellular gene. In a gene expression pro-
file using microarray, Samols et al. identified a total of 81 genes
whose expression were significantly changed in cells stably express-
ing KSHV-encoded miRNAs. Among them, thrombospondin 1
(THBS1),a major regulator of cell adhesion, migration, and angio-
genesis showed a significant decrease by several KSHV miRNAs
including miR-K12-1, miR-K12-3-3p, miR-K-12-6-3p, and miR-
K-12-11. This consequently led to reduced TGF-8 activity (Samols
etal.,2007). Hence, it is indicated that these KSHV miRNAs poten-
tially contribute to KS angiogenesis by repressing the expression
of an angiogenesis inhibitor, THBS1. Another microarray study
showed that at least four miRNAs (miR-K-12-5, -9, -10a, and -
10b) target BCLAF1 (BCL-2 associated factor). Intriguingly, these
miRNAs sensitized latently infected cells to stimuli that induce
lytic reactivation (Ziegelbauer et al., 2009). This is a different phe-
notype from that proposed for the effect of KSHV miRNAs on
its own viral proteins, RTA (Lei et al., 2010b; Lu et al., 2010).
Thus, it is suggested that KSHV employs its miRNAs to fine-tune
gene regulation to either stabilize or destabilize latency. miR-K12-
10a, it causes the miR-K12-10a mediated knockdown of TWEAKR
(Tumor necrosis factor-like weak inducer of apoptosis receptor)
reduces the level of apoptosis and interleukin-8 (IL-8), (Abend
et al., 2010). Remarkably, the seed sequence of KSHV miR-K12-
11 is identical to that of cellular miR-155. These two miRNAs
consequently function as orthologs that downregulate the same
target genes including BACH-1(Gottwein et al., 2007; Skalsky et al.,
2007). Suppressing BACH-1 by miR-K12-11 increases expression
of an amino acid transport protein, xCT, which enables KSHV
propagation by cell fusion (Qin et al., 2010). Like HCMV and EBV,
KSHV miR-K12-7 has been shown to inhibit MICB (MHC class
I polypeptide-related sequence B) expression, thereby preventing
NK cell-mediated cell killing during KSHV infection (Nachmani
et al., 2009). To investigate the role of KSHV miRNAs in viral
latency, Lei et al. generated a mutant KSHV lacking its 14 miR-
NAs. Interestingly, KSHV miR-K12-1 targets the mRNA of NF-«kB
inhibitor IkBa, thus promoting viral latency by activating NF-kB
(Lei et al., 2010b). miR-K12-1 was also found to inhibit the cellu-
lar dependent kinase inhibitor p21 through a different mechanism
(Gottwein and Cullen, 2010). KSHV miR-K12-4-5P epigeneti-
cally regulates KSHV lytic replication by inhibiting a repressor of
DNA methyl transferases, Rbl2 (retinoblastoma-like protein2), to
increase the mRNA levels of DNA methyl transferase 1, 3a, and 3b
(Torio et al., 2007). In summary, KSHV miRNAs manipulate host
survival pathways to regulate viral latency and lytic replication.

Targeting of viral mRNAs

Currently, a validated viral target of KSHV miRNAs is RTA, a
well-known viral latent-lytic switch protein. In order to control
the expression of viral lytic genes, KSHV miR-K12-9* directly tar-
gets RTA (ORF50, lytic immediately early transcription factor) to
prevent viral reactivation (Lu et al., 2010). Another viral miRNA,
miR-K12-5, also antagonizes KSHV reactivation by consistently
inhibiting RTA expression (Lei et al., 2010b). Taken together, miR-
NAs are essential for controlling KSHV replication and latency by
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either directly targeting the expression of key viral lytic genes or
indirectly targeting cellular regulatory genes.

CONCLUDING REMARKS

As we have seen, viruses have learned to manipulate host immune
control mechanisms to facilitate their propagation by using cap-
tured host genes or evolving genes to target specific immune
pathways. Thus, viral genomes can be regarded as repositories
of important information of immune processes, offering us a
viral view of the host immune system. Hence, studies that add
to our growing knowledge of viral immunomodulatory proteins
might help us uncover new human genes that control immunity.
Their characterization will increase our understanding of not only
viral pathogenesis, but also normal immune mechanisms. Fur-
thermore, mechanisms used by viral proteins suggest strategies
of immune modulation that might have therapeutic potential.
With regards to the discovery of potential therapeutic reagents
through virus research, our recent study sets a notable precedent:
two peptides derived from the KSHV vIRF4 can additively inhibit

HAUSP, leading to p53-mediated tumor regression (Lee et al,
2011). Despite this significant advance, it is only the tip of the ice-
berg. Although numerous immune evasion mechanisms employed
by KSHV seem to be well understood, it is too early to translate
the knowledge we have obtained from basic science research into
developing more effective clinical management and therapies due
to the absence of tractable tissues culture or in vivo models for
KSHYV. Time after time, there is more to be learned from viruses.
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Kaposi's sarcoma (KS) is a highly vascularized tumor supporting large amounts of neo-
angiogenesis. The major cell type in KS tumors is the spindle cell, a cell that expresses
markers of lymphatic endothelium. KSHV, the etiologic agent of KS, is found in the spindle
cells of all KS tumors. Considering the extreme extent of angiogenesis in KS tumors at all
stages it has been proposed that KSHV directly induces angiogenesis in a paracrine fash-
ion. In accordance with this theory, KSHV infection of endothelial cells in culture induces
a number of host pathways involved in activation of angiogenesis and a number of KSHV
genes themselves can induce pathways involved in angiogenesis. Spindle cells are pheno-
typically endothelial in nature, and therefore, activation through the induction of angiogenic
and/or lymphangiogenic phenotypes by the virus may also be directly involved in spindle cell
growth and tumor induction. Accordingly, KSHV infection of endothelial cells induces cell
autonomous angiogenic phenotypes to activate host cells. KSHV infection can also repro-
gram blood endothelial cells to lymphatic endothelium. However, KSHV induces some
blood endothelial specific genes upon infection of lymphatic endothelial cells creating a
phenotypic intermediate between blood and lymphatic endothelium. Induction of path-
ways involved in angiogenesis and lymphangiogenesis are likely to be critical for tumor
cell growth and spread. Thus, induction of both cell autonomous and non-autonomous
changes in angiogenic and lymphangiogenic pathways by KSHV likely plays a key role in
the formation of KS tumors.

Keywords: Kaposi’s Sarcoma, HHV-8, angiogenesis, lymphangiogenesis, viral oncogenesis, Kaposi's Sarcoma-

associated herpesvirus

KAPOSI'S SARCOMA AND KSHV

Kaposi’s sarcoma (KS) was first described in the 1800s as a rare,
fairly indolent tumor of specific populations. This form of KS, now
referred to as classic KS, usually presents on the skin of the lower
extremities of elderly men of specific European regions and reli-
gious origins. In the middle of the twentieth century KS became
endemic in parts of Africa and is currently one of the most com-
mon tumors in parts of central Africa (Wabinga et al., 1993). In
the late twentieth century KS became one of the first AIDS defin-
ing illnesses and is the most common tumor of AIDS patients
world-wide. AIDS associated KS is generally far more aggressive
than classic KS, arising on the skin in many parts of the body as
well as in the oral cavity and can occur on internal organs where
it is often fatal.

While they differ in aggressiveness, all forms of KS are relatively
indistinguishable at the histological level. Grossly, the tumors have
a characteristic red to purple hue, indicative of the high vascu-
larization of the tumor. Histologically, the tumor exhibits large
vascular slits lined by flattened endothelium; the slits are often,
but not always, filled with blood cells. There are discernable lev-
els of extravasated red blood cells and infiltrating lymphocytes in
the tumor. While a number of cell types are present, the tumor
is predominantly made up of elongated spindle cells. The spindle
cells express endothelial cell markers on their surface including

CD31 and CD34, but express low levels of factor VIIIRa (Russell
Jones et al., 1995). Recent expression data and array studies have
found that spindle cells most closely resemble lymphatic endothe-
lium, expressing VEGF receptor 3 (VEGFR3), a specific marker
of lymphatic endothelial cells (Jussila et al., 1998; Skobe et al.,
1999; Weninger et al., 1999; Wang et al., 2004a). Other lymphatic
endothelial cell specific markers, including LYVE-1, podoplanin,
and Prox-1, are also expressed by the spindle cells (Carroll et al.,
2004; Hong et al., 2004; Wang et al., 2004a).

Based on the epidemiology and the multicentric nature of the
tumor, KS was predicted to have an infectious cause (Beral et al.,
1990).In 1994, KSHYV was discovered associated with all KS tumors
and is now considered to be the etiologic agent (Changetal., 1994).
KSHYV was the eighth human herpesvirus discovered and is sub-
classified as a gamma herpesvirus. Like all herpesviruses KSHV
has both a lytic and latent lifecycle. During lytic replication all
of the greater than 90 viral genes are expressed, the virus repli-
cates rapidly, produces infectious virions and ultimately causes
cell death likely due to a combination of host cell shut off and
virus production. During viral latency in endothelial cells, a lim-
ited number of genes are expressed from a single locus. This locus
includes LANA, vCyc, vFLIP, a family of proteins from a repeat
region called the Kaposins, and 12 pre-microRNAs encoding 17 or
more mature miRNAs. These latent genes are responsible for the
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maintenance of the latent viral episome as well as the survival of
latently infected cells.

In later-stage KS tumors, all of the spindle cells maintain infec-
tion with KSHV (Boshoff et al., 1995; Staskus et al., 1997; Dupin
et al., 1999). As expected the virus is predominantly found in the
latent state in spindle cells where the limited number of latent
genes and miRNAs are expressed (Staskus et al., 1997; Marshall
et al., 2007). However, approximately 1-5% of the spindle cells
express lytic viral genes and produce infectious virus. In addition
to spindle cells, KSHV is also found in other cell types in the KS
lesion including monocytes (Blasig et al., 1997). However, only
very low levels of these cells are infected in the tumor. KSHV can
only sporadically be detected in the endothelium lining the vas-
cular slits in the KS tumor (Dupin et al.,, 1999). KSHYV is also
associated with two lymphoproliferative diseases, primary effu-
sion lymphoma (PEL) a pleural cavity solid B-cell lymphoma,
and plasmablastic multicentric Castleman’s disease, a lymph node
B-cell growth (Cesarman et al., 1995; Soulier et al., 1995).

Because KS is an angioproliferative disease and the KS tumors
are highly vascularized even at early stages, it has been proposed
that KSHV may directly induce angiogenesis. Angiogenesis is a
tightly regulated process. Endothelial cells of the vascular system
are normally maintained in a quiescent, non-proliferating state.
However, during solid tumor formation, the secretion of pro-
angiogenic cytokines by tumor cells can activate nearby endothe-
lial cells to induce new blood vessel formation. Many of the
vascular slits identified in histological sections of early stage KS
lesions are lined by uninfected endothelium, suggesting they are
formed by endothelial cells activated in a paracrine fashion (Dupin
et al., 1999). These uninfected cells may later become infected, as
KSHYV has, in some cases, been detected in the cells surrounding
the vascular spaces of later-stage nodular KS (Boshoff et al., 1995;
Dupin et al., 1999).

Despite the evidence for paracrine activation of uninfected
endothelial cells, KSHV also likely activates infected endothe-
lial cells in an autocrine or cell autonomous fashion. Because
KS spindle cells are endothelial in origin, induction of the KS
tumor cell is similar to the processes of angiogenesis. Many of
the characteristics of activated endothelial cells and angiogene-
sis are also associated with oncogenesis, including proliferation,
migration, and metalloprotease expression. These same pheno-
types are induced in KSHV-infected endothelial cells. This review
discusses the recent evidence that suggests that (1) KSHV pro-
motes continual neovascularization through paracrine factors and
(2) KSHV may drive tumor cell growth through autocrine and cell
autonomous activation of angiogenic phenotypes.

PARACRINE INDUCTION OF ANGIOGENESIS BY KSHV

The vascular endothelial growth factor (VEGF) family of cytokines
plays a prominent role in regulation of angiogenesis (Breen, 2007).
VEGF-A and its receptors are required for embryonic vascular
development and are important for vascular permeability, prolif-
eration, and survival of newly formed vasculature. Several studies
have explored the role of VEGF-A in KS pathogenesis. VEGF-A
expression is detected in spindle cells of KS lesions, and its secre-
tion is known to be increased by inflammatory cytokines that are
present in the KS lesions (Samaniego et al., 1998). VEGF-A is also

expressed by KSHV-infected PEL cell lines and conditioned media
from these cells is sufficient to induce capillary morphogenesis
by endothelial cells (Liu et al., 2001; Akula et al., 2005; Subra-
manian et al., 2010). Infection of endothelial cells with KSHV
directly leads to increased expression of VEGF-A (Masood et al.,
2002; Sivakumar et al., 2008; Wang and Damania, 2008). Further,
KSHV conditioned media has been shown to regulate angiogenic
phenotypes in endothelial cells (Sharma-Walia et al., 2010). There-
fore, KSHV induction of VEGF-A is likely to be critical for both
the induction of angiogenesis as well as the activation of infected
spindle cells.

Although the mechanisms by which KSHV induces VEGF-A
expression and secretion are still unclear, several potential path-
ways have been uncovered. Hypoxia induced factor (HIF)-1la is
a transcription factor that has been shown to be important for
upregulation of VEGF-A (Sodhi et al., 2000; Shin et al., 2008). HIF-
lais readily degraded during normal oxygen conditions. However,
during hypoxia, HIF-1a is stabilized and can induce expression
of genes through hypoxia responsive elements, including VEGF-
A. Interestingly, KSHV infection of endothelial cells induces the
expression of HIF-1a during normoxia which leads to increased
HIF transcriptional activity (Carroll et al., 2006). Other studies
have shown that KSHV encodes proteins that can lead to increased
stability of HIF-1. The KSHYV latency associated nuclear protein
(LANA-1) can stabilize HIF-1a, through both degradation of its
suppressors, von Hippel-Lindau protein and p53 (Cai et al., 2006),
and through direct interaction between HIF-1a and LANA-1 (Cai
etal.,, 2007). Additionally, the virally encoded interferon response
factor (VIRF3) can, like LANA-1, interact with and stabilize HIF-
la, leading to increased VEGF-A expression (Shin et al., 2008).
The KSHYV viral G-protein coupled receptor (vGPCR) is able to
increase the activity of HIF-1a as a transcription factor through
activation of the MAPK and p38 signaling pathways and sub-
sequent phosphorylation of HIF-1a (Sodhi et al., 2000). These
pathways are depicted in Figure 1. While induction of HIF mRNA
expression by KSHV infection has been shown, stabilization of
HIF directly by KSHV infection of endothelial cells has yet to be
clearly shown.

Other host proteins have been shown to be involved in the
induction of VEGF-A during KSHV infection of endothelial cells
as well. For example, Emmprin is a membrane-associated gly-
coprotein that promotes matrix metalloproteinase expression.
Its expression in KSHV-infected cells promotes cell invasiveness
through activation of the PI3K/Akt and MAPK pathways (Qin
etal.,2010; Dai et al., 2011). These pathways are also necessary for
emmprin-induced VEGF-A expression. Further work is ongoing
in multiple labs to determine the cellular pathways essential for
KSHV induction of VEGF-A.

Several KSHV genes expressed during lytic replication have
been implicated in regulation of VEGF-A expression (Table 1). In
BCBL-1 cells (a pleural effusion lymphoma cell line), glycopro-
tein B (gB) and K8.1 are required for enhanced VEGF expression
(Subramanian et al., 2010). Treatment of these cells with siRNA
or neutralizing antibodies to gB or K8.1 significantly reduced
VEGEF-A production. vGPCR is a constitutively active signaling
receptor that has been linked to a variety of cell survival and
pro-angiogenic signaling pathways (Arvanitakis et al., 1997; Bais
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FIGURE 1 | Overview of KSHV induction of angiogenic and
lymphangiogenic pathways. Pro-angiogenic factors that are induced by
KSHV are indicated in red ovals, pro-lymphangiogenic factors induced by
KSHV are indicated in blue ovals. White ovals indicate the activated pathway
necessary for KSHV induction of blood to lymphatic endothelial cell
differentiation. KSHV genes known to induce angiogenic or lymphangiogenic
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phenotypes of angiogenesis that are activated in normal endothelium by
KSHV-infected cells and the gradient of cytokines secreted by KSHV-infected
cells is indicated by the red gradient. The blue gradient in the upper right hand
corner indicates the gradient of lymphangiogenic cytokines induced by
KSHV-infected cells that could induce lymphangiogenesis. The central box
indicates angiogenic phenotypes induced by KSHV in a cell autonomous
fashion.

Table 1 | KSHV genes involved in the induction of angiogenesis.

KSHV gene Pro-angiogenic effect

Glycoprotein B Increased VEGF-A secretion

K8.1 Increased VEGF-A secretion

Kl Increased VEGF-A secretion; Disrupted VE-cadherin
signaling

LANA-1 HIF1 stability

vIRF3 HIF-1 stability

vGPCR HIF-1 stability; Increased VEGF-A secretion; Increased
angiopoietin-1 secretion; Increased angiopoietin-like 4
secretion; Disrupted VE-cadherin signaling

vIL-6 Increased VEGF-A secretion; Increased angiopoietin-1
secretion

Viral miRNAs Downregulation of thrombospondin-1

vMIPs |-l Chemoattraction

K5 Degradation of VE-cadherin; Degradation of PECAM-1

et al., 1998, 2003; Sodhi et al., 2000; Montaner et al., 2001; Shan
et al., 2007). When injected into mice, NIH3T3 cells expressing

vGPCR form highly vascularized tumors with some similarities
to KS and this may be due, at least in part, to increased VEGF-A
secretion (Bais et al., 1998; Guo et al., 2003). vGPCR upregu-
lates VEGF-A through activation of MAPK and p38, which, as
described above, promotes HIF-1a activity (Sodhi et al., 2000).
Transgenic mice expressing vGPCR also form highly vascularized
tumors that are reminiscent of KS tumors. However, cell lines
derived from these tumors expressed the lymphatic growth fac-
tor VEGF-C, rather than VEGF-A (Guo et al., 2003). Increased
VEGF-A expression in cells expressing vGPCR is associated with
constitutive activation of its receptor, VEGFR2/KDR and down-
stream activation of PI3K/Akt, contributing to endothelial cell
survival (Montaner et al., 2001; Bais et al., 2003). However, gB,
K8.1,and vGPCR have only been detected in cells supporting lytic
KSHYV infection whereas the bulk of the tumor cells are latently
infected. The KSHV glycoprotein K1 also induces increased VEGF-
A expression in endothelial cells and is capable of immortaliz-
ing primary endothelial cells (Wang et al., 2004b, 2006). While
there is evidence that K1 is expressed at very low levels during
latency, the majority of its expression occurs during lytic infection
(Chandriani and Ganem, 2010). In summary, the lytic phase of
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KSHV infection might play a role in the paracrine induction
of angiogenesis through increased secretion of VEGF-A into the
tumor milieu.

In addition to VEGF-A, KSHV-infected endothelial cells also
express other angiogenic cytokines. Angiopoietin-1 and -2 are lig-
ands for the receptor tyrosine kinase Tie2. Although less is known
about the functions of angiopoietins and Tie2, their signaling is
required for proper vascular development during embryogene-
sis (Dumont et al., 1994). Angiopoietin-1 is an agonist for the
Tie2 receptor, promoting endothelial cell survival and stability.
In contrast, Ang2 acts as an antagonist for Tie2, although its
role is context-dependent. Ang?2 is upregulated during pathologic
angiogenesis and this expression is thought to destabilize endothe-
lial cells, allowing them to be activated by other pro-angiogenic
stimuli, such as VEGEF, see Figure 1, circle 1 (Gale et al., 2002).
Interestingly, Ang2 is expressed in KS lesions, and is upregulated
in endothelial cells infected with KSHV (Brown et al., 2000; Wang
et al., 2004a; Vart et al., 2007; Ye et al., 2007). This induction can
be activated by the KSHV genes vGPCR and vIL-6, and can occur
through a paracrine mechanism (Vart et al., 2007). Another study
suggests that the MAPK pathway activation of transcription fac-
tors AP-1 and Ets-1is involved (Ye etal.,2007). In addition to Ang2,
cells transfected with the vGPCR gene expressed increased levels
of angiopoietin-like 4, a member of the angiopoietin-like proteins
that may play a role in vascular permeability and angiogenesis (Ma
et al., 2010).

KSHV induces a number of other cytokines known to be
involved in angiogenesis in other systems. These include inter-
leukin 6 (IL-6), Monocyte chemoattractant protein-1 (MCP-1),
PAX-1, and prostaglandin E2 (Schwarz and Murphy, 2001; Polson
etal., 2002; Xie et al., 2005; Caselli et al., 2007; Fonsato et al., 2008).
Cyclooxygenase enzymes catalyze the rate limiting step in the con-
version of arachidonic acid into prostaglandins. Prostaglandins
signal through g-protein coupled receptors to regulate a vari-
ety of functions, including metabolic, neuronal, and immune
functions. Cyclooxygenase-2 (COX-2) expression is induced early
during KSHV infection of endothelial cells and plays a role in
the establishment of latency (Naranatt et al., 2004; Sharma-Walia
et al., 2006). This expression is associated with increased secre-
tion of prostaglandin E2, which promotes inflammatory cytokine
expression, cell survival, and angiogenesis (Sharma-Walia et al.,
2010). An additional cellular factor associated with angiogenesis,
angiogenin, is induced in endothelial cells by the latent protein,
LANA-1. Angiogenin was recently shown to aid in induction of
angiogenesis by both VEGF and basic fibroblast growth factor
(Sadagopan et al., 2009). KSHV-induced angiogenin was able to
promote endothelial cell migration and capillary morphogene-
sis (Sadagopan et al., 2009). Since angiogenin is internalized by
both infected and uninfected cells, the authors suggested angio-
genin may work in both paracrine and autocrine fashions. In
fact, all KSHV-induced cytokines that act on endothelial cells
have the potential to promote angiogenesis-like phenotypes on
the endothelial-derived spindle cells.

Regulation of angiogenesis involves coordinated expression of
both pro- and anti-angiogenic factors. KSHV not only upregu-
lates pro-angiogenic cytokines, it may also promote angiogenesis
through repression of angiogenic inhibitors. The KSHV latent

locus encodes for 17 miRNAs which may play a role in down-
regulation of angiogenic gene expression (Cai et al., 2005; Pfeffer
etal., 2005; Samols et al., 2005). Expression of 10 of these miRNAs
in 293 cells altered the expression of 81 genes (Samols et al,
2007). Interestingly, one of these genes is the natural angiogenic
inhibitor thrombospondin-1. Thrombospondin-1 plays multi-
ple roles in the repression of angiogenesis, however one of its
main functions is activation of the anti-angiogenic growth fac-
tor transforming growth factor-f (TGF-). This study found that
thrombospondin-1 contains 34 putative miRNA binding sites, and
can be downregulated by multiple KSHV miRNAs (Samols et al.,
2007). Downregulation of thrombospondin-1 by KSHV miRNAs
corresponds to decreased TGF-f signaling. Therefore, downreg-
ulation of anti-angiogenic factors may be an important way by
which KSHV promotes continual neovascularization.

The KSHV genome itself encodes for cytokine and chemokine-
like factors that activate endothelial cells and stimulate angio-
genesis (Table 1). Among these factors are three genes with
homology to the cellular chemokine macrophage inflammatory
protein, the vMIPs I-III (Boshoff et al., 1997; Stine et al., 2000).
In addition to having chemoattractant properties, these proteins
promoted neovascularization in the chick chorio-allantoic mem-
brane angiogenesis assay (Boshoff et al., 1997; Stine et al., 2000).
KSHYV also encodes a viral homolog of interleukin 6 (IL-6), a
pro-inflammatory and pro-angiogenic cytokine. This cytokine,
when expressed in NIH3T3 cells, promoted secretion of VEGF-
A (Aoki et al,, 1999). Furthermore, when these cells were injected
into mice, they gave rise to tumors more quickly than control cells
and the tumors were more highly vascularized (Aoki et al., 1999).
Expression of the vMIPs has been predominantly shown to occur
during lytic infection. The viral IL-6 (vIL-6) is mostly detected
in endothelial cells and spindle cells undergoing lytic replication
but like K1 it has been shown to be expressed at very low levels in
latently infected PEL cells and to be induced during latency only
under specific conditions (Chatterjee et al., 2002; Chandriani et al.,
2010).

In summary, conditioned media from KSHV-infected cells can
induce angiogenic phenotypes in uninfected endothelial cells as
indicated by the red gradient in Figure 1. KSHV infection of
endothelial cells induces expression of a number of cytokines that
are capable of inducing angiogenesis in a paracrine fashion. Para-
mount among these is VEGF-A, an angiogenic cytokine that is
induced by KSHV infection of endothelial cells. While the pre-
dominant viral mechanism of VEGF-A induction is unknown,
a number of lytic KSHV genes are sufficient to induce VEGF-A
when overexpressed. KSHV-infected cells also produce a num-
ber of other angiogenic cytokines of cellular and viral origin
that likely play a role in the induction of angiogenesis. Taken
together, all of the cytokines and induced pathways likely create
a milieu that is beneficial to the induction of new blood ves-
sels and play a significant role in the high vascularization of KS
tumors.

KSHV INDUCTION OF ANGIOGENIC PHENOTYPES WITHIN
THE INFECTED CELL

The predominant tumor cell of KS lesions is the endothelial-
derived spindle cell. Oncogenesis in endothelial cells and
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angiogenesis have many phenotypes in common. Therefore KS
tumor formation is likely to include increased angiogenic capac-
ity of the spindle cells. There is growing evidence demonstrating
the manipulation of host cell phenotypes by KSHV and the role
of these changes in the promotion of angiogenesis related pheno-
types. These infected cell phenotypes include increased stability
of tubules formed by macrovascular endothelial cells, induction
of capillary morphogenesis in low growth factor conditions, and
enhanced migration and invasion (Qian et al., 2007; Sadagopan
et al., 2007, 2009; Wang and Damania, 2008; Couty et al., 2009;
DiMaio et al., 2011). Additionally, KSHV induces the expression
of VEGF receptors on the surface of infected endothelial cells as
discussed below.

Endothelial cells lining the vasculature form coordinated junc-
tions to maintain barrier function. Breakdown of these junctions
is necessary for initiation of angiogenesis, immune cell extravasa-
tion, and tumor cell metastasis. Interestingly, several studies have
evaluated the adherens junctions of KSHV-infected endothelial
cells and found them to be perturbed (Mansouri et al., 2008;
Qian et al., 2008; Guilluy et al., 2011). This may result from the
degradation of VE-cadherin (Mansouri et al., 2008; Qian et al.,
2008) as well as disruption of VE-cadherin/beta-catenin signal-
ing (Guilluy et al., 2011). Therefore, KSHV infection can directly
initiate a key angiogenic step, the breakdown of cell-cell adher-
ence. While the direct mechanism of KSHV-induced disruption of
adherens junctions during latency is not known, there are a num-
ber of candidate KSHV genes that could be involved (Table 1). The
KSHV-encoded ubiquitin ligase protein, K5, targets VE-cadherin
for degradation (Mansouri et al., 2008). Overexpression of the
KSHV vGPCR induces endothelial cell permeability and downreg-
ulation of cell surface VE-cadherin as well (Dwyer et al., 2011). K5
also targets other cellular proteins, including platelet/endothelial
cell adhesion molecule-1 (PECAM-1, CD31), a transmembrane
protein important for endothelial cell-cell communication, which
could contribute to barrier dysfunction and increased permeabil-
ity (Tomescu et al., 2003; Mansouri et al., 2006). K1, a primarily
lytic protein that may also be expressed at low levels during latency
was also shown to initiate signaling similar to that required for
disruption of Cadherin signaling (Guilluy et al., 2011). While
the exact viral mechanism of disruption of adherens junctions
by KSHYV infection is not known, the virus encodes multiple genes
capable of altering Cadherin.

During angiogenesis, endothelial cells migrate from the pre-
existing vasculature toward the site of angiogenic stimulus.
Endothelial cells exhibit enhanced migration and invasion follow-
ing latent KSHYV infection (DiMaio et al., 2011; Wu et al., 2011).
This has been demonstrated by more rapid motility through tran-
swell dishes. KSHV-infected cells also express increased levels of
the matrix metalloproteinases MMP-1, -2, and -9 (Qian et al,,
2007). MMP proteins break down the extracellular matrix sup-
porting stable vasculature to allow for invasion and migration of
endothelial cells during angiogenesis (Figure 1, circle 2). Expres-
sion of MMP proteins induced by KSHV allows for increased
invasion of both infected and uninfected endothelial cells (Wang
et al., 2004b; Qian et al., 2007; Shan et al., 2007). While these
processes constitute one component of angiogenesis, they are also
known to play roles in oncogenesis (Gialeli et al., 2011) indicating

that KSHV activation of angiogenic phenotypes in endothelial cells
may lead to enhanced oncogenesis as well.

Endothelial cells grown in three-dimensional culture will
migrate and organize into capillary-like structures. This activity
is dependent, at least in part, on growth factors and cytokines
present in the matrix or growth media. KSHV-infected cells are
able to undergo capillary morphogenesis in low growth factor
conditions to a greater extent than uninfected cells (Wang and
Damania, 2008). This could be partially due to increased cytokine
secretion from KSHV-infected cells. In fact, when endothelial cells
are cultured in the presence of conditioned media from KSHV-
infected BCBL-1 cells, their ability to organize into capillary-like
structures is increased (Wang and Damania, 2008). However,
the effect of BCBL-1 conditioned media was greater on KSHV-
infected endothelial cells than on mock-infected cells, suggesting
that infected cells are more receptive to angiogenic growth factors.
In addition, this same study found that capillary-like structures
formed by KSHV-infected endothelial cells are more persistent
than mock-infected cells, indicative of the promotion of cell sur-
vival and continual angiogenesis by KSHV (Wang and Damania,
2008 and our unpublished results).

KSHYV latent infection of endothelial cells also induces VEGF
receptor expression, which may allow infected cells to respond
more robustly to VEGFs. There are three main receptors for
VEGFs. VEGF receptors 1 and 2 play roles in angiogenesis while 2
and 3 play a role in lymphangiogenesis (described below). While
KSHYV infection has not been reported to alter the expression levels
of VEGFR2 (KDR), VEGFR1 expression is significantly increased
following KSHV endothelial cell infection (Carroll et al., 2004).
Drugs that inhibited HIF-1 activation and signaling also inhib-
ited VEGFRI upregulation (Carroll et al.,, 2006). VEGFR1 has
been described as both a positive and negative regulator of angio-
genesis depending on the context. VEGFR1 mouse knockouts
have higher levels of angiogenesis (Fong et al., 1995). However,
in cell culture models, VEGFR1 has been shown to potentiate
angiogenesis (Cao, 2009). More studies will be needed to deter-
mine the importance of increased VEGFR1 expression in KSHV
infection and KS tumor formation. Interestingly, expression of
VEGEFR3, the main receptor for VEGF-C and D is also signifi-
cantly increased by KSHYV infection (Carroll et al., 2004; Hong
et al., 2004). VEGFR3, a receptor specific to lymphatic endothe-
lium and critical for lymphangiogenesis will be discussed below.
Importantly, endothelial tip cells at the leading edge of new vascu-
lar protrusions are the only main adult cell type known to express
both the blood endothelial cell receptor, VEGFR1, and the lym-
phatic endothelial cell receptor, VEGFR3 (Tammela et al., 2008):
KSHYV infection of endothelial cells directly induces expression of
both of these receptors.

The mechanisms by which KSHV induces angiogenic phe-
notypes in latently infected cells are largely unknown. A num-
ber of angiogenic phenotypes are likely to be a direct result of
the cytokine milieu of the infected cells. As described above,
KSHV-infected cells secrete both viral and host cytokines that
are sufficient to induce angiogenic phenotypes. These paracrine
factors surely play a role in the induction of tumor cells. How-
ever, it is also apparent that some of the angiogenic effects seen in
latently infected cells are cell autonomous, independent of either
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paracrine or autocrine factors. As described above, conditioned
media from PEL cells had stronger effects on tubule formation of
KSHV-infected endothelial cells (Akula et al., 2005). We have also
recently found that KSHV infection induces the pro-angiogenic
integrin, integrin B3, during latent infection (DiMaio et al., 2011).
Induction of integrin B3 leads to increased cell surface expres-
sion of the aVB3 integrin heterodimer. We have further shown
that latently infected endothelial cells become more adherent to
the integrin ligands fibronectin and vitronectin, and are more
migratory than mock-infected cells. These induced phenotypes
require RGD-binding integrins, specifically integrin f3. Although
both uninfected and infected cells organize in three-dimensional
cultures in complete media, infected cells are more sensitive to
inhibitors of integrin 3 and its downstream signaling molecules,
such as Src kinase (DiMaio et al., 2011). This suggests that during
latent KSHV infection there is a shift in endothelial cell signal-
ing that results in a more angiogenic phenotype dependent on
aVPB3 expression on the surface of the cell (Figure 1, center).
Therefore, KSHV alteration of endothelial cell signaling path-
ways can dramatically affect how the cell responds to intra- and
extra-cellular signals. These changes that lead to alterations in
angiogenic properties are likely to play a role in the growth and
cell—cell interactions of infected cells, thereby playing a role in KS
tumor formation.

ANGIOGENESIS VS. LYMPHANGIOGENESIS

During development of the vascular system, a subset of endothelial
cells in the cardinal vein begin to express markers of lymphatic dif-
ferentiation, including the master regulatory gene, prox-1. These
cells then bud from the cardinal vein, differentiate into lymphatic
endothelial cells, and form the lymphatic vascular system (Wigle
and Oliver, 1999). The mechanisms regulating lymphangiogenesis
are in general less well understood when compared to angiogen-
esis. Immunohistochemistry of KS tumors showed that spindle
cells express markers of lymphatic endothelium, suggesting these
cells may arise from primary infection of lymphatic endothe-
lial cells, rather than blood endothelial cells (Jussila et al., 1998;
Skobe et al., 1999; Weninger et al., 1999; Pyakurel et al., 2006). An
alternative hypothesis is that KSHV infection of blood endothe-
lial cells drives differentiation toward a more lymphatic pheno-
type. This idea is supported by evidence that KSHV infection of
blood endothelial cells promotes expression of lymphatic-specific
genes, including prox-1, VEGFR3, podoplanin, and LYVE-1, effec-
tively driving the reprogramming of blood endothelial cells to
become lymphatic endothelium (Carroll et al., 2004; Hong et al.,
2004; Wang et al., 2004a). Microarray analysis comparing KSHV-
infected blood endothelial cells to blood and lymphatic endothelial
cells indicate that KSHV-infected blood endothelial cells have gene
expression profiles that align more closely to lymphatic endothe-
lial cells than that of blood endothelial cells (Carroll et al., 2004;
Hong et al., 2004; Wang et al., 2004a).

The mechanism by which KSHV induces lymphatic differenti-
ation is not completely clear. The KSHV latent gene Kaposin B can
directly promote the stability of Prox-1 mRNA (Yoo et al., 2010)
leading to increased expression of Prox-1. However, this effect
was not sufficient to induce Prox-1 expression in blood endothe-
lial cells. We recently found that induction of blood to lymphatic

endothelial cell reprogramming requires signaling through the cel-
lular receptor gp130. Endothelial cells that are latently infected
with KSHV have increased expression and signaling of gp130
(Morris et al., 2008). This leads to activation of the JAK/STAT3
pathway and the PI3K/AKT pathway leading to expression of
lymphatic-specific genes starting with Prox-1. Inhibition of this
pathway by siRNAs that target gp130 or AKT or pharmacolog-
ical inhibitors that block PI3 kinase or Jak2/STAT3 signaling is
sufficient to block lymphatic differentiation (see Figure 1, cen-
ter). The cytokine responsible for activating gp130 is currently not
known. KSHV vIL-6 is sufficient to induce gp130 activation and
we recently found that vIL-6 is sufficient to induce lymphatic dif-
ferentiation (Morris et al., 2012). However, KSHV lacking vIL-6
is still able to cause blood to lymphatic endothelial cell differ-
entiation, indicating that KSHV has evolved multiple strategies
to activate gp130 and induce blood to lymphatic endothelial cell
differentiation (Morris et al., 2008).

Induction of lymphatic differentiation by KSHV is only part
of the story, however. Despite the expression of lymphatic-specific
genes, blood endothelial cells infected with KSHV retain expres-
sion of some blood specific markers (Wangetal., 2004a). Addition-
ally, infection of lymphatic endothelial cells with KSHV induces
expression of blood specific markers (Wang et al., 2004a). KSHV
miRNAs were found to target the transcription factor MAF
(Hansen et al., 2010). Downregulation of MAF in lymphatic
endothelial cells by siRNA restored expression of blood endothelial
markers, such as VEGFR1 and CXCR4. Thus, infection of blood or
lymphatic endothelial cells by KSHV alters host gene expression
to an intermediate state between the two cell types. As described
above, this intermediate phenotype with both VEGFR1 and R3
expression is only present in the leading tip of endothelial cells
involved in active neo-angiogenesis. In the KS lesions only LANA+
cells expressed Prox-1, indicating that this effect requires KSHV
gene expression (Hong et al., 2004). This suggests that differen-
tiation toward lymphatic endothelial cells may specifically allow
the spindle cells to respond to lymphangiogenic growth factors.
In fact, KSHV infection of endothelial cells induces both VEGF-A
and VEGEF-C (Sivakumar et al., 2008). VEGF-C s a key regulator of
lymphangiogenesis. Therefore, induction of both VEGFR1 and R3
allow KSHV-infected cells to respond to key angiogenic and lym-
phangiogenic factors in the tumor environment. The direct role of
KSHYV reprogramming of blood endothelial cells to lymphatic in
induction of angiogenic and lymphangiogenic phenotypes is still
under investigation.

SUMMARY

The highly vascular nature of KS tumors and the large amounts
of neo-angiogenesis in the tumor led to the proposal that the
etiologic agent of the tumor might directly induce angiogenesis.
In accordance with this hypothesis KSHV infection of endothe-
lial cells, the main tumor cell type, induces host cell cytokines
involved in angiogenesis. In particular, KSHV induces the expres-
sion of VEGF-A and -C and other cytokines as well as encoding
angiogenic cytokines from its own genome (Boshoff et al., 1997;
Aoki et al., 1999; Brown et al., 2000; Stine et al., 2000; Schwarz and
Murphy, 2001; Masood et al., 2002; Polson et al., 2002; Wang et al.,
2004b; Xie et al., 2005; Caselli et al., 2007; Vart et al., 2007; Ye et al.,
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2007; Fonsato et al., 2008; Sivakumar et al., 2008; Wang and Dama-
nia, 2008; Sadagopan et al., 2009; Ma et al., 2010; Sharma-Walia
et al., 2010). Therefore, KSHV may induce seeding of new blood
vessels to the tumor milieu. Additionally, because the tumor cell is
endothelial in nature, induction of angiogenic cytokines may also
activate the tumor cells and aid in the growth of KS tumors. KSHV
also induces angiogenic phenotypes directly in latently infected
cells in a cell autonomous fashion, indicating that angiogenic acti-
vation of the infected endothelial cell may directly play a role in
tumor formation.

While KSHV activates many growth-signaling properties and in
general the induction of angiogenic phenotypes supports endothe-
lial cell proliferation, in most cultures KSHV does not induce
increases in endothelial cell proliferation. It is possible that the cell
culture milieu simply does not match the tumor milieu. KS spindle
cells are not fully transformed ex vivo and, except in very rare cases,
have a limited life span indicating that factors in the tumor envi-
ronment that come from other cells types could be necessary to
maintain KS spindle cell growth. The increase in growth could also
be masked by the fact that endothelial cells in culture are rapidly
dividing and therefore do not need additional growth signals.
Along those lines, mature endothelium in vivo is relatively quies-
cent. That being said, the endothelial cell transforming potential of
KSHYV in culture can be unmasked given specific conditions. Der-
mal microvascular endothelial cells that were immortalized with
the E6 and E7 genes from papillomavirus are readily transformed
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INTRODUCTION

Shortly after the discovery of miRNAs as an abundant class of small
RNAs in animals (Lee et al., 1993; Pasquinelli et al., 2000; Reinhart
et al., 2000; Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and
Ambros, 2001), miRNAs of viral origin were identified in Epstein—
Barr virus (EBV) infected cells (Pfeffer et al., 2004). Since then,
Kaposi’s sarcoma-associated herpesvirus (KSHV) and most other
herpesviruses were found to encode numerous viral microRNAs
(Cai et al., 2005; Pfeffer et al., 2005; Samols et al., 2005; Grundhoff
et al., 2006; Grundhoff and Sullivan, 2011; Skalsky and Cullen,
2011).

miRNAs are ~22 nucleotide (nt) long non-coding RNAs that
mediate target mRNA recognition by the miRNA-induced silenc-
ing complex (miRISC, referred to as RISC from hereon), which
results in mRNA repression. miRNA biogenesis and RISC loading
are reviewed in detail elsewhere (Kim et al., 2009) and summa-
rized briefly in Figure 1A. The biogenesis of the large majority of
cellular and viral miRNAs, including the KSHV miRNAs, begins
with the transcription of capped and polyadenylated primary RNA
(pri-miRNA) precursors by RNA polymerase II. miRNA matura-
tion involves two sequential cleavage events. In the nucleus, the
endonuclease Drosha excises the ~65 nt pre-miRNA stem-loop,
which is exported to the cytoplasm. In the cytoplasm, the pre-
miRNA is further processed by the endonuclease Dicer to produce
an imperfect ~20 nt duplex, with 2 nt 3’ overhangs. The strand
with the weaker 5 base pairing is preferentially incorporated as
a mature miRNA into the RISC. The non-incorporated strand,
which is unstable and degraded, is termed the star or passenger
strand. In cases where mature miRNAs are derived from both arms
of the pre-miRNA, these miRNAs are designated -5p and -3p to
reflect their location in the pre-miRNA.

In the RISC complex, miRNAs are loaded into one of four Arg-
onaute proteins (Agol—4). Imperfect base pairing of the miRNA
with sites in mRNAs, most commonly within the 3’ UTR, results
in mRNA repression, caused by mRNA destabilization and/or

Kaposi's sarcoma-associated herpesvirus (KSHV) is a human pathogenic y-herpesvirus
strongly associated with the development of Kaposi's Sarcoma and B cell proliferative
disorders, including primary effusion lymphoma (PEL). The identification and functional
investigation of non-coding RNAs expressed by KSHV is a topic with rapidly emerging
importance. KSHV miRNAs derived from 12 stem-loops located in the major latency locus
have been the focus of particular attention. Recent studies describing the transcriptome-
wide identification of MRNA targets of the KSHV miRNAs suggest that these miRNAs have
evolved a highly complex network of interactions with the cellular and viral transcriptomes.
Relatively few KSHV miRNA targets, however, have been characterized at a functional level.
Here, our current understanding of KSHV miRNA expression, targets, and function will be

Keywords: KSHV, herpesvirus, microRNA

inhibition of translation (Huntzinger and Izaurralde, 2011).
Canonical miRNA binding sites minimally exhibit perfect base
pairing of the miRNA seed region, i.e. nts 2-7 from the 5 end
of the miRNA, together with base pairing at nt 8 (7mer-m8site),
an adenine (A) across from nt 1 of the miRNA (7mer-Al site),
or both (Figure 1B; Bartel, 2009). Less commonly, non-canonical
sites with suboptimal seed interactions and 3’ compensatory base
pairing or extensive central base pairing confer regulation (Bartel,
2009; Shin et al., 2010). In addition, functional miRNA bind-
ing sites in 5° UTRs and coding sequences (CDS) have also
been reported (Grey et al., 2010; Lin and Ganem, 2011). While
individual interactions typically have subtle regulatory outcomes,
miRNA-mediated regulation is frequently cooperative with mul-
tiple sites for the same or different miRNAs in a given mRNA.
RISC complexes containing Ago2 can mediate endonucleolytic
cleavage of target mRNAs upon perfect base pairing between the
entire miRNA sequence and its target (Hutvagner and Zamore,
2002). While this property of Ago2 is commonly exploited for
miRNA activity assays, recognition of perfect targets by mam-
malian miRNAs occurs only rarely. Several hundred conserved
human miRNAs have been identified and each miRNA can target
hundreds of mRNAs, suggesting that most mRNAs and biological
pathways are subject to miRNA-mediated regulation.

The human y-herpesvirus KSHV is the etiological agent of
Kaposi’s Sarcoma, a complex neoplasm driven by KSHV-infected
endothelial cells. KSHYV is also strongly associated with the B cell
proliferative disorder primary effusion lymphoma (PEL) and some
cases of multicentric Castleman’s disease (MCD). Like all her-
pesviruses, KSHV can enter a latency phase with highly restricted
protein expression, thus limiting immune exposure while allow-
ing persistence of the virus. During latency, KSHV expresses viral
miRNAs from 12 pre-miRNAs in addition to a handful of latent
proteins (Cai et al., 2005; Pfeffer et al., 2005; Samols et al., 2005;
Grundhoff et al., 2006). Possible advantages of using miRNA-
mediated regulation for herpesviruses may be that miRNAs are not
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Gottwein KSHV miRNAs
THE KSHV miRNAs
A Locus
Kaposi’s sarcoma-associated herpesvirus produces mature
miRNAs from 12 stem-loops, all of which are encoded in the
,Drosha . . .
latency locus (Figure 2A). The latency region is complex and
DGCRS allows for the coordinated expression of the KSHV miRNAs
< with the viral proteins latency-associated nuclear antigen (LANA),
(A), pri-miR FADD-like interleukin-1-B-converting enzyme (FLICE)/caspase-
* 8-inhibitory protein (v-FLIP), v-cyclin, and Kaposins A-C
(Figure 2A). The viral latent proteins mediate the episomal main-
*o% pre-miR tenance of the KSHV genome (LANA), stimulate NFkB signaling
mcleus | (v-FLIP), and modulate cell cycle progression (v-cyclin), among
cytoplasm + - other functions. The mature KSHV miRNAs are called miR-K12-
1 to miR-K12-12, based on their proximity to the kaposin (K12)
gene, or simply miR-K1 to miR-K12. The transcripts from the
= latency region that serve as pri-miRNAs for the KSHV miRNAs
Dicer- ~Ago are shown in Figure 2B (Cai and Cullen, 2006). All of these
_TRBP transcripts presumably also function as mRNAs for one or more
of the Kaposin proteins, whose coding sequences are located in
l the common 3’ portion of these transcripts. The promoters with
start sites at 127880/86 and 123751/60 are active during latency
miRNA —Ago and the resulting pri-miRNAs contain miR-K1-K9 and miR-K11
¢ within a ~4.8-kb intron and miR-K10/miR-K12 in their 3’ ter-
~TNRC6 minal exon. At least in the PEL cell line BC-1, a singly spliced
mRNA with a ~9-kb intron containing miR-K1-K9 and miR-
B K11 also exists (Figure 2B, bottom). The latency promoters also
o—CDST——NNNNNNNN——(A), 7mer-m8 drive the expression of mRNAs encoding LANA, v-cyclin, and v-
3—lllllll\lll\lllllllll\llN- 5 FLIP (not shown in Figure 2B), which terminate downstream
87654321 of the v-FLIP coding region and do not contain the miRNA
hairpins (Cai and Cullen, 2006). In addition, there is a predom-
'_ED:S:I_N'?"?”]“H'?”]IA_(A)” 7mer-1A inantly lytic promoter which gives rise to an unspliced ~1.3kb
3_%”;1%”;":1"312";1’5’ transcript that was shown to minimally express Kaposin B and
also contains the miR-K10 and miR-K12 stem-loops, resulting in
FIGURE 1 | miRNA biogenesis and target recognition. (A) Schematic of 1ncrfsase.d levels of miR-K10 and miR-K12 expression during lytic
the canonical miRNA biogenesis pathway. pri-miRNAs are typically capped replication.
and polyadenylated and contain one or more miRNA stem-loops at exonic Virtually all of the KSHV pre-miRNAs overlap multifunctional
or intronic locations. The pre-miRNA stem-loop is excised by the regions. The entire miR-K10 stem-loop is embedded within the
e S e D | open ading e of e Kaposin A nd Cprotin s oo
position Drosha. Following nuclear export, the pre-miRNA is'processed by thatis also in the 3" UTR of Kaposin Band the miR-K12 stem-loop
Dicer to a miRNA:passenger strand duplex. Dicer processing is closely is located in the 3’ UTRs of all Kaposin transcripts. Because the
coupled to loading of the mature miRNA into the RISC. RISC complexes processing of these two exonic miRNAs and Kaposin translation
contain one of four Ago proteins (Ago1-4), which bind the miRNA, and are mutually exclusive events, the miR-K10 and miR-K12 stem-
associatgd proteins, irjclgding TNRCB6. (A?” indicates the position of the loops can be viewed as negative cis-regulatory RNA elements that
polyA tail and arrows indicate cleavage sites. (B) Shown are the minimal . e .
7mer-m8 (top) and 7mer-1A (bottom) seed-mediated interactions between a mediate the nuclear destabilization of Kaposin mRNAs and con-
mIRNA (nts are numbered from the 5 end of the miRNA) and its mRNA sequently reduce protein expression from these transcripts (Lin
target. and Sullivan, 2011). The miR-K9 stem-loop is located within a

antigenic and their precursors can easily fit into multifunctional
transcripts (Cullen, 2006). In addition, the regulatory potential of
miRNAs differs fundamentally from that of proteins, i.e., they are
commonly multifunctional and may allow viruses to regulate com-
binations of mRNAs and pathways that would be hard to access
otherwise. Here, I review what is currently known about KSHV
miRNA expression, targets and functions. miRNAs encoded by
other viruses are reviewed elsewhere (Cullen, 2011; Grundhoff
and Sullivan, 2011).

~1.7-kb sequence that can function as an origin of lytic genome
replication (ORI-lytB; AuCoin et al., 2002; Lin et al., 2003). Much
of this sequence represents an inverted repeat of a second ori-
gin of lytic replication (Ori-lytA), between ORF K4.2 and K5. In
contrast to ORI-lytA, which is essential for replication, ORI-1ytB
is not required for genome replication and the function of this
sequence in the context of the virus remains unknown (Xu et al.,
2006). The miR-K1-K7 and miR-K11 stem loops are antisense to
the recently identified 10 kb antisense to latency transcripts (ALT)
RNA (Figure 2A; Chandriani et al., 2010). ALT is a non-coding
RNA of unknown function expressed during lytic replication.
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FIGURE 2 | The KSHV miRNAs are expressed from the major latency
locus. (A) Schematic of the latency locus and the adjacent K14 and ORF74
genes. The LANA, v-cyclin, v-FLIP and Kaposin A and B open reading frames
(ORFs) are indicated by black arrows. The Kaposin C ORF includes the ORF of
Kaposin A and an N-terminal extension (white box). Pre-miRNA sequences
are indicated by numbered red arrows. Overlapping DNA elements are
indicated by gray boxes. Also shown is the antisense to latency locus
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transcript (ALT). (B) Schematic of the KSHV pri-miRNAs, showing exons (thick
lines), introns, transcription start sites. In both panels, nucleotide coordinates
refer to positions in the KSHV genome (GenBank accession number:
U75698.1). Double arrows indicate transcription start site of lytic RNAs, single
arrows start sites of latent RNAs. The bottom transcript was detected in BC-1
cells, but not in BCBL:-1 cells. (A,B) are drawn approximately to scale and
aligned to each other.

While the ALT promoter has not been mapped, it may well overlap
the miR-K8 stem-loop, which begins only 300 nts away from the
ALT start site. Finally, the expression of sequences antisense to
the miR-K8 stem-loop has been reported, although an antisense
transcript in this region has not been identified (Lin et al., 2010;
Umbach and Cullen, 2010).

SEQUENCES OF THE KSHV miRNAs

The KSHV miRNAs were first identified by cDNA cloning and
traditional sequencing (Cai et al., 2005; Pfeffer et al., 2005; Samols
et al., 2005) and by an approach that combined the computa-
tional prediction of candidate pre-miRNA stem-loops with high-
throughput validation of miRNA expression (Grundhoff et al.,
2006). These findings were further extended by small RNA deep-
sequencing on the Illumina and ABI SOLiD platforms (Lin et al.,
2010; Umbach and Cullen, 2010; Gottwein et al., 2011). Table 1
lists the sequences of the mature KSHV miRNAs that are likely
to be expressed at physiologically relevant levels under most con-
ditions. This list is based on the number of reads obtained in
deep-sequencing experiments, miRNA activity assays and detec-
tion of the miRNAs using QRT-PCR, primer extension analysis, or
northern blotting. The actual number of KSHV miRNAs exceeds
that of the 12 stem-loop precursors, due to the expression of
relatively abundant 5p and 3p miRNAs from several of the pre-
miRNAs and other sources of miRNA sequence variation discussed
below. While 5p and 3p sequences from all stem-loop precur-
sors have been detected at high sequencing depth (Lin et al,
2010; Umbach and Cullen, 2010), it remains to be seen if all of
these sequences are expressed at functionally significant levels in
every context. Expression of 5p and 3p miRNAs was consistently
observed for some KSHV miRNAs (i.e., miR-K4, miR-K6, miR-
K7, miR-K8, and miR-K9). In contrast, other sequences that were
recovered by deep-sequencing (e.g., miR-K1-3p and miR-K3-3p)
probably reflect true star strands without functional relevance in
most settings. The KSHV miRNA repertoire is further expanded

by differential processing at the 5" end of miR-K10, which results
in two distinct seed sequences for this miRNA (Umbach and
Cullen, 2010), and through adenosine (A) to inosine (I) editing
by RNA-specific adenosine deaminase (ADAR) of each of the
miR-K10 seeds. Unedited and A to I edited miR-K10 are des-
ignated miR-K10a and miR-K10b, respectively (Table 1; Pfeffer
etal.,2005). The longer 5’ processing variants of miR-K10 are des-
ignated miR-K10 4 1_5 (Table 1; Gottwein et al., 2011). During
latency, expression of miR-K10b is low, but RNA editing at this
location is induced during lytic replication and it is possible that
a substantial fraction of miR-K10 expressed during lytic reactiva-
tion has undergone A to I editing (Gandy et al., 2007). Because
I base-pairs like guanosine (G), miR-K10b is expected to target
a different pool of mRNAs than miR-K10a. An interesting case
is miR-K3, with several PEL cell lines encoding a novel miR-K3
sequence with an additional 5" adenosine (miR-K3 + 1_5; Got-
twein et al., 2011). As in the case of miR-K10, acquisition of the
additional miRNA seed sequence is expected to extend the target
pool of miR-K3.

CELLULAR ANALOGS OF THE KSHV miRNAs

Importantly, several of the KSHV miRNAs share seed homol-
ogy with cellular miRNAs suggesting that they function as viral
analogs of these miRNAs (Figure 3A). Such functional analogy has
been demonstrated for miR-K11, which mimics miR-155 (Got-
twein et al., 2007; Skalsky et al., 2007), and for the two miR-K10a
miRNAs, which together mimic one of two miR-142-3p derived
miRNAs (Gottwein et al., 2011). Interestingly, miR-K3+1_5
shares 7mer seed homology with the miR-23 miRNA family, but
functional analogy between these miRNAs has not been demon-
strated yet. A final analogy with likely functional significance is
the 6mer seed homology between miR-K6-5p and the miR-214
family of miRNAs. Interestingly, miR-K6-5p also shares extended
homology with the miR-15/miR-16 family of miRNAs (Skalsky
et al., 2007), but the seed is offset by 1 nt (Figure 3A). For 6mer
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Table 1| Sequences of the KSHV miRNAs.

miRNA Arm Sequence

miR-K1-5p 5p AUUACAGGAAACUGGGUGUAAG(CUG)
miR-K2-5p 5p AACUGUAGUCCGGGUCGAU(CUGA)
miR-K3-5p 5p UCACAUUCUGAGGACGGCAGCGA(CG)
miR-K3_+1_5°2 5p AUCACAUUCUGAGGACGGCAGCGA
miR-K4-3p 3p UAGAAUACUGAGGCCUAGCUG(A)
miR-K4-5p 5p AGCUAAACCGCAGUACUCUAGG
miR-K5-3p 3p UAGGAUGCCUGGAACUUGCCGG(U)
miR-K6-3p 3p UGAUGGUUUUCGGGCUGUUGAG(C)
miR-K6-5p 5p CCAGCAGCACCUAAUCCAUCGG
miR-K7-3p 3p UGAUCCCAUGUUGCUGGCGC(UCA)
miR-K7-5p 5p AGCGCCACCGGACGGGGAUUUAUG
miR-K8-3p 3p CUAGGCGCGACUGAGAGAGCIAC)
miR-K8-5p 5p ACUCCCUCACUAACGCCCCGCU
miR-K9-3p 3p CUGGGUAUACGCAGCUGCGU(AA)
miR-K9-5p 5p ACCCAGCUGCGUAAACCCCG(CU)
miR-K10a (-3p)° 3p UAGUGUUGUCCCCCCGAGUGG(C)
miR-K10b- (-3p)P© 3p UIGUGUUGUCCCCCCGAGUGG(C)

miR-K10a_+1_5 (-3p)°  3p
miR-K10b_+ 1_5 (-3p)>¢  3p

UUAGUGUUGUCCCCCCGAGUGG(C)
UUIGUGUUGUCCCCCCGAGUGGI(C)

miR-K11-3p 3p UUAAUGCUUAGCCUGUGUCCG(AU)
miR-K12-3p°® 3p UGGGGGAGGGUGCCCUGGUUG(A)
miR-K12-5p°® 5p AACCAGGCCACCAUUCCUCUCCG

A
UUAAUGCUAAUCGUGAUAGGGGU miR-155
UUAAUGCUUAGCCUGUGUCCGA  miR-K11
UGUAGUGUUUCCUACUUUAUGGA miR-142-3p
GUAGUGUUUCCUACUUUAUGGA miR-142-3p_-1_5
UUAGUGUUGUCCCCCCGAGUGGC miR-K10a_+1_5

UAGUGUUGUCCCCCCGAGUGGC miR-K10a
CAGUGUUGUUCGUGAACGUAGA miR-rR1-15-3p

AUCACAUUGCCAGGGAUUUCCAA miR-23a
AUCACAUUCUGAGGACGGCAGCGA miR-K3+1_5
UCACAUUCUGAGGACGGCAGCGA miR-K3 —

UAGCAGCACAUAAUGGUUUGUGG miR-15a

UAGCAGCACGUAAAUAUUGGCG miR-16
CCAGCAGCACCUAAUCCAUCGG miR-K6-5p
ACAGCAGGCACAGACAGGCAGU miR-214

B
miR-K12-5p

=)

miR-K12-3p

[N Il [

miR-K12-3p moRNA

FIGURE 3 | (A) KSHV miRNAs with known or potential cellular analogs.
miRNAs are aligned to show seed (red) and non-seed (blue) homologies.
(B) Schematic illustrating the origin of moRNAs.

Sequences of the KSHV miRNAs with significant expression under most exper
imental conditions are listed. Nucleotides in brackets are not always present
in deep-sequencing reads. Bold letters highlight the A to | editing event within
miR-K10. ?miR-K3+ 1_5 is only present in a subset of KSHV strains. *miR-K10b
may reach functionally relevant levels of expression only during lytic replication.
°miR-K10 and miR-K12 expression is increased during lytic replication. In the case
of miR-K10, it is unclear if the expression of unedited and/or edited miRNAs is
increased.

seed and offset homology, resulting functional analogies would be
expected to be less complete than for 7mer seed analogs. Other
potential analogs have been listed (Gottwein et al., 2011), but
in most cases the cellular miRNAs in question have not under-
gone stringent validation. Findings in mice suggest that many of
the small RNAs currently annotated as miRNAs may not repre-
sent true miRNAs (Chiang et al., 2010). It is therefore possible
that many of the >1000 human miRNAs listed in miRBase have
been misclassified as miRNAs. The significance of analogies with
such uncharacterized miRNAs is therefore unclear and could be
co-incidental (Grundhoff and Sullivan, 2011).

BIOLOGICAL SIGNIFICANCE OF KSHV miRNA EXPRESSION LEVELS

The regulatory impact of miRNA expression depends on the rel-
ative abundance of the miRNA and its targets. Consequently, the
level of miRNA expression is of critical relevance for miRNA func-
tion. Methods used for miRNA detection have intrinsic biases and
a careful analysis of the absolute and relative expression levels of
individual KSHV miRNAs against oligonucleotide standards has
notbeen reported. However, from deep-sequencing data, real-time
PCR experiments and activity assays, it appears that individ-
ual KSHV miRNAs are expressed at dramatically different copy

numbers. While some KSHV miRNAs are always readily detectable
(especially miR-K1, miR-K3, miR-K4-3p, miR-K6-3p, miR-K11),
others are unlikely to be abundant (e.g., miR-K9; Cai et al., 2005;
Pfeffer et al., 2005; Gottwein et al., 2006, 2011; O’Hara et al,,
2009; Hansen et al., 2010; Lin et al., 2010; Umbach and Cullen,
2010). Because all KSHV miRNAs are expressed from common
pri-miRNAs, their differential expression must result from differ-
ences in processing efficiency, RISC loading, and/or stability. In
addition, the expression level of the KSHV miRNAs also varies
among PEL cell lines and de novo infection models (Hansen et al.,
2010; Gottwein et al., 2011). While some PEL cell lines express rel-
atively low levels of the KSHV miRNAs (~20-30% of all miRNA
reads in deep-sequencing experiments, e.g., BC-1 and BCBL-1),
other PEL cell lines express very high levels of the KSHV miRNAs
(>80% of all miRNA reads, BC-3 cells). The KSHV miRNAs are
constitutively expressed during latency and their expression is
maintained upon entry into lytic replication (Cai et al., 2005; Pfef-
fer et al., 2005). miR-K10 and miR-K12 are induced several-fold
during lytic replication due to their expression from both latent
and lytic transcripts (see above). In addition, RNA editing of the
miR-K10 stem-loop is likely induced during lytic replication, but it
is unclear if this results in increased expression of miR-K10b over
miR-K10a (Gandy et al., 2007). Finally, the expression levels of the
KSHV miRNAs during natural KSHV infection remain unknown.

EVOLUTIONARY CONSERVATION AND VARIATION BETWEEN KSHV
STRAINS

Like most herpesvirus miRNAs (Cai et al., 2006; Walz et al., 2010),
the KSHV miRNA seed sequences are not conserved between
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KSHV and evolutionary distant herpesviruses. One notable excep-
tion is the 6mer seed homology between KSHV miR-K10a and
miR-rR1-15-3p of the closely related rhesus rhadinovirus (RRYV,
Figure 3A; Umbach and Cullen, 2010), which may be the result of
convergent evolution rather than true evolutionary conservation.
Despite this lack of evolutionary conservation of the miRNA seeds
between evolutionary distant viruses, the mature sequences of the
KSHV miRNAs appear to be highly conserved between KSHV iso-
lates (Marshall et al., 2007, 2010). Maybe surprisingly, Marshall et
al. also reported a high degree of conservation of sequences outside
the mature miRNAs. For example the terminal loop sequences of
the pre-miRNA stem-loops were generally conserved, despite the
fact that these sequences are expected to be functionally irrele-
vant as long as the stem-loop structure is maintained. Because
of the multifunctional nature of the latency region, it is possible
that yet unappreciated selective pressures act on these sequences.
Despite this caveat, the observed degree of miRNA conservation
strongly argues that the KSHV miRNAs are important for KSHV.
Several polymorphisms that change the KSHV miRNA repertoire
have been described. An A to G polymorphism in the miR-K5
passenger strand (position 121,315) was found in >20% of all
KSHV sequences analyzed (Marshall et al., 2007, 2010). This sin-
gle nucleotide polymorphism (SNP) was reported elsewhere to
alter the structure of the miR-K5 stem, which results in reduced
processing of pri-miR-K5 by Drosha and lower levels of miR-K5
expression (Cai et al., 2005; Gottwein et al., 2006, 2011). The miR-
K9 stem-loop appears to be the most variable between isolates
and has been lost from at least one PEL cell line (BC-3; Marshall
etal.,2007; Umbach and Cullen, 2010), suggesting that this miRNA
is dispensable for the maintenance of latency, for lytic reactiva-
tion and possibly for lymphomagenesis by KSHV. Other reported
variants of pre-miR-K9 are likely to also dramatically alter either
miR-K9 sequence or expression (Marshall et al.,2007,2010). Other
frequent polymorphisms are located outside mature or passenger
strand sequences and consequences on miRNA expression have
not been reported (Marshall et al., 2007, 2010).

OTHER SMALL RNAs EXPRESSED FROM THE KSHV LATENCY REGION
Two reports described the detection of miRNA offset RNAs
(moRNAs or moRs) and small RNAs antisense to the KSHV
miRNAs (Lin et al., 2010; Umbach and Cullen, 2010). moRNAs
were first described in the sea squirt Ciona intestinalis, which
serves as a model organism for simple chordates (Shi et al., 2009).
moRNAs are processed from sequences adjacent to the pre-miRNA
stem-loop (Figure 3B) and are both frequent and abundant in C.
intestinalis. moRs have also been detected in human small RNA
deep-sequencing libraries, but at levels consistently below that of
miRNAs and passenger strand sequences (Langenberger et al.,
2009), suggesting that these RNAs are potentially only byprod-
ucts of miRNA biogenesis. KSHV moRNAs were detected for 9
of 12 KSHV miRNA stem-loops (Lin et al., 2010; Umbach and
Cullen, 2010), but like human moRs, these sequences were of very
low abundance. While RRV moRs have shown activity in cleavage
assays for miRNA activity when expressed at high enough levels
(Umbach et al., 2010), the low expression of KSHV moRs dur-
ing KSHV infection suggests that these sequences might not be
expressed at high enough levels to be functionally relevant.

Similarly, small RNAs antisense to miRNA hairpins for miR-K2,
miR-K4, and miR-K8 were recovered at frequencies lower than for
passenger strand miRNAs (Lin et al., 2010; Umbach and Cullen,
2010). These sequences arise due to bi-directional transcription
of a miRNA locus. The expression of KSHV antisense miRNAs
appears to be restricted to lytic replication and the recovery of -5p
and -3p sequences suggests that they are products of the miRNA
biogenesis machinery. A small RNA antisense to miR-K4 (miR-
K4-AS-3p) was readily detectable and active in miRNA indicator
assays when this region was placed into an expression vector (Lin
et al., 2010). It is unclear, however, if this is also the case at phys-
iological levels of expression in PEL. miR-K4-AS and miR-K2-AS
could be derived from the ALT RNA. No transcript encompassing
miR-K8-AS sequences has been identified to date.

TARGETS AND FUNCTIONS OF THE KSHV miRNAs

The constitutive expression and conservation of the KSHV
miRNAs suggests they are functionally important during nat-
ural KSHV infection and may also contribute to the oncogenic
properties of KSHV. Thus, identifying the targets and functions of
the KSHV miRNAs is clearly important for our understanding of
KSHYV biology and pathogenesis. In principle, the KSHV miRNAs
may have evolved to target cellular or viral mRNAs and to regulate
cellular properties or viral gene expression. As discussed above,
KSHYV has evolved a number of novel miRNA seed sequences and
also appears to access pre-existing, evolutionary conserved reg-
ulatory networks by encoding miRNAs with seed homology to
evolutionary conserved cellular miRNAs. While cellular miRNAs
are thought to repress many mRNAs, perhaps even hundreds,
through seed interactions, there is no good reason to assume that
novel viral miRNAs would also target multiple imperfect sites and
predominantly engage in seed-mediated interactions. However, no
cleavage targets of the KSHV miRNAs have been identified to date
and itappears all KSHV miRNAs have many seed targets much like
typical cellular miRNAs. It is noteworthy that the KSHV miRNAs
must have undergone selection to be functionally compatible with
all cell types relevant to KSHV infection, including endothelial cells
and B cells, each with a different transcriptome. Consequently, it is
possible that one or more targets with a strong selective advantage
in one cell type or the latent or lytic stages of KSHV infection may
come at a cost in other cell types or at other stages of the life cycle.

KSHV miRNA TARGETOME

Understanding the KSHV miRNA targetome is a critical step
toward identifying the functions of the KSHV miRNAs. One of
the most successful methods for the identification of function-
ally relevant targets of evolutionary conserved cellular miRNAs is
the computational identification of evolutionary conserved seed
matches in 3’ UTR sequences (Bartel, 2009). The assumption
underlying this approach is that miRNA and target sequences
co-evolve and that functionally important interactions will be
conserved. With the exception of the viral analogs of cellular
miRNAs, the KSHV miRNAs are unique to KSHYV, and therefore
not expected to preferentially target 3 UTR sequences that are
evolutionary conserved between species. Consequently, computa-
tional target prediction is generally not suitable for the identifi-
cation of targets of the KSHV miRNAs with novel seeds, which
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has mostly relied on experimental target identification. Several
studies combined gene expression profiling upon ectopic deliv-
ery of individual or several KSHV miRNAs (Gottwein et al., 2007;
Samols et al., 2007; Skalsky et al., 2007; Ziegelbauer et al., 2009;
Hansen et al., 2010; Suffert et al., 2011) or their antagonism in
the context of KSHV infection (Ziegelbauer et al., 2009) with the
detection of seed matches to the expressed miRNA(s) among dif-
ferentially expressed mRNAs in order to identify candidate targets.
While such analyses can also give insight into the functional conse-
quences of miRNA expression, the identification of direct targets
from differentially expressed mRNAs is confounded by indirect
consequences of miRNA expression. In addition, while miRNA-
induced changes of mRNA expression are often predictive of the
effect on protein expression (Baek et al., 2008; Selbach et al., 2008),
the effect of individual interactions is typically small and many
targets may be missed using this approach. To overcome these
limitations, Délken et al. (2010) used Ago2-immunoprecipitation
coupled with microarray analysis of associated RNAs (RIP-Chip)
to identify mRNAs that are enriched in RISC complexes in cells
expressing KSHV miRNAs compared to control cells. This work
resulted in a list of 114 high confidence candidate targets of the
KSHV miRNAs. While RIP-Chip can measure the degree of mRNA
association with RISC, it cannot confidently assign the targeting
miRNA or map its binding site. This caveat of RIP-CHIP is over-
come by the transcriptome-wide identification of miRNA binding
sites using photoactivatable-ribonucleoside-enhanced crosslink-
ing and immunoprecipitation (PAR-CLIP) and high-throughput
sequencing of RISC protected fragments (Hafner et al., 2010; Got-
twein et al., 2011). In contrast to other technologies, PAR-CLIP
directly identifies RISC-binding sites, which are examined for
miRNA seed matches. Applying PAR-CLIP to PEL cell lines has
yielded thousands of experimentally identified Ago2 binding sites
with seed matches to KSHV miRNAs, in more than 2000 candidate
target mRNAs. Validation of a subset of these candidate targets by
reporter assays suggested that >75% of the identified sites can be
expected to cause measurable regulation by the assigned miRNA.
Thus, extensive lists of candidate targets of the KSHV miRNAs and
their likely binding sites exist, but further validation of individual
interactions will be required. Because most of these experiments
were performed in B cells and none of the datasets is expected to
have captured all interactions of the KSHV miRNAs, future work
will have to refine our understanding of the KSHV miRNA targe-
tome in other cell types and to address which of the identified
interactions impact gene expression and are functionally relevant.
Despite these caveats, pathway analyses of high confidence candi-
dates can already give insight into potential functions of the KSHV
miRNAs (Dolken et al., 2010; Gottwein et al., 2011). While such
analyses are still hampered by the incomplete functional annota-
tion of the human transcriptome and may be biased by the cell
type candidates were derived from, current data strongly suggest
that KSHV miRNAs are highly multifunctional. Candidate targets
of the KSHV miRNAs were found to be significantly enriched for
those with roles as transcription factors and those that participate
in signaling and vesicular trafficking, among others. The notion
that the KSHV miRNAs have diverse functions is also supported by
functional validation of diverse targets (below). PAR-CLIP and/or
candidate approaches, have also resulted in a number of known or

suspected viral targets of the KSHV miRNAs, including the mRNA
encoding replication and transcription activator (RTA; Bellare and
Ganem, 2009; Gottwein et al., 2011). Finally, a surprisingly high
overlap between PAR-CLIP targets of the KSHV and EBV miRNAs,
suggests that the KSHV and EBV miRNAs share many functions as
aresult of convergent evolution (Gottwein et al., 2011). While this
cannot be said for sure until such common targets and functions
are studied in detail, this hypothesis is already supported by the
finding that KSHV, human cytomegalovirus (HCMV) and EBV
all target MICB, an important mediator of NK cell recognition,
through different sites (Nachmani et al., 2009). The overlapping
target range of EBV and KSHV miRNAs may have functional sig-
nificance in PEL, because >80% of PELs carry both EBV and
KSHV (Cesarman et al., 1995) and co-express >30 EBV BART
miRNAs with the KSHV miRNAs (Cai et al., 2006; Gottwein et al.,
2011). It is therefore likely that the KSHV and EBV miRNAs syn-
ergize in PEL to repress important targets. Indeed, PAR-CLIP data
predicts that several of the already validated KSHV miRNA targets
may also be targeted by EBV miRNAs, including for example cas-
pase 3 (Suffertetal.,2011). In summary, while a significantamount
of work remains, we are beginning to understand the complexity
of the KSHV miRNA targetome. An even higher degree of com-
plexity is certain to emerge once additional cell types are analyzed
at comparable depth.

The functional validation of miRNA targets typically includes
several steps: (1) The 3’ UTR sequence of the candidate target is
placed 3’ to a luciferase reporter and the specific regulation of
indicator activity by the targeting miRNA is established by 3’ UTR
reporter assays. The loss of reporter regulation upon mutation of
the miRNA binding site is currently the only way to demonstrate
the potential of a direct regulatory interaction in human cells.
However, due to the artificiality of this assay, target regulation in
a 3’ UTR reporter assay cannot prove that the interaction does
indeed take place in the context of infection or is functionally rel-
evant. (2) Repression of the endogenous protein by the miRNA
is established. This is demonstrated by reduced target expression
following the ectopic expression of physiological levels of the tar-
geting miRNA in cells lacking this miRNA and by increased target
expression following the inhibition of the miRNA in the context
of infection. Because miRNA-induced changes are often subtle,
quantitative western blotting is emerging as one of the best tools
to accurately establish the level of regulation at the protein level
(Abend et al., 2010). (3) The contribution of target regulation
to observed functional consequences is established. Because it
is often hard to unequivocally demonstrate that observed func-
tional consequences are indeed due to the targeting of a particular
mRNA, several lines of indirect evidence are usually accumulated
to support this idea. Upon ectopic miRNA expression, rescue of
a miRNA-induced phenotype can be performed by re-expression
of the target. In addition, RNA interference (RNAi) of the target
should phenocopy miRNA expression. Conversely, upon miRNA
inhibition, siRNA of the target mRNA is expected to reverse the
phenotype and overexpression of the target is expected to phe-
nocopy miRNA knockdown. The few KSHV miRNA targets that
have undergone fairly stringent functional validation are listed
in Table 2. In the following paragraphs, key concepts and open
questions that have emerged are highlighted.
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Table 2 | KSHV miRNA targets.

Gene Symbol miRNA(s) Reference Functional consequences
BACH1 miR-K11 (PC) Gottwein et al. (2007), Skalsky et al. (2007), Upregulation of SCL7A11/xCT expression by the KSHV
Qin et al. (2010a) miRNAs, increased viability under oxidative stress
BCLAF1 K5 Ziegelbauer et al. (2009) Prime cells for KSHV reactivation, modulate caspase activity
K9-3p
K10a (PC), K10b
CASP3 miR-K1 (PC) Suffert et al. (2011) This interaction may contribute to the inhibition of apoptosis
miR-K3 (PC) by KSHV
miR-K4-3p (PC)
CDKN1A/p21 miR-K1 (PC) Gottwein and Cullen (2010) Attenuation of p21-dependent cell cycle arrest
IKBKE/IKKe miR-K11 Gottwein et al. (2007), Liang et al. (2011) Attenuation of interferon induction by pattern recognition
receptors, stabilize KSHV latency
MAF miR-K1 Hansen et al. (2010) Downregulation of LEC marker expression, de-differentiation
miR-K6-5p
miR-K11
MICB miR-K7 Nachmani et al. (2009) Reduced NK cell recognition and activation
NFIB miR-K3 Lu et al. (2010a) Stabilization of KSHV latency by regulation of RTA promoter
activity
NFKBIA/IkBa miR-K1 Lei et al. (2010) Stabilization of KSHV latency by regulation of RTA promoter
activity
RBL2 miR-K4-bp (PC)  Lu et al. (2010b) De-repression of DNA methyl transferases Dnmt1, 3a
and 3b?
SMAD5 miR-K11 (PC) Liu et al. (2012) Attenuation of TGF-beta signaling
TNFRSF12A/TWEAKR ~ miR-K10a (PC) Abend et al. (2010) Reduce cellular responses to TWEAK signaling, including
the induction of inflammatory cytokines and the induction of
apoptosis
KSHV RTA (ORF50) miR-K9-bp Bellare and Ganem (2009) Reduce RTA expression and consequently inhibit KSHV

reactivation

Only KSHV miRNA targets that have undergone stringent validation and at least some functional analyses are listed. The gene symbol, the targeting miRNA(s), original
reports, and proposed functional consequences are listed. In the miRNA(s) column (PC) indicates that the proposed interaction was also recovered by PAR-CLIP

(Gottwein et al., 2011).

KSHV ANALOGS OF CELLULAR miRNAs

Kaposi’s sarcoma-associated herpesvirus gains access to a num-
ber of pre-existing regulatory networks by encoding viral analogs
of cellular miRNAs. As mentioned above, miR-K11 shares 7mer
seed homology with miR-155 and their overlapping target range
has been extensively validated: ectopically expressed miR-K11 and
miR-155 regulate similar sets of mRNAs and result in equiva-
lent regulation of 3’ UTR reporters in all cases tested to date
(Gottwein et al., 2007; Skalsky et al., 2007). Similar target regu-
lation by miR-K11 and miR-155 was also observed at the level
of protein expression for the transcription factors BACHI and
FOS in side-by-side experiments. In addition, it was demonstrated
that miR-K11 regulates protein expression of known miR-155
targets IkB kinase epsilon (IKKe) and SMADS5 (Gottwein et al.,
2007; Lu et al., 2008; Yin et al., 2008, 2010; Liang et al., 2011;
Liu et al., 2012). More recently, the analogy between miR-K11
and miR-155 was further confirmed by the recovery of ~40%
of all known miR-155 targets as candidate targets of miR-K11
in PEL cells using PAR-CLIP (Gottwein et al., 2011). While a
role of miR-K11 in KSHV-induced cancer has not been demon-
strated, such a role appears likely, because (1) the constitutive

expression of its analog miR-155 in B cells or hematopoietic stem
cells causes B cell- or myelo-proliferative disease (Costinean et al.,
2006; O’Connell et al., 2008), (2) EBV-induced cellular miR-155 is
essential for the survival and growth of EBV-transformed lym-
phoblastoid cells (Linnstaedt et al., 2010), (3) a viral miR-155
analog encoded by the oncogenic chicken a-herpesvirus Marek’s
disease virus (MDV) was found to be essential for lymphoma-
genesis by MDV in chickens (Zhao et al,, 2011), and (4) the
constitutive expression of miR-K11 in human hematopoietic cells
that were reconstituted into a humanized mouse model pheno-
copied expression of miR-155 and lead to an expansion of splenic
B cells (Boss et al., 2011). Which of the many miR-155 targets are
responsible for these observations is not understood in detail, but
it is tempting to speculate that at least some of the relevant tar-
gets may be conserved in humans, mice, and chicken. In addition
to a potential role in lymphomagenesis, miR-K11 contributes to
the KSHV-induced transcriptional reprogramming of lymphatic
endothelial cells (Hansen et al., 2010), promotes cell survival under
oxidative stress (Qin et al., 2010a), and inhibits TGF-beta signal-
ing (Liu et al., 2012). These functions of miR-K11 are discussed
below.
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Recently, a more complex analogy has been demonstrated
between KSHV miR-K10a and the cellular miRNA miR-142-3p
(Gottwein et al., 2011). miR-K10a and miR-142-3p both have two
5’ processing variants, which are expressed at close to a 1:1 ratio
(Umbach and Cullen, 2010; Gottwein et al., 2011). The longer
miR-K10a_+ 1_5 shares 7mer seed homology with the shorter
miR-142-3p-1_5p (Figure 3A). Because the 5 nt of miR-K10a
is a uridine, 7mer-1A sites for miR-K10a are also 7mer sites for
miR-K10a+ 1_5 and both miRNAs expressed by miR-K10a are
predicted to effectively mimic miR-142-3p-1_5. In fact, only 15%
of the PAR-CLIP sites predicted as targets of the two miR-K10a
variants were not also predicted to be targets of miR-142-3p-1_5.
miR-142-3p is expressed in all cells of the hematopoietic lineage
and largely absent in non-hematopoietic cells, but very few targets
and functions of miR-142-3p have been identified to date. In PEL
cell lines, miR-142-3p is likely significantly more abundant than
miR-K10, suggesting that these miRNAs may be redundant in B
cells. Because miR-142-3p is absent from many other cell types,
including endothelial cells, it is possible that KSHV uses miR-
K10 to introduce miR-142-3p-like functions into other cell types.
Interestingly, PAR-CLIP sites assigned to miR-K10/miR-142-3p
were also reported in latent viral mRNAs (Gottwein et al., 2011),
including the 3’ UTRs of v-cyclin/LANA, the KSHV homolog of
human IL-6 (v-IL-6), and latent nuclear antigen 2/viral interferon
regulatory factor 3, a protein that interferes with cellular signal-
ing and is essential for the survival of PEL cells in culture (Wies
et al., 2008). While these interactions remain to be validated at
a functional level, their identification raises the possibility that
KSHYV uses miR-142-3p and/or miR-K10 to fine tune latent protein
expression. In conclusion, while KSHV clearly encodes functional
mimics of cellular miRNAs, it is also important to point out that
this analogy extends only to the seed region. Like in the case of viral
homologs of cellular proteins, it appears likely that viral analogs of
cellular miRNAs also differ in key aspects from their cellular coun-
terparts. Although such differences remain to be identified, these
may include differences in non-seed target interactions, miRNA
stability, and miRNA regulation.

DO THE KSHV miRNAs REGULATE REACTIVATION?

The establishment of latency, a highly restricted gene expression
pattern that mediates the maintenance of the viral episome and
minimizes immune recognition, is universal among herpesviruses
and critical for their life-long persistence. Expression of herpesvi-
ral immediate early (IE) genes serves as a “switch” that triggers
reactivation from latency and initiates the lytic gene expression
cascade that ultimately results in expression of all viral genes and
the production of progeny virus. RTA is both necessary and suffi-
cient for the initiation of lytic KSHV replication. RTA expression
is tightly regulated to respond to a variety of physiological triggers.
While the default gene expression program of KSHYV in culture is
latency, spontaneous reactivation occurs at a low rate (typically
~1-2% of the cells). Latently expressed a-herpesviral miRNAs
were found to regulate IE genes (Umbach et al., 2008; Jurak et al.,
2011) and itis an attractive hypothesis that viral miRNAs in general
function in this manner to stabilize latency (Murphy et al., 2008).
Potentially, regulation of RTA could take place at the level of tran-
scription, through epigenetic modification and the availability of

repressors and activators of transcription, at the level of mRNA
stability and translation and at the level of protein stability and
activity. Thus, in order to affect RTA levels, the KSHV miRNAs
may directly target RTA mRNAs or regulate cellular factors that
control RTA expression and activity. Two independent studies
reported that deletion of the intronic miRNAs, miR-K1-9 and
miR-K11, from KSHV bac36 causes a two to fourfold increase in
RTA transcript levels, a similarly modest increase in downstream
viral lytic gene expression and an approximately twofold increase
in virus yield from 293T cells, suggesting that the intronic miRNAs
modulate the latent to lytic switch in favor of latency (Lei et al.,
20105 Lu et al., 2010b). This phenotype was accompanied by a
modest, 1.5- to 2-fold, increase in RTA promoter reporter activ-
ity in these cells (Lei et al., 2010), suggesting that regulation is at
the level of promoter activity. While Lei et al. (2010) reported
that this effect could be reversed by re-expression of miR-K1,
Lu et al. (2010b) observed no restoration of RTA inhibition by
re-expression of miR-K1 and presented data suggesting that the
expression of miR-K5, and perhaps miR-K4, was able to restore
lower RTA transcript levels. Given that a similar cell type was used
by both groups, it is possible that differences in the level of the
re-expressed miRNAs may account for the discrepancies between
these studies. In a complementary approach, Bellare and Ganem
(2009) transfected antisense inhibitors against individual miRNAs
into human foreskin fibroblasts (HFFs) infected with rKSHV.219,
arecombinant KSHV containing an REP reporter under control of
the lytic PAN promoter (Vieira and O’Hearn, 2004). Interestingly,
no effect on the spontaneous reactivation of KSHV was observed
upon individual inhibition of either miR-K1, miR-K4-5p, miR-
K4-3p, or miR-K5, suggesting that, at least in HFF, inhibition of
these miRNAs alone is not sufficient to cause an increase in spon-
taneous reactivation. In HFFE, only the inhibition of miR-K9-5p
resulted in a ~2.5-fold increase in RFP expression, likely due to
a direct interaction of this miRNA with a site in the 3" UTR of
RTA (Bellare and Ganem, 2009), but expression of miR-K9 was
reported to be unable to restore RTA inhibition to the miRNA-
deleted virus in 293 cells (Lu et al., 2010b). Another study reported
that overexpression of miR-K3 in the PEL cell line BC-3 results in
decreased RTA mRNA expression (Lu et al., 2010a), but the con-
tribution of endogenously expressed miR-K3 to the maintenance
of latency in PEL remains unclear. The re-expression of miR-K3
was unable to restore RTA inhibition to the miRNA-deleted virus
in 293 cells (Lu et al., 2010b) and its inhibition did not result in
reactivation of the virus in HFF (Bellare and Ganem, 2009). In
addition to the study by Bellare and Ganem (2009), several labo-
ratories have tested RTA-3’ UTR indicators for inhibition by the
KSHV miRNAs, with different results (Lei et al., 20105 Lu et al.,
2010b; Lin et al., 2011). Additional miRNAs that were reported to
inhibit RTA indicator expression include miR-K5 and miR-K7-5p
(Luetal.,2010b; Linetal.,2011). Lei et al. (2010), however, did not
observe RTA indicator repression by any of the KSHV miRNAs.
It appears that differences between studies are most likely due
to the use of different approaches to miRNA expression, using
mimics or from expression vectors, which may either overexpress
or inadequately express 5p and 3p miRNAs. Another source of
experimental discrepancies could be the folding of the 3" UTR-
indicator transcript which depends on the exact sequence of the
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transcript. It is conceivable that unnatural 3’ UTR folding could
result in both false positive and false negative results. While the
above studies generally agree that the KSHV miRNAs modestly
stabilize latency, Ziegelbauer et al. (2009) showed that the com-
bined inhibition of miR-K5, miR-K9-3p, and miR-K10a/b in PEL
and SLK cells had the opposite effect and reduced the percentage
of cells undergoing spontaneous reactivation by about 40%, likely
through de-repression of the cellular protein bcl2-associated factor
(BCLAF1). Thus, several of the miRNAs may also help tip the bal-
ance in favor of lytic reactivation. In conclusion, while much work
remains to be done to establish which individual or collaborating
KSHV miRNAs affect KSHV reactivation in different cell types,
existing data point to a subtle function of the intronic miRNAs
in favor of maintaining latency. The observed effects were modest
and may present additional controls to KSHV gene expression. Itis
plausible that the KSHV miRNAs are under evolutionary pressure
to be compatible with the latent and lytic replication modes, and
even possible that they have evolved to avoid strong interactions
with RTA and other lytic mRNAs.

TRANSCRIPTIONAL AND EPIGENETIC REPROGRAMMING

While direct recognition by miRNAs often results in only subtle
changes of target expression, indirect functional consequences can
be more dramatic if regulated mRNAs encode transcription factors
and other regulators of gene expression. Transcriptional regulation
was the most highly enriched function among candidate targets
of the KSHV miRNAs (Gottwein et al., 2011), and several tran-
scription factors have already been validated as targets of KSHV
miRNAs. KSHV-infected spindle cells are the predominant cell
type in advanced KS lesion. Spindle cells are poorly differentiated
with expression of lymphatic and blood vessel endothelial cell
(LEC and BEC) as well as mesenchymal markers. This transcrip-
tional reprogramming is recapitulated upon infection of LECs
by KSHYV in vitro (Boshoff et al., 1995; Hong et al., 2004; Wang
et al., 2004; Cheng et al., 2011; Gasperini et al., 2012). Several
KSHV miRNAs contribute to the transcriptional reprogramming
of LEC by KSHYV through targeting of the transcription factor c-
Maf (MAF; Hansen et al., 2010). Large Maf transcription factors,
including c-Maf, can act as activators or repressors and regu-
late the terminal differentiation of a number of tissues. c-Maf
is among the proteins that are specifically induced in LEC by the
transcriptional master regulator of lymphatic endothelial differ-
entiation PROX1 (Petrova et al., 2002; Hong et al., 2004). c-Maf
was downregulated in LEC stably expressing the intronic KSHV
miRNAs and found to be directly repressed by KSHV miR-K6
and miR-K11. Downregulation of c-Maf following the expression
of the intronic miRNAs or by RNAi induced the expression of
BEC marker genes in LEC, suggesting that c-Maf is important
to maintain LEC differentiation. Thus, regulation of MAF by the
KSHV miRNAs at least partially accounts for the transcriptional
reprogramming observed upon KSHV infection of LEC. Other
examples of transcription factors targeted by KSHV miRNAs
include the transcriptional repressors RBL2 (retinoblastoma-like
2), BACH1 (BTB and CNC homology 1, basic leucine zipper tran-
scription factor 1), and BCLAFI1 (discussed above and below).
RBL2 is downregulated by miR-K4-5p, potentially resulting in
increased expression of DNA methyl transferases DNMT1, 3a, and

3b (Lu et al., 2010b). Consistent with a function of the KSHV
miRNAs in the epigenetic modification of the KSHV and cellular
genomes, deletion of the intronic miRNAs resulted in an overall
reduction of CpG methylation of the viral and cellular genomes.
BACH]1 is among the most strongly regulated targets of the KSHV
miRNAs validated to date (Gottwein et al., 2007; Skalsky et al.,
2007). The best characterized target of BACHI1-mediated repres-
sion is hemeoxygenase 1 (HO-1, HMOX1), the limiting enzyme
in heme catabolism, which is strongly upregulated in KS (McAl-
lister et al., 2004). More recently, Qin et al. (2010a) showed that
BACH]1 also represses SLC7A11 (solute carrier family 7, xCT), a
transporter which imports cystine required for the synthesis of
glutathione (GSH), a critical antioxidant that protects cells from
reactive oxygen species (ROS). Consequently, the resulting upreg-
ulation of SLC7A11 protects infected cells from oxidative stress.
BACH1-ChlIP-seq in 293 cells (Warnatz et al., 2011), which express
endogenous BACHI, confirmed HO-1 and SLC7A11 as BACH1
target genes and identified additional targets of BACH1, including
additional factors involved in redox and transport processes, and
those involved in cell cycle and apoptosis. Thus, several transcrip-
tion factors have already been shown to be important targets of the
KSHV miRNAs and many more are likely candidates, suggesting
that transcriptional reprogramming is an important function of
the KSHV miRNAs.

EVASION FROM CELL CYCLE ARREST AND CELL DEATH

The deregulation of the cell cycle, survival signaling, and cell death
pathways contributes to the oncogenic properties of KSHV and
other oncogenic viruses. Not surprisingly, several of the already
validated targets of the KSHV miRNAs are predicted to facilitate
viral escape from cell cycle arrest and apoptosis. KSHV miR-K1
targets p21, a cyclin-dependent kinase inhibitor (CDKI) induced
by several growth inhibitory signals, and thereby attenuates p21-
mediated cell cycle arrest (Gottwein and Cullen, 2010). More
recently, several other miRNAs were reported to also bind the p21
3’ UTR and the 3’ UTR of a second CDKI, p27, but the functional
impact of these interactions in the context of KSHV infection
remains to be established (Gottwein et al., 2011). As discussed
above, the downregulation of BACH1 by miR-K11 promotes cel-
lular survival under oxidative stress, through de-repression of
xCT (Qin et al., 2010a). KSHV miR-K10 was shown to allow the
escape from TNFSF12/TWEAK-induced apoptosis by repression
of TNRSFR12A/TWEAKR, its receptor (Abend et al., 2010), and
miRNAs miR-K1, miR-K3, and miR-K4-3p target effector cas-
pase 3 (CASP3; Suffert et al., 2011). The co-expression of the
intronic KSHV miRNAs inhibited apoptosis following treatment
with staurosporine, while the joint inhibition of miR-K1, miR-
K3, and miR-K4-3p in KSHV-infected E6/E7-immortalized LEC
enhanced etoposide-induced apoptosis by about twofold (Suffert
etal., 2011). Attenuation of staurosporine-induced apoptosis was
also observed in DG-75 cells in the absence of caspase 3 activa-
tion, which is defective in these cells, suggesting that caspase 3
is unlikely to be the functionally relevant target in DG-75 cells.
An important remaining question is whether an approximately
twofold reduction of procaspase 3 expression can indeed protect
cells from cell death or even delay its progression, given that cas-
pase 3 is an effector rather than an inducer of apoptosis and may
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not be limiting to the progression of apoptosis. TGF-f is a multi-
functional cytokine that induces cell cycle arrest and apoptosis in B
cells. Importantly, PEL cell lines are generally resistant to the effects
of TGF-B, at least in part due to inhibition of TGF- receptor 2
subunit expression by LANA (Di Bartolo et al., 2008). The sta-
ble expression of the intronic KSHV miRNAs in 293T resulted in
strongly reduced activity of a SMAD-responsive element reporter
(Samols et al., 2007), suggesting that the KSHV miRNAs may also
contribute to the inhibition of TGF-f signaling by KSHV or at
least serve as an additional safeguard. The mechanism underly-
ing this observation was not addressed, but, more recently it was
shown that miR-K11, like its analog miR-155 (Yin et al., 2008,
2010; Rai et al., 2010), antagonizes SMADS5 and this interaction
likely contributes to the observed resistance to TGF-beta induced
growth inhibition and apoptosis in PEL (Liu et al., 2012). Other
candidate targets with known roles in the regulation of cell cycle
and cell death have been validated (Ddolken et al., 2010; Gottwein
etal.,2011), but are of unknown relevance in the context of KSHV
infection.

OTHER FUNCTIONS OF THE KSHV miRNAs

Immune evasion is critical for the life-long persistence of her-
pesviral infection and herpesviruses employ multiple mechanisms
to ensure the escape of infected cells from both the innate and
the adaptive arms of the immune system. Latency and the wide-
spread use of viral miRNA expression during latency themselves
can be viewed as mechanisms of passive immune evasion. One
important target with a role in evasion from natural killer (NK)
cells is the miR-K7 target MICB (Nachmani et al., 2009), whose
surface expression triggers recognition by the NK cell activating
receptor NKG2D and subsequent killing by NK cells. MICB is
also repressed by the miRNAs of other herpesviruses, including
EBV miR-Bart2-5p and HCMV miR-UL112, through different
sites (Stern-Ginossar et al., 2007; Nachmani et al., 2009), which
further underscores the likely importance of this target in her-
pesviral infection. A final important emerging concept is the
regulation of cellular signaling by the KSHV miRNAs and many
of the validated targets discussed above participate in one or
more signaling cascades (Table 1). Given the critical role cytokines
play in the pathogenesis of KS, deregulation of cytokine expres-
sion by KSHV miRNAs is perhaps expected. Abend et al. (2010)
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Kaposi’s sarcoma-associated herpesvirus (KSHV), also called human herpesvirus 8, belongs
to the gamma herpesviruses and is the etiological agent of Kaposi's sarcoma, primary effu-
sion lymphoma, and some types of multicentric Castleman’s disease. /n vivo, KSHV mainly
infects B cells and endothelial cells. The interactions between KSHV and its host cells
determine the outcome of viral infection and subsequent viral pathogenesis. MicroRNAs
(miRNAs) are small, non-coding RNAs that are important in fine-tuning cellular signaling.
During infection, KSHV modulates the expression profiles and/or functions of a number
of host miRNAs, for example hsa-miR-132 and hsa-miR-146a. Meanwhile, KSHV itself
encodes 12 pre-miRNAs, including miR-K12-11, which is the functional ortholog of the host
miR-155. A number of cellular and viral targets of deregulated cellular miRNAs and viral
miRNAs are found in KSHV-infected cells, which suggests that miRNAs may be important
in mediating KSHV-host interactions. In this review, we summarize our current understand-
ing of how KSHV modulates the expression and/or functions of host miRNAs; we review
in detail the functions of miR-K12-11 as the ortholog of miR-155; and we examine the
functions of viral miRNAs in KSHV life cycle control, immune evasion, and pathogenesis.

contributed equally to this work. .
Keywords: KSHV, microRNA

INTRODUCTION

The human tumor virus Kaposi’s sarcoma-associated herpesvirus
(KSHYV), also called human herpesvirus 8 (HHVS), is the etiologi-
cal agent of Kaposi’s sarcoma (KS), the most common malignance
in AIDS patients, primary effusion lymphoma (PEL), and some
types of multicentric Castleman’s disease (MCD; Chang et al.,
1994; Cesarman et al., 1995; Soulier et al., 1995). The outcomes of
viral infection and viral pathogenesis are determined by interac-
tions between KSHV and host cells. Like all other herpesviruses,
KSHV has two life cycle phases: latency and lytic replication. Only a
few viral genes, such as latency-associated nuclear antigen [LANA,
open reading frame (ORF) 73], viral cyclin (vCyclin, ORF72), and
viral FLIP (vFLIP, ORF71), are expressed during latent infection
and drive host cells proliferation and prevent apoptosis. Lytic
transcripts, such as ORFK1, viral interleukin-6 (vIL-6, ORFK2),
and viral G protein-coupled receptor (vGPCR) contribute to ini-
tiating angiogenesis and inflammatory lesions in host cells, and
ultimately KS (Mesri et al., 2010). Both latent and lytic genes con-
tribute to KSHV pathogenesis. Although a large number of diverse
microRNAs (miRNAs) with potential regulatory functions exist
in cell types from several different species (Lagos-Quintana et al.,
2001; Lau et al., 2001; Lee and Ambros, 2001), their role in virus—
host interactions was not investigated until the recent discovery
of virus-encoded miRNAs (Pfeffer et al., 2004). Here we review
our current understanding of the roles of both virally encoded
and cellular miRNAs in KSHV virus-host interactions. Because
of conserved similarities among the herpesvirus family, some of
these examples might also apply to other viruses in this family.

THE BIOGENESIS OF HOST AND VIRAL miRNAs
MicroRNAs are approximately 22 nucleotide (nt)-long non-
coding RNAs with regulatory functions that are expressed by all
multicellular eukaryotes (Bartel, 2009). In the canonical pathway
for miRNAs biogenesis, primary miRNAs (pri-miRNAs) that form
an imperfect stem-loop with a hairpin bulge are first transcribed
by RNA Pol II from miRNA genes. These pri-miRNAs are then
processed by microprocessor which is composed of the RNase IIT
enzyme Drosha and its co-factor DGCR8. The processed products
called precursor miRNAs (pre-miRNAs) have a hairpin structure
of ~70 nts and are exported from the nucleus to the cytoplasm by
a Ran GTPase called Exportin-5. In the cytoplasm, the stem-loops
of pre-miRNAs are further cleaved by another RNase III, Dicer,
and the double-stranded RNA (dsRNA)-binding protein TRBP
leaving a ~22-nt RNA duplex. Often, one strand of the duplex is
preferentially incorporated into the RNA-induced silencing com-
plex (RISC). The other strand, known as miRNA star (miRNA*) or
the passenger strand, is often degraded. RISC loaded with mature
miRNA is subsequently guided by the miRNA to pair with tar-
get transcripts at the 3’ untranslated region (3’UTR) and induces
posttranscriptional silencing (Bartel, 2009). In addition to the
canonical pathways for generating miRNAs, some non-canonical
ways to produce miRNA also exist (see review Yang and Lai, 2011).
Since Epstein—Barr virus (EBV) was first shown to encode sev-
eral miRNAs (Pfeffer et al., 2004), many other viruses, especially
herpesviruses including KSHYV, have also been demonstrated to
encode their own miRNAs. Most known viral miRNA genes are
expressed using the canonical pathways of miRNA biogenesis with
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only two exceptions for y-herpesvirus. In murine y-herpesvirus
type 68 (also known as murid herpesvirus 4), miRNA genes
embedded in tRNA-like transcripts are transcribed by RNA Pol I1I
instead of Pol II (Bogerd et al., 2010; Diebel et al., 2010). Another
exception is from Herpesvirus saimiri (HVS)-encoded miRNAs.
Three of the seven HVS-encoded Sm-class U RNAs (HSURs) give
rise to six mature miRNAs derived from hairpin structures located
immediately downstream of the 3’ end processing signals. The pro-
cessing of these miRNAs is not dependent on the microprocessor
complex. Instead, the Integrator complex is required to generate
the 3’ end of HSURs and the pre-miRNA hairpins. Pre-miRNAs
are subsequently exported to the cytoplasm by Exportin-5, and
Dicer is required to generate mature viral miRNAs (Cazalla et al,,
2011).

Kaposi’s sarcoma-associated herpesvirus encodes 12 pre-
miRNAs that produce 25 mature miRNAs (Summarized in
Table 1) through the canonical pathway for miRNA biogenesis
(Cai et al., 2005; Pfeffer et al., 2005; Samols et al., 2005; Grund-
hoff et al., 2006; Lin et al., 2010; Umbach and Cullen, 2010). Ten
of these miRNA precursors are organized into clusters within the
latent genes locus. The other two pre-miRNAs (miR-K12-10, miR-
K12-12) are located within the 3'UTR of ORF K12. All these viral
miRNAs share two common promoters with the viral latent tran-
scripts (Pearce et al., 2005; Cai and Cullen, 2006). Interestingly,
the primary sequences of both miR-K12-10 and miR-K12-12 can
be cleaved by Drosha in cis, which results in reduced transcript
K12 and decreased K12 protein expression (Lin and Sullivan,
2011). KSHV-encoded miRNAs were initially discovered in viral
latency (Cai et al., 2005; Pfeffer et al., 2005; Samols et al., 2005;
Grundhoff et al., 2006), but are also detected in lytic replica-
tion (Lin et al., 2010; Umbach and Cullen, 2010). The expression
levels of some viral miRNAs are even higher in the lytic phase
compared to the latent phase (Lin et al., 2010; Umbach and
Cullen, 2010). It will be interesting in the future to determine
the reason for this differential expression pattern in the viral life
cycle.

miRNAs AS A MEDIATOR IN THE VIRUS-HOST INTERACTION
NETWORK

Since the discovery of miRNA, we have known that it modu-
lates gene expression post-transcriptionally through targeting the
3'UTRs of target genes or through inducing degradation of tar-
get gene transcripts (Lee et al., 1993). The expression of miRNAs
themselves is also strictly regulated through different mechanisms.
The discovery of virus-encoded miRNAs in herpesviruses provides
us with an opportunity to reevaluate the interactions between
the virus and its host from a new perspective. Based on the pro-
found regulatory effects of miRNAs, we propose a four-component
model to depict viral-host interactions. In this model, viral genes,
viral miRNAs, host genes, and host miRNAs are four mediators
of cellular signaling that regulate each others’ expression by vari-
ous means (Figure 1). This complicated and elaborate regulatory
network mediating virus-host interactions determines the out-
come of virus infection. Since herpesviruses establish long-term
latency in the cell, they have multiple strategies to dominate the
signaling network to favor long-term infection. The importance
of virally hijacked host miRNAs and deregulated viral miRNAs

in herpesvirus infection and pathogenesis has turned out to be
beyond our expectations. In the following section, we review the
critical roles of both cellular and viral miRNAs in KSHYV infection
(Summarized in Table 2).

KSHV MODULATES THE EXPRESSION PROFILE AND/OR
FUNCTION OF HOST miRNAs

To date, more than 1400 mature miRNAs have been identified
in humans (Kozomara and Griffiths-Jones, 2011), forming a del-
icate miRNA system that is critical for fine-tuning the cellular
signaling network. The expression profile of human miRNAs
varies significantly among different cell types and can be mod-
ulated by many cellular events. Increasing evidence suggests that
virus infection can influence the expression profile of host miR-
NAs, resulting from either defensive host signaling against virus
infection or viral hijacking to favor virus infection. Therefore,
host miRNAs are important in balancing virus—host interactions.
Viral gene products regulate host miRNA expression through gene
alteration, transcription regulation or processing, directly or indi-
rectly. In some cases they even modulate the function of host
miRNAs. When herpesviruses establish long-term latency in the
host cells, virus-specific host miRNAs expression pattern, or miR-
NAs signature, is established. Thus, the host miRNA system is an
important tool that is hijacked by the herpesvirus for viral latency
maintenance and viral pathogenesis.

Kaposi’s sarcoma-associated herpesvirus mainly infects human
endothelial cells (ECs) and B cells in vivo. Therefore, knowing the
effects of KSHV infection on the host miRNA expression pro-
files of these two cell types will be interesting. Using quantitative
PCR (qPCR)-based arrays, O'Hara et al. (2008) identified 68 miR-
NAs specifically expressed in PEL cell lines rather than in KSHV
non-related lymphoma cell lines and tonsil tissues. However, the
question remains whether these PEL-specific miRNAs are regu-
lated directly by KSHV gene products or are the consequence of
long-term infection and oncogenesis. To answer this question, in
a later study, O’Hara et al. profiled PEL cell lines, KSHV-infected
ECs, uninfected ECs, and primary KS biopsies for host miRNAs
expression using a QPCR-based array. After adjustment for mul-
tiple comparisons, they identified 18 KSHV-regulated miRNAs.
Moreover, they demonstrated that the tumor suppressor miR-
NAs in the let-7 family and miR-220/221 are downregulated in
KSHV-associated cancers, including PEL and KS (O’Hara et al,,
2009).

To determine the host miRNA profile during early KSHV infec-
tion, Lagos et al. detected host miRNA expression at 6 and 72h
post-KSHYV infection of lymphatic endothelial cells (LECs) using
an miRNA microarray. They identified two groups of miRNAs
induced during primary KSHV infection. The first group consisted
of nine miRNAs that reached their peak expression at 6 h post-
infection, including hsa-miR-146a, hsa-miR-31, and hsa-miR-132.
Expression levels of five miRNAs from the second group, includ-
ing hsa-miR-193a and hsa-let-7i, steadily increased over the 72
post-infection hours (Lagos et al., 2010).

Although the functions of human miRNAs have been exten-
sively studied and KSHV clearly regulates host miRNA expression,
the roles of host miRNAs in KSHV infection are less well under-
stood than the functions of the viral miRNAs. Based on a limited
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Table 1| List of KSHV-encoded miRNAs

Name

Sequence

Genome positionT

KSHV-miR-K12-1-5p

KSHV-miR-K12-1-3p

KSHV-miR-K12-2-5p

KSHV-miR-K12-2-3p

KSHV-miR-K12-3-5p

KSHV-miR-K12-3-3p

KSHV-miR-K12-4-5p

KSHV-miR-K12-4-3p

KSHV-miR-K12-5-5p

KSHV-miR-K12-5-3p

KSHV-miR-K12-6-5p

KSHV-miR-K12-6-3p

KSHV-miR-K12-7-6p

KSHV-miR-K12-7-3p

KSHV-miR-K12-8-5p

KSHV-miR-K12-8-3p

KSHV-miR-K12-9-5p

KSHV-miR-K12-9-3p

KSHV-miR-K12-10a-5p
KSHV-miR-K12-10a-3p

KSHV-miR-K12-10b-3p

AUUACAGGAAACUGGGUGUAAG
AUUACAGGAAACUGGGUGUAAGC
AUUACAGGAAACUGGGUGUAAGCU
GCAGCACCUGUUUCCUGCAACC
AACUGUAGUCCGGGUCGAUCU
AACUGUAGUCCGGGUCGAUCUG
GAUCUUCCAGGGCUAGAGCUG
GAUCUUCCAGGGCUAGAGCUGC
UCACAUUCUGAGGACGGCAGC
UCACAUUCUGAGGACGGCAGCG
UCACAUUCUGAGGACGGCAGCGA
UCGCGGUCACAGAAUGUG
GUCGCGGUCACAGAAUGU
UCGCGGUCACAGAAUGUGACA
AGCUAAACCGCAGUACUCUAG
AGCUAAACCGCAGUACUCUAGG
UAGAAUACUGAGGCCUAGCUG
UAGAAUACUGAGGCCUAGCUGA
AGGUAGUCCCUGGUGCCCUAA
AGGUAGUCCCUGGUGCCCUAAG
UAGGUAGUCCCUGGUGCCCUAA
UAGGUAGUCCCUGGUGCCCUAAG
UAGGAUGCCUGGAACUUGCC
UAGGAUGCCUGGAACUUGCCGG
UAGGAUGCCUGGAACUUGCCGGU
CCAGCAGCACCUAAUCCAUCG
CCAGCAGCACCUAAUCCAUCGG
UGAUGGUUUUCGGGCUGUUGAG
UGAUGGUUUUCGGGCUGUUGAGC
AGCGCCACCGGACGGGGAUUUA
AGCGCCACCGGACGGGGAUUUAU
AGCGCCACCGGACGGGGAUUUAUG
UGAUCCCAUGUUGCUGGCGC
UGAUCCCAUGUUGCUGGCGCU
UGAUCCCAUGUUGCUGGCGCUC
ACUCCCUCACUAACGCCCCGC
ACUCCCUCACUAACGCCCCGCU
CUAGGCGCGACUGAGAGAG
CUAGGCGCGACUGAGAGAGC
CUAGGCGCGACUGAGAGAGCA
CUAGGCGCGACUGAGAGAGCAC
ACCCAGCUGCGUAAACCCCGC
ACCCAGCUGCGUAAACCCCGCU
CUGGGUAUACGCAGCUGCGUA
CUGGGUAUACGCAGCUGCGUAA
GGCUUGGGGCGAUACCACCACU
UAGUGUUGUCCCCCCGAGUGG
UAGUGUUGUCCCCCCGAGUGGC
UUAGUGUUGUCCCCCCGAGUGG
UUAGUGUUGUCCCCCCGAGUGGC
UGGUGUUGUCCCCCCGAGUGGC
UUGGUGUUGUCCCCCCGAGUGG

122138-122159

122100-122121

121978-121998

121935-121955

121836-121856

121797-121814

121704-121724

121666-121686

121554-121574

121516-121535

121045-121065

121012-121033

120646-120667

120608-120627

120234-120254

120196-120214

119587-119607

119553-119573

118116-118137
118077-118097

118077-118097

(Continued)
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Table 1| Continued

Name Sequence

Genome positionT

UUGGUGUUGUCCCCCCGAGUGG
UUGGUGUUGUCCCCCCGAGUGGC

KSHV-miR-K12-11-6p

GGUCACAGCUUAAACAUUUC

120868120887

GGUCACAGCUUAAACAUUUCUA
GGUCACAGCUUAAACAUUUCUAG
GGUCACAGCUUAAACAUUUCUAGG

KSHV-miR-K12-11-3p
KSHV-miR-K12-12-bp

UUAAUGCUUAGCCUGUGUCCGA
AACCAGGCCACCAUUCCUCUC

120827-120848
117837-117857

AACCAGGCCACCAUUCCUCUCC
AACCAGGCCACCAUUCCUCUCCG
UCAACCAGGCCACCAuUUCCUC

KSHV-miR-K12-12-3p

UGGGGGAGGGUGCCCUGGUUGA

117798-117819

Most abundant forms of KSHV mature miRNAs were listed here.

TAll positions indicated here were the positions of the sequences listed in the first lines and were referenced in KSHV genome (accession number: AF148805).

Viral miRNAs Rigmltd Host miRNAs

FIGURE 1 | A four-component model for viral-host interaction.

number of studies, we infer that KSHV hijacks the host miRNA
system to favor infection and pathogenesis.

Lagos et al. showed that KSHV-induced hsa-miR-132 expres-
sion via a CREB-dependent pathway. The miRNA hsa-miR-132
negatively regulates interferon pathways by targeting the p300
transcriptional co-activator to facilitate viral replication. Inter-
estingly, they show a similar function for hsa-miR-132 during
infection of monocytes with herpes simplex virus-1 (HSV-1) and
human cytomegalovirus (HCMV). Therefore, induction of hsa-
miR-132 might be a common strategy for herpesvirus to control
innate immunity at early stage of infection (Lagos et al., 2010).
However, more extensive studies are needed to clarify the com-
mon signaling pathway that is responsible for CREB-mediated
hsa-miR-132 activation.

Another host miRNA upregulated by KSHV is hsa-miR-146a
(Lagos et al., 2010; Punj et al., 2010). Punj et al. showed that vFLIP
is responsible for hsa-miR-146a upregulation. They identified two
NEF-kB sites in the promoter of hsa-miR-146a that are essential for
its activation by vFLIP. Upregulation of hsa-miR-146a suppresses
its target CXCR4; downregulation of CXCR4 might contribute
to KS development by promoting premature release of KSHV-
infected endothelial progenitors into circulation (Punjetal., 2010).
Indeed, hsa-miR-146a is also reported to be upregulated by EBV
LMP1, and hsa-miR-146a might function in a negative feedback

loop to modulate the intensity and/or duration of the interferon
response (Cameron et al., 2008). Therefore, hsa-miR-146a might
be another common host miRNA target of herpesvirus infection.

Tsai et al. showed that K15M (the minor form of KSHV K15)
induces expression of hsa-miR-21 and hsa-miR-31. Knocking
down both of these miRNAs eliminates K15M-induced cell motil-
ity. Therefore, K15M might contribute to KSHV-mediated tumor
metastasis and angiogenesis via regulation of hsa-miR-21 and hsa-
miR-31 (Tsai et al., 2009). In another study, Wu et al. explored
the genes and miRNAs involved in KSHV-induced cell motility by
combining gene and miRNA profile data. They showed that KSHV
induces global changes of miRNA expression in LECs. Specifically,
the hsa-miR-221/hsa-miR-222 cluster is downregulated, whereas
hsa-miR-31 is upregulated. Both LANA and Kaposin B repress the
expression of the hsa-miR-221/hsa-miR-222 cluster, which results
in upregulation of their target gene ETS1 or ETS2 and is sufficient
to induce EC migration. In contrast, upregulated hsa-miR-31 stim-
ulates EC migration by reduction its target gene FAT4 (Wu et al,,
2011).

Kaposi’s sarcoma-associated herpesvirus not only modulates
host miRNAs expression, but also modulates the function of some
host miRNAs. Kang et al. showed direct repression of vIL-6 by
hsa-miR-1293 and repression of hIL-6 by hsa-miR-608. They also
found that KSHV ORF57 and hsa-miR-1293/hsa-miR-608 com-
pete for the same binding site on vIL-6/hIL-6 mRNA. ORF57
binding results in escape of viral and human IL-6 from miRNA-
mediated suppression, contributing to KSHV pathogenesis (Kang
etal.,2010,2011).

Cazallaetal. (2010) showed that the HVS-encoded non-coding
RNA, HSURI, directs host miR-27 degradation and subsequent
reduction of miR-27 target genes. This evidence also supports the
hypothesis that viral genes can regulate host miRNA expression
and function.

The function of host miRNAs in KSHV infection is increasingly
a topic of interest in the field. More KSHV-regulated host miRNAs
are being identified, and their function is usually clearer than that
of viral miRNAs. We can therefore apply knowledge about other
host miRNAs to the KSHYV field to help understand the functions
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Table 2 | Kaposi’s sarcoma-associated herpesvirus-encoded miRNAs as mediators in virus-host interactions.

Category miRNA Gene Function Reference
ViralmiRNAs target viral genes KSHV-miR-K12-9-5p, RTA Repress RTA to maintain latency Bellare and Ganem (2009), Lu
KSHV-miR-K12-7-5p, et al. (2010b), Lin et al. (2011)
KSHV-miR-K12-5
Viral miRNAs target cellular KSHV-miR-K12-1 kB Inhibit RTA through NF«B signaling to Lei et al. (2010)
genes maintain latency
p21 Repress growth arrest Gottwein and Cullen (2010)
MAF Facilitate cell trans-differentiation Hansen et al. (2010)
KSHV-miR-K12-3 NFIB Suppress RTA through NFIB to maintain Lu et al. (2010a)
latency
CEBPB Induce 11-6 and IL-10 expression via inhibit- Qin et al. (2009)
ing CEBPB
KSHV-miR-K12-4-5p RBL2 Alter epigenetics by derepressing RBL2- Lu et al. (2010b)
DNMT pathway
KSHV-miR-K12-6-5p MAF Facilitate cell trans-differentiation Hansen et al. (2010)
KSHV-miR-K12-7 MICB Suppress cell-mediated immunity Nachmani et al. (2009)
CEBPB Induce I1-6 and IL-10 expression via inhibit- Qin et al. (2009)
ing CEBPB
KSHV-miR-K12-10a TWEAKR Anti-apoptosis/inflammation Abend et al. (2010)
KSHV-miR-K12-11 IKKe Repress IFN response Liang et al. (2011)
SMAD5 Promote cell survival through repressing Liu et al. (2011)
SMADS5 mediated TGF-B signaling
MAF Facilitate cell trans-differentiation Hansen et al. (2010)
BACH1 Gottwein et al. (2007), Skalsky
et al. (2007)
KSHV-miR-cluster THBS1 Angiogenesis Samols et al. (2007)
BCLF1 Inhibit caspase and promote viral replica- Ziegelbauer et al. (2009)
tion
Cellular miRNAs target viral hsa-miR-1293 vIL-6 Restrict viral pathogenesis Kang et al. (2011)
genes
Cellular miRNAs target cellular hsa-miR-608 hil-6 Restrict viral pathogenesis Kang et al. (2011)
genes
hsa-miR-132 p300 Immune evasion Lagos et al. (2010)
Viral genes target viral miRNAs KSHV-miR-K12-9-5p PAN Predicted
Viral genes target cellular miR- hsa-miR-146a VFLIP Repress CXCR4 Cazalla et al. (2010), Punj et al.
NAs (2010)
Cellular genes target viral miR- KSHV-miR-K12-10, Drosha Regulate miRNAs expression and facili- Lin and Sullivan (2011)
NAs KSHV-miR-K12-12 tate cell survival via promoting kaposin B
expression
Cellular genes target cellular hsa-miR-132 CREB/p300 Induce hsa-miR-132 expression during Lagos et al. (2010)

miRNAs

early viral infection

of KSHV-hijacked host miRNAs in KSHV infection and related
pathogenesis.

KSHV ENCODES ORTHOLOGS OF HOST miRNAs

Many KSHV-encoded ORFs are pirated from the host genome.
An interesting question is whether KSHYV also pirates pre-miRNA
genes from the host genome. Early in the identification of KSHV
miRNAs, two independent studies reported that miR-K12-11 is the
ortholog of host hsa-miR-155 and these miRNAs have identical
seed sequence (Gottwein et al., 2007; Skalsky et al., 2007). Hsa-
miR-155 is a multifunctional miRNA that is important in immu-
nity, hematopoiesis, inflammation, and oncogenesis (McClure and

Sullivan, 2008). Not only miR-K12-11, but also miR-M4, which is
encoded by the highly oncogenic Marek’s disease virus of chickens,
is a functional ortholog of hsa-miR-155(Zhao et al., 2009). EBV
does not encode a hsa-miR-155 ortholog. Instead, EBV-induced
hsa-miR-155 expression by LMP1 and hsa-miR-155 is important
in EBV viral pathogenesis (Motsch et al., 2007; Gatto et al., 2008;
Lu et al., 2008). Of note, hsa-miR-155 is downregulated in KSHV-
infected cells (Gottwein et al., 2007; Skalsky et al., 2007); therefore
KSHV might encode miR-K12-11 to replace the function of its
ortholog, hsa-miR-155.

Since miR-K12-11 shares an identical seed sequence with hsa-
miR-155, these two miRNAs may have similar functions and target
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the same genes. Gottwein et al. (2007) used a range of assays to
show that expression of physiological levels of miR-K12-11 or
hsa-miR-155 results in the downregulation of an extensive set
of common mRNA targets, including genes with known roles in
cell growth regulation, for example BACH1. Moreover, Qin et al.
(2010) found that KSHV-encoded microRNAs upregulate xCT
expression in macrophages and ECs, largely through miR-K12-11
suppression of BACH1, a negative regulator of transcription that
recognizes antioxidant response elements within gene promoters.

To compare miR-K12-11 and hsa-miR-155 functions in vivo,
Boss et al. used a foamy virus vector to express the miRNAs
in human hematopoietic progenitors and performed immune
reconstitutions in NOD/LtSz-scid IL2Ry (null) mice. They found
that ectopic expression of miR-K12-11 or hsa-miR-155 target-
ing C/EBPB, leads to a significant expansion of the CD19 (+)
B-cell population in the spleen. This in vivo study validates miR-
K12-11 as a functional ortholog of hsa-miR-155 in the context of
hematopoiesis (Boss et al., 2011).

Our study indicated that miR-K12-11 is involved in atten-
uating interferon signaling and contributing to KSHV latency
maintenance through targeting I-kappa-B kinase epsilon (IKKe).
We demonstrated that miR-K12-11 attenuated IFN signaling
by decreasing IKKe-mediated IRF3/IRF7 phosphorylation. We
also demonstrated that IKKe enhances KSHV reactivation syner-
gistically with 12-O-tetradecanoylphorbol 13-acetate treatment.
Moreover, inhibition of miR-K12-11 enhances KSHV reactivation
induced by vesicular stomatitis virus infection. Taken together, our
findings suggest that miR-K12-11 can contribute to maintenance
of KSHYV latency by targeting IKKe (Liang et al., 2011).

More recently, we demonstrated that ectopic expression of
miR-K12-11 downregulates TGF-f signaling and facilitates cell
proliferation upon TGF-f treatment by directly targeting SMAD5.
Our findings highlight a novel mechanism in which miR-K12-11
downregulates TGF-f signaling, and suggests that viral miRNAs
and proteins may exert a dichotomous regulation in virus-induced
oncogenesis by targeting the same signaling pathway (Liu et al.,
2011).

Kaposi’s sarcoma-associated herpesvirus exploits miR-K12-11
to tap into a host miRNA regulatory network (McClure and Sul-
livan, 2008). Based on the important functions of hsa-miR-155,
we believe that miR-K12-11 is of particular importance in KSHV
infection and pathogenesis.

Using Target Scan5.0 (Lewis et al., 2005), we found that miR-
K12-2 shares the same seed sequence as miR-1183 (unpublished
data). The function of miR-1183 is poorly understood. Further
study is needed to confirm whether miR-K12-2 is the true ortholog
of miR-1183, and to determine the function of these two miRNAs
in KSHV infection.

FUNCTIONS OF VIRAL miRNA IN KSHV INFECTION
IDENTIFYING TARGETS OF KSHV-ENCODED miRNA

Studying the function of a particular miRNA can begin by sim-
ply predicting targets using software such as TargetScan, PicTar, or
DIANA MicroT (Krek et al., 2005; Lewis et al., 2005; Maragkakis
et al., 2009). These programs are based on the qualitative and
quantitative properties and the thermodynamic nature of the
miRNA/target heteroduplex (Lieber and Haas, 2011). However,

most of these algorithms are not optimized for viral miRNAs and
can yield many false-positive viral miRNA targets.

Lagana and colleagues developed the program miRiam, mod-
ified for prediction of viral miRNA targets. miRiam uses both
thermodynamic features and empirical constraints to predict
interactions between viral miRNAs and human targets. It exploits
target mRNA secondary structure accessibility and interaction
rules, inferred from validated miRNA/mRNA pairs. A set of target
genes for EBV and KSHV miRNAs that are involved in apopto-
sis and cell-cycle regulation was identified using miRiam (Lagana
etal., 2010).

In addition to bioinformatic methods, high throughput gene
profile technologies such as cDNA microarrays can be used to
identify viral miRNA targets. In an early study, Samols et al.
(2007) performed gene expression profiling in cells stably express-
ing KSHV-encoded miRNAs, and identified a set of 81 genes
whose expression was significantly changed in the presence of miR-
NAs. To increase the accuracy of this method, Ziegelbauer et al.
developed a tandem array-based expression screening method to
identify KSHV miRNA targets. Their approach is based on mul-
tiple screens that examine small changes in transcript abundance
under different conditions of miRNA expression or inhibition,
followed by searching the identified transcripts for seed sequence
matches. They identified Bcl2-associated factor BCLAF] as a target
for multiple KSHV miRNAs (Ziegelbauer et al., 2009). In addi-
tion to cDNA microarrays, protein profiling technologies such
as stable isotope-labeling by amino acids, or SILAGC, in cell cul-
ture are also being used to identify miRNA targets (Vinther et al.,
2006).

A more direct identification of miRNA targets can be achieved
by immunoprecipitation (IP) of Argonaute protein-containing
complexes followed by microarray analysis of the associated
mRNAs, in a method called RIP-chip (Keene et al., 2006; Beitzinger
et al.,, 2007). Dolken et al. (2010) used Ago2-based RIP-chip
to identify transcripts targeted by KSHV miRNAs (n=114),
EBV miRNAs (n=44), and cellular miRNAs (n=2337) in six
latently infected or stably transduced human B-cell lines. Now,
high throughput sequencing of RNA isolated by cross-linking
IP of Argonaute-containing complexes, or Ago-HITS-CLIP; (Chi
etal.,2009) and photoactivatable, ribonucleoside-enhanced cross-
linking and IP, or PAR-CLIP (Hafner et al., 2010), have been
developed to identify targets for host and viral miRNA more pre-
cisely. A summary of methods to identify miRNA targets is in
Figure 2.

KSHV miRNAs AND VIRAL LIFE CYCLE CONTROL

The idea that viral miRNA is involved in viral latency regulation
first came from the finding that SV40-encoded miR-S1 targets
the viral large T-antigen (Sullivan et al., 2005). This results in
reduced expression of viral T-antigen but not infectious virus rel-
ative to that generated from a miRNA deletion mutant (Sullivan
et al., 2005). In HSV-1, studies showed that two miRNAs encoded
by HSV-1, miR-H2-3p, and miR-HS, facilitate the establishment
and maintenance of viral latency by targeting viral immediate
early transactivators ICP0 and ICP4.5, respectively (Umbach et al.,
2008). Similar results in HSV-2, found that miR-f contributes to
viral latency control through silencing ICP0 expression (Tanget al.,
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Bioinformatics
1. Public softwares:
TargetScan, PicTar, etc.
2. Modified algorithms for
viral miRNA: miRiam

Gene/protein profiling | Immunoprecipitation
1. RIP-CHIP
2. Ago-HITS-CLIP

3.PAR-CLIP

1. cDNA microarray
2. Tandem microarray
3.2D-Gel, SILAC

FIGURE 2 | Methods to identify miRNA targets.

2009). Studies in HCMV showed that virus-encoded miR-UL112-
1 controls viral latency by inhibiting the viral immediate early gene
72 (IE72; Murphy et al., 2008). The authors predicted that other
herpesviruses might use a similar strategy to control viral latency.

Studies from KSHV-encoded miRNAs confirmed this hypoth-
esis. Several miRNAs have been found to affect the expression
level of the viral immediate early gene replication and transcrip-
tion activator (RTA), either directly (Bellare and Ganem, 2009;
Lu et al., 2010b; Lin et al., 2011) or indirectly (Lei et al., 2010;
Lu et al., 2010a). Bellare et al. using miRNA mimics or specific
inhibitors for KSHV-encoded miRNAs and reporter constructs
containing the RTA 3'UTR, found that miR-K12-9-5p targets
RTA directly, and depends on the canonical 6-mer seed match
site. When this miRNA was inhibited by a specific antagomir, a
moderate increase in lytic replication was observed (Bellare and
Ganem, 2009). A second study by Lu et al. (2010b) using constructs
expressing KSHV-encoded miRNAs and a reporter containing the
RTA 3'UTR demonstrated that miR-K12-5 represses RTA expres-
sion, although the RTA 3'UTR lacks a canonical miR-K12-5 seed
sequence. In another study by us, a reporter containing the RTA
3'UTR and constructs expressing all 12 pre-miRNAs, miR-K12-9,
and miR-K12-7-5p were found to target RTA directly. miR-K12-
7-5p, targeting RTA, was shown to be mediated by a 7-mer seed
match site. Additionally, endogenous RTA expression level was
reduced by ectopically overexpressing miR-K12-7 and derepressed
using an miR-K12-7-5p inhibitor. A decrease in viral particles was
observed when miR-K12-7 was overexpressed (Lin et al., 2011).
Lei et al. used an miR-cluster deletion mutant virus to determine
that miR-K12-1 represses IkB, an inhibitor of NFkB. Inhibition
of IkB leads to NFkB activation, which suppresses RTA to facil-
itate viral latency control (Lei et al., 2010). Lu et al. (2010a),
using a lentivirus expressing individual KSHV miRNA, found that
miR-K12-3 reduces RTA mRNA levels by targeting NFIB directly.

Further studies showed a putative NFIB-binding site is located in
the RTA promoter and shRNA knockdown of NFIB resulted in
decreased RTA expression.

Taken together, the evidence suggests that multiple KSHV-
encoded miRNAs are involved in viral latency maintenance and
herpes viral latency control is important and a complex process.
These data support the hypothesis that conservation among her-
pesviruses allows them to use viral miRNA(s) to target immediate
early genes to control viral latency (Murphy et al., 2008).

KSHV miRNA AND IMMUNE REGULATION

To establish long-term latent infection in the host cell, KSHV
has developed multiple strategies to evade the host innate and
adaptive immunity (Areste and Blackbourn, 2009). Some stud-
ies suggest that KSHV-encoded miRNAs are involved in immune
regulation and favor KSHV infection. For example, several her-
pesviruses, including KSHYV, encode an miRNA that targets the
MHC class I-related chain B (MICB), which is a stress-induced
ligand recognized by the NKG2D receptor expressed by NK cells
and CD8+ T-cells. In 2007, Stern-Ginossar et al. identified that
HCMV miRNA miR-UL112-1 targets MICB. They showed that
HCMV-miR-UL112 specifically downregulates MICB expression
during viral infection, leading to decreased binding of NKG2D
and reduced killing by NK cells (Stern-Ginossar et al., 2007).
They further showed that both EBV miR-BART2-5p and KSHV-
miR-K12-7 regulate MICB expression (Nachmani et al., 2009).
Moreover, Thomas et al. showed that the KSHV immune evasion
gene, K5, reduces cell-surface expression of the NKG2D ligands
MHC class I-related chain A (MICA) and MICB, probably by K5-
mediated ubiquitylation, which signals internalization and causes
a potent reduction in NK cell-mediated cytotoxicity. These studies
suggested that NKG2D ligands are common targets for both KSHV
miRNA and OREF for evading NK cell antiviral function (Thomas
et al., 2008). Another example is that miR-K12-11 directly targets
IKKe, an important modulator of IFN signaling.

Kaposi’s sarcoma-associated herpesvirus miRNAs also regu-
late the host immune response by modulating expression of
cytokines. Abend et al. demonstrated that miR-K12-10a robustly
downregulates the expression of tumor necrosis factor (TNF)-like
weak inducer of apoptosis (TWEAK) receptor (TWEAKR). The
downregulation of TWEAKR by miR-K10a in primary human
ECs results in a decrease in expression of the proinflamma-
tory cytokines IL-8 and monocyte chemo attractant protein 1
in response to TWEAK. This protects cells from apoptosis and
suppresses a proinflammatory response (Abend et al., 2010). Qin
et al. (2009) demonstrated that miR-K12-3 and miR-K12-7 tar-
get C/EBPB p20 (LIP), a negative transcriptional regulator of
IL-6 and IL-10, and induces expression of IL-6 and IL-10 in
macrophages. These cytokines have broad functions in oncoge-
nesis and immune suppression. The function of miR-K12-3 and
miR-K12-7 in immune regulation needs to be further studied
(Boss and Renne, 2011).

KSHV miRNAs AND VIRAL PATHOGENESIS

In addition to viral life cycle control and viral immune evasion,
KSHV-encoded miRNAs have other functions directly related to
pathogenesis.

www.frontiersin.org

January 2012 | Volume 2 | Article 271|173


http://www.frontiersin.org
http://www.frontiersin.org/Virology/archive

Liang et al.

miRNAs modulate KSHV-host interactions

Samols et al. (2007) identified THBS1 as a target of several
KSHV miRNAs. THBSI is a strong tumor suppressor and anti-
angiogenic factor. They proposed that KSHV-encoded miRNAs
contribute directly to pathogenesis by downregulation of THBS1,
promoting cell adhesion, migration, and angiogenesis. Gottwein
et al. reported that miR-K1 directly targets the cellular cyclin-
dependent kinase inhibitor p21, strongly attenuating the cell-cycle
arrest that normally occurs upon p53 activation. They suggested
that this KSHV miRNA likely contributes to the oncogenic poten-
tial of KSHV (Gottwein and Cullen, 2010). Hansen et al. demon-
strated that multiple KSHV miRNAs contribute to virally induced
reprogramming by silencing the cellular transcription factor MAF,
which prevents expression of blood vascular endothelial cells
(BECs) specific genes, thereby maintaining the differentiation
status of LECs. These findings demonstrate that KSHV miR-
NAs could influence the differentiation status of infected cells,
contributing to KSHV-induced oncogenesis (Hansen et al., 2010).

Using developing systems biology methods, the target list of
KSHV miRNAs is rapidly increasing (Lieber and Haas, 2011). The
functions of KSHV miRNAs include, but are not limited to, viral
life cycle control, immune regulation, and pathogenesis. KSHV
miRNAs are important mediators of viral-host interactions. Using
viral miRNA knockout viruses will allow studies that lead to an
overall understanding of the functions of unique KSHV miRNAs.
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KAPOSI SARCOMA

Kaposi sarcoma (KS) is an endothelial cell lineage tumor that is
caused by KS-associated herpesvirus (KSHV). Clinically, multiple
manifestations of KS have been observed. It is unclear whether
these different clinical forms have the same molecular make-up
and whether they would respond to the same treatment. The clin-
ical forms of KS are classic KS, endemic KS, transplant-associated
KS, and AIDS-associated KS. In the era of effective antiretrovi-
ral therapy (ART), we now also encounter a new type of KS that
is HIV associated, but no longer AIDS-defining as it appears in
individuals with near-normal CD4 counts.

Classic KS was described by M. Kaposi. He identified five
patients exhibiting hemorrhagic sarcoma of the skin as well as sar-
coma of internal organs upon postmortem examination (Kaposi,
1872; Abada et al., 2008). Note that Kaposi described an aggressive
tumor in older — HIV-negative — men, whereas to date the classic
form of KS is considered to be an indolent disease restricted to the
skin. It also predominantly occurs in older men of Mediterranean
and Eastern European origin. One report suggests a hereditary
component for classic KS (Guttman-Yassky et al., 2004).

Endemic KS was described as occurring in sub-Saharan Africa
before the emergence of HIV (Maclean, 1963). African KS is his-
tologically indistinguishable from other forms of KS. It tends to
be aggressive, and it is regularly seen in children (Slavin et al.,
1970). Endemic KS is the leading cancer of children in some
African countries owing to near universal infection with KSHV
and other yet to be identified co-factors. It is as frequent, and
as characteristic for the “Malaria belt” as Epstein—Barr-Virus
(EBV)-associated endemic Burkitt lymphoma (BL). The only
treatment, if available, is radiation and/or cytotoxic chemotherapy.
In severe cases of KS that are localized to the limbs amputation is
indicated.

of unigue molecular composition. They represent a challenge for cancer treatment and
an opportunity to identify new mechanisms of transformation. Here, we review the cur
rent clinical insights into KSHV-associated cancers and discuss scientific insights into the
pathobiology of KS, primary effusion lymphoma, and multicentric Castleman'’s disease.

Keywords: KSHV, lymphoma, sarcoma, viral cancer, therapy

Transplant-associated KS is seen in KSHV seropositive patients
receiving immunosuppressive agents. Thus the incidence rates
of transplant-associated KS track the seroprevalences of KSHV.
Transplant-associated KS is a significant cause of morbidity and
mortality in Italy, Turkey, Saudia-Arabia, e.g., in developed coun-
tries with substantial KSHV seroprevalence (8-18%). KS seen in
solid organ transplant recipients is called iatrogenic KS (Har-
wood et al., 1979). The first-line therapy is tapering of the
immune suppressive regimen. This often leads to lesions reso-
lution (or immune-mediated tumor regression), though it risks
organ rejection. Lately, rapamycin has emerged as an effective
therapy for transplant-associated KS (Stallone et al., 2005), either
as second-line substitutive immune suppressive regimen or as
addition to cyclosporine mediated immune maintenance regi-
mens. Transplant-associated KS tends to occur later (after the first
year) than viremic herpesvirus-associated complications. Either
the donor organ or the recipient can be the source of KSHV in this
setting, as well as de novo exposure post transplantation when
immunosuppressive therapies are administered (Barozzi et al,
2003).

AIDS-KS is found with greatly increased frequency in HIV-
positive men. It is an AIDS-defining disease and was initially called
epidemic KS. Note that KS can become an epidemic disease only
in those HIV-positive populations that have high prevalence rates
of KSHV. In the US and other developing countries, these are men
who have sex with men, not individuals who acquired HIV through
blood transfusion prior to the introduction of mandatory HIV
screening of blood supplies (Gao et al., 1996a,b; Kedes et al., 1996).
In regions of endemic KS, where initial exposure happens during
childhood, these are all individuals — children, men, and women
(though even here KS is twice as frequent in men as in women). In
the context of substantial immune suppression, i.e., terminal AIDS,
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KS can be highly aggressive, and spreads quickly to internal organs
(Gottlieb et al., 1981). The clinical presentation of AIDS-KS has
become more diverse with the advent of ART. First, approximately
30% of HIV-associated KS cases in the US now occur in the set-
ting of successfully ART-suppressed HIV viral load. These cases
tend to have a milder clinical presentation (Maurer et al., 2007;
Krown et al., 2008). Second, terminal AIDS-KS-associated with
ART failure remains the leading malignancy of HIV-positive men.
Third, KS is often still the first indication of HIV infection, par-
ticularly in Sub-Saharan Africa. Like transplant-associated KS the
lesions often regress after immune-restoration post initiation of
ART. Fourth, the opposite clinical scenario has also been seen:
HIV-infected individuals who newly start ART develop KS within
the first months of therapy, a manifestation that defines immune
reconstitution inflammatory syndrome (IRIS; Connick et al., 2004;
Bower et al., 2005; Crane et al., 2005; Leidner and Aboulafia, 2005).

How do we treat these different forms of KS? Is there a mole-
cular mechanism or signature that may be utilized as the basis of
rational therapy choice? And how do we measure KS responses to
compare different therapeutic modalities? As mentioned above KS
can be limited or can present as fulminant disease, with internal
organ involvement. Persons with severe KS may also develop pri-
mary effusion lymphoma (PEL) or suffer from concurrent KSHV-
associated multicentric Castleman disease (MCD; described in
detail in later sections; see below). There is a wide range in clin-
ical presentations. Cutaneous lesions tend to be most common
at the lower extremities, but can appear anywhere (Cheung et al,,
2005). Oral KS, concurrent with cutaneous KS or as a single lesion
absent cutaneous involvement, has been reported in the context
of HIV infection. Whereas cutaneous lesions are a cause of stigma
as much as physical pain, the more insidious presentation is that
of KS in internal organs (lung, liver) without overt extensive cuta-
neous involvement, as is seen, e.g., in some patient populations in
Brazil (deSouza, personal communication).

Cutaneous KS lesions are typically dark and can present as
patches, papules, plaques, or nodules. There is a suspicion that
these clinical forms are part of a disease progression. However, the
different forms can present simultaneously on a single individual.
No formal studies have explicitly linked these broad descriptors
to survival or to response to therapy. KS can affect all internal
organs including but not limited to the lungs, liver, lymph nodes,
and the gastrointestinal tract. KS presents with lymphedema quite
frequently. As with many carcinomas, lymph node involvement
signifies poor prognosis in children. In adults, lymph node involve-
ment does not always portend the same poor prognosis as other
cancers (Myskowski et al., 1988). The current staging system of
AIDS-associated KS is based on the AIDS Clinical Trials Group
(ACTG) Oncology Committee (Krown et al., 1989, 1997). Akin to
the standard TNM staging for solid tumors (Sobin et al., 2009),
it incorporates extent of tumor, where TO signifies that the KS is
restricted to the skin and/or lymph nodes and/or minimal oral
disease (i.e., non-nodular KS confined to the palate), and T1 sig-
nifies tumor-associated edema or ulceration, gastrointestinal KS,
extensive oral KS, or KS in other non-nodal internal organs. Other
criteria in this classification include the severity of immunodefi-
ciency (I0 or I1) as measured by CD4 count and various systemic
symptoms/illnesses (SO or S1). Both poor immune response (I), as

well as the stage of the tumor (T), most accurately predicted sur-
vival of AIDS-KS in the pre-ART era (Krown et al., 1997). Both
tumor stage and systemic illness also predicts dismal prognosis in
the post-ART era (Nasti et al., 2003). Of note this classification sys-
tem was developed for AIDS—KS prior to ART. Whether this classi-
fication is also applicable to endemic KS is currently under study.
Notably this classification does not consider KSHV viral load, as
this classification system predates the discovery of KSHV. It does
not consider molecular markers of the tumor, such as proliferative
index of the lesions or circulating biomarkers, such as IL-6.

Regardless of clinical acumen, lesional biopsy is required to
establish KS, as lesions can be mistaken for hemangiomas, der-
matofibromas, hematomas, purpuras etc.,and in developing coun-
tries, tuberculosis (skin and internal). Other diseases that may be
mistaken for KS due to similar presentations include bacillary
angiomatosis, lymphangioma, angiosarcoma, and hemangioen-
dothelioma to list just a few.

Histologic diagnosis of KS is required prior to cytotoxic ther-
apy. Most individuals with KS lesions will have detectable KSHV in
blood and KS viral load is prognostic for KS. However, the degree
of viremia is highly variable. A study of classic KS reported an
average of <100 copies/ml (Guttman-Yassky et al., 2007), whereas
AIDS-KS is almost always associated with >1000 copies/ml. Com-
pared to other herpesvirus infections (Epstein—Barr-Virus or
human Cytomegalovirus) in the setting of AIDS or transplant-
associated immune suppression, the level of viremia is low, reduc-
ing the sensitivity of KSHV viral load based assays. By contrast
specificity of KSHV viral load assays is high, as a high viral load is
almost always associated with overt or imminent KS.

Seropositivity for KSHV latent nuclear antigen (LANA), which
at present is the most specific assay, cannot be used to diagnose KS.
It establishes exposure to the risk factor KSHV, however exposure
precedes disease by a long time. A rise in serum antibody titers may
happen in some instances, but not others, particularly in heavily
immune deficient individuals. Early studies estimated a median
latency of 7years between exposure and disease for pre-ART
AIDS-KS (Gao et al., 1996a). For classic KS, the latency may be
even longer; for endemic KS in children the latency can be months.

The diagnosis of KS is based on histologic features of the H&E
stain. As of late, immunohistochemistry for the KSHV antigen,
LANA, has been added to the diagnostic repertoire. As another
alternative, KSHV detection by PCR for viral DNA or RNA may
be informative. The problem here is that sensitivity of the PCR
depends on the accuracy and location of the excisional biopsy; for
instance, to minimize bleeding the most aggressive lesion is typi-
cally not biopsied. A confounding factor for RNA-based diagnosis
has been the RNAse-rich environment of the lesions, which pre-
vented RNA analyses by traditional methods (e.g., Northern blot)
until the introduction of more sensitive methods such as quanti-
tative real-time PCR (Renne, Lagunoff, Dittmer, unpublished).

Lesions are composed of vascular spaces comprised of large
endothelial cells that protrude into the vessel lumen due to thin-
ning of the blood vessel wall. Spindle cell proliferation can be
sparse or significant. These proliferating spindle cells are the KS
tumor cells and the target for anti-KS therapy. Sometimes the
lesions resemble a fibrosarcoma. The presence of extravascular ery-
throcytes and narrow irregular, angulated slits is a classic hallmark
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of KS. Inflammatory mononuclear cell infiltrates are seen con-
sistently and are generally comprised of infiltrating lymphocytes,
macrophages, and plasma cells. Exactly how they contribute to
lesion development (or if at all) is unclear.

TREATMENT

As there are many forms of KS, one must separately consider treat-
ment options for each form. Clinical trial data in KS, especially
phase III studies, are limited by declining numbers of patients
in developed countries in the post-ART era. Therefore, published
treatment recommendations are based on both older trial data,
limited (phase I/II) trials, and consensus opinion. Of note, this
review by no means offers specific reccommendations. These fall
into the purview of the treating physician. Rather, we will focus
on those regimens for which a reasonable rational basis exists and
these regimens are often arrived at post facto. With rare excep-
tions, phase III efficacy data are usually not available for the more
modern therapies.

Kaposi sarcoma, as an AIDS-presenting manifestation in ART
naive patients, often responds to ART and the ensuing immune
reconstitution alone. However, typically no more than half of
patients achieve lesion resolution with successful ART (Nguyen
et al., 2008). At present there are no clinical or molecular para-
meters that distinguish between responders and non-responders.
A phase III clinical trial comparing ART alone, or with delayed
chemotherapy to ART, with immediate adjunctive chemotherapy
for limited AIDS-KS in resource-limited settings (REACT-KS) has
recently started enrolling. Whether some ART regimens are better
suited to treat AIDS—KS than others is also currently under investi-
gation. Some HIV protease inhibitors have direct anti-tumor activ-
ity (Monini et al., 2004), and some also exhibit anti-viral KSHV
activity (Ganttetal., 2011). Antiretroviral combinations with non-
protease-inhibitors can also induce KS regression (Bower et al.,
2006).

Systemic chemotherapy, e.g., Doxil™, can be required in AIDS—
KS if lesions do not regress with primary ART therapy, and can be
useful in other situations as well. KS as an indicator of ART fail-
ure requires second and/or third line therapy for HIV, again with
concurrent or delayed chemotherapy. Early systemic chemother-
apy may help to suppress IRIS-associated flares (Leidner and
Aboulafia, 2005). KS that develops in the presence of successful
ART also requires KS-targeted chemotherapy.

In addition to ART, radiotherapy or surgery can be used
to treat isolated lesions. Cytotoxic chemotherapy includes vin-
cristine, bleomycin, doxorubicin, and etoposide, as single agents
or in combination. In particular the liposomal formulations of
pegylated-doxorubicin (Doxil™) or daunorubicin have shown
clinical efficacy and are often the first-line agent used. Taxol is
considered as a second-line option. Its efficacy is, within a small
margin, comparable to doxil. These chemotherapy options are part
of the standard repertoire of cytotoxic therapy for solid tumors,
including sarcomas, and were developed and clinically evaluated
in the pre-ART and pre-KSHV era. Many of these drugs have sig-
nificant toxicities and a lifetime limit of exposure. While these
agents are efficacious, they were not chosen because of unique
insights into the biology of the disease and they do not take into
account any novel targets that the tumor-associated virus may

present. Future improvements in KS treatment (i.e., higher effi-
cacy and lower toxicity) will depend on better exploitation of these
disease-specific targets.

In patients afflicted with transplant-associated KS, complete
regression of cutaneous KS was seen when immunosuppressive
therapy was switched from cyclosporin to rapamycin (Campistol
etal., 2004; Stallone et al., 2005). These results have been recapitu-
lated in immune deficient animal models of KS (Roy, Dittmer,
unpublished observation), and similar encouraging response
rates have been seen by others (Gutierrez-Dalmau et al., 2005;
Zmonarski et al., 2005; Lebbe et al., 2006). Of course, exceptions
have also been reported (Guenova et al., 2008). A recent study
showed rapamycin (sirolimus) to be well tolerated over a long
period of time (10 months) and to induce encouraging molecular
responses and disease stabilization in a limited study of AIDS-KS
(Krown et al., 2012).

Rapamycin is an allosteric inhibitor of mTORCI. Rapamycin
binds to FK506-binding protein 12 (FKB12). The rapamycin—
FKB12 complex inhibits mammalian target of rapamycin (mTOR)
kinase activity (Sabers et al., 1995). Rapamycin typically inhibits
cell proliferation with IC50s of 0.5-5 WM. Rapamycin is estab-
lished clinically since 1999 as a second-generation immunosup-
pressive agent for organ transplantation, because it inhibits IL-2
translation and secretion and thus T-cell proliferation. In this con-
text the cell autonomous G, arrest phenotype is augmented by
inhibition of IL-2, which is a paracrine and autocrine growth fac-
tor for T cells. PEL are dependent on secreted autocrine growth
factors. This has been established for the B-cell survival factors
hIL-6 and hIL-10 (Komanduri et al., 1996; Asou et al., 1998; Aoki
and Tosato, 1999; Drexler et al., 1999; Foussat et al., 1999; Jones
et al., 1999; Chatterjee et al., 2002). IL-6, IL-10, IFNgamma, and
IL12p40 secretion is inhibited by rapamycin (Sin et al., 2007).
Other cytokines [IL-1a, IL-18, IL-2, IL-3, IL-4, IL-5, IL-7, IL-8,
IL-12(p70), IL-13, IL-15, IP-10, Eotaxin, IFNy, GM-CSF, MCP-1,
MIP-1a, RANTES, and TNFa] are not affected. VEGF-1 secretion
is also inhibited by rapamycin (Damania, Dittmer, unpublished).

Clinically, both direct and indirect mechanisms may contribute
to these responses. On one hand, tumor regression coincided with
the recovery of T-cell memory responses against KSHV latent
(Orf73) and lytic (K8.1) antigens (Barozzi et al., 2008). On the
other hand, rapamycin is directly toxic to KSHV-infected cells
(Sin et al., 2007), and KSHV-associated tumors, i.e., KS and PEL,
depend on the mTOR signaling pathway, which is directly tar-
geted by rapamycin (Sodhi et al., 2006; Wang and Damania, 2008).
KS lesions almost universally exhibit phosphorylated Akt, which
activates mTOR kinase and phosphorylated S6, which is a bio-
marker for mTOR kinase activity (Roy and Dittmer, 2011). This is
expected since the PI3K/Akt pathway is activated upon of VEGF-
VEGEFR stimulation in endothelial cells and by the activation of
the B-cell receptor (BCR) complex in B cells.

Active Akt kinase promotes multiple cellular survival mecha-
nisms: (i) Akt enhances protein synthesis through increasing the
phosphorylation of mTOR (Gingras et al., 1998), (ii) Akt coun-
teracts apoptosis by directly phosphorylating and inactivating
pro-apoptotic factors such as BAD (Datta et al., 1997; Del Peso
etal., 1997; Cardone et al., 1998), (iii) Akt phosphorylates a family
of transcription factors known as the forkhead (FKHR) or FOXO
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transcription factors; Brunet et al., 1999; Kops and Burgering,
1999; Tang et al., 1999). Members of this family include FKHR
(FOXOla), FKHRL1 (FOXO3), and AFX (FOXO4). The net result
of phosphorylation of the downstream targets of Akt is cell survival
via inactivation of the FKHR family, GSK-3b, Caspase-9, and Bad
(Cross et al., 1995; Datta et al., 1997; Del Peso et al., 1997; Cardone
etal., 1998). Rapamycin blocks focus formation induced by onco-
genic alleles of the upstream mTOR regulators, PI3K, or Akt (Aoki
et al., 2001). Prolonged rapamycin treatment has been shown to
lead to increased Akt phosphorylation by the mTOR-Rictor com-
plex (Sarbassov et al., 2005, 2006), though this was not seen in
KS. Thus, the efficacy of rapamycin (and more modern rapamycin
analogs) in KS may plausibly be the result of a slightly differ-
ent wiring of the PI3K/Akt/mTOR pathway in KSHV-associated
cancers.

PRIMARY EFFUSION LYMPHOMA

The discovery of KSHV in KS prompted a frantic search for other
cancers that may be associated with this new virus. Following the
paradigm of EBV, which is seen in nasopharyngeal carcinoma,
a solid organ cancer, as well as in lymphomas, KSHV sequences
were rapidly identified in an uncommon type of B-cell lymphoma
(Cesarman et al., 1995): PEL. KSHV infection is necessary for
PEL development. The first cell lines for this lymphoma were
obtained from body cavity effusions of what was hitherto called
AIDS-associated lymphohematopoietic neoplasms. They carried
EBV as well as KSHV (Knowles et al., 1989; Cesarman et al., 1995).
PEL occurs with increased frequency in HIV-infected individu-
als; including those with concurrent KS. PEL account for 3% of
AIDS-related lymphomas. This may be a skewed estimate, since
it is may be quite common that AIDS patients die of other com-
plications, including KS, before a diagnosis of PEL can be made
(Nador et al., 1996; Gaidano et al., 1998). PEL is exceedingly rare
in HIV-negative individuals (Walts et al., 1990; Green et al., 1995).
The recognition that KSHV was always found in PEL, and EBV
in 50-80% of PEL, led to their classification as a new sub-type of
non-Hodgkin lymphoma (Nador et al., 1996). PEL cell lines con-
tain many copies of the KSHV genome as nuclear plasmids, which
greatly facilitates molecular studies for this virus.

Primary effusion lymphoma can also occur in unusual sites
(Said et al., 1996; Moatamed et al., 2011) and solid variants have
been described as well. These variants also carry the KSHV genome
and express at least the KSHV latent genes (Nador et al., 1996;
Said et al., 1996; Engels et al., 2003; Chadburn et al., 2004; Car-
bone et al., 2005; Deloose et al., 2005). The diagnostic criteria for
PEL (Nador et al., 1996; Cesarman and Knowles, 1999; Raphaél
etal.,2008) include immunoblastic—anaplastic large-cell morphol-
ogy, null-cell phenotype with no B-cell-associated antigen and
immunoglobulin expression, and B-cell genotype as ascertained
by BCR rearrangement. High CD138/Syndecan-1 (Gaidano et al.,
1997) expression and hypermutation of immunoglobulin genes
(Matolcsy et al., 1998) established that PELs are post-germinal
center (GC) tumors at a pre-terminal stage prior to plasma-cell dif-
ferentiation (this does not exclude the possibility that PEL arrived
at this stage through extra-GC maturation). Transcript profiling
confirmed this genesis (Palarcik, 1991; Jenner et al., 2003; Klein
et al., 2003; O’Hara et al., 2008, 2009).

Survival on conventional chemotherapy is very poor (Nador
etal.,, 1996; Simonelli et al., 2003), but of course PEL patients tend
to have multiple comorbidities at presentation. The effusions may
be managed by repeated drainage but eventually solid nests of PEL
abolish vital organ functions. In PEL the p53 and PTEN genes
are rarely mutated. P53 mutations accumulate after chemother-
apy (Petre et al., 2007; Chen et al., 2010). FHIT and WWOX, two
fragile site tumor suppressor genes, are deleted in many PEL cell
lines (Roy et al., 2011), however these and other genome-wide
association studies are limited by the scarcity of cases. Individual
case reports document responses to anti-viral therapy, bortezomib,
rapamycin (Sin et al., 2007), rituximab-containing chemother-
apy regimens (Oksenhendler et al., 1998; Boulanger et al., 2001;
Hocqueloux et al., 2001; Ghosh et al., 2003; Lim et al., 2005; Sid-
diqi and Joyce, 2008), or pleurodesis with bleomycin (Yiakoumis
et al.,, 2011). Bortezomib’s (Velcade™) primary mechanism of
action is inhibition of the 26S proteasome and nuclear factor B
(NFkB) activity. Rapamycin (Sirolimus™) inhibits mTOR signal-
ing, rituximab (Rituxan™) is a humanized monoclonal antibody
against CD20, and bleomycin induces DNA breaks and eventually
apoptosis in rapidly growing cells.

MULTICENTRIC CASTLEMAN DISEASE

One other disease entity has been convincingly associated with
KSHYV. This is a sub-type of Castleman disease, specifically the
plasma-cell type (Keller et al., 1972). Castleman disease can be
localized to just one, or multiple lymph nodes can be involved.
The latter presentation is called MCD. MCD has mostly a plasma-
cell type morphology and is accompanied by systemic symptoms
(Waterston and Bower, 2004). These systemic symptoms may be a
result of cytokines, and in particular interleukin-6 (IL-6). The viral
homolog, vIL-6 is expressed in scattered plasmablasts surround-
ing the lymphoid follicles in MCD (Berti et al., 1997; Cannon
etal., 1999; Staskus et al., 1999). Thus, both KSHV-induced human
IL-6 and virus-encoded vIL-6 are found at high levels in MCD.
Recently, cases of an inflammatory syndrome with clinical symp-
toms similar to MCD have been described in AIDS patients with
KS, but no diagnosis of MCD (Uldrick et al., 2010). Here too, high
amounts of vIL-6 in the serum have been noted. This suggests
excess cytokine production is one of the systemic features of MCD
(Hasson, 1985).

Multicentric Castleman disease patients may also develop con-
current frank cancer, such as KS and NHL. KSHYV is invariably
present in AIDS-associated MCD (Soulier et al., 1995; Larroche
et al,, 2002) and the presence of KS and MCD in the same lymph
node is not rare. In some cases high angiosclerosis, GC, and per-
ifollicular vascular proliferation is seen, while plasmacytosis was
less pronounced (Suda et al., 2001). Studies are ongoing to better
understand this disease and to arrive at a more succinct clini-
cal description. The KSHV-positive cases may represent a distinct
morphologic variant from KSHV-negative MCD (Dupin et al,,
20005 Brousset et al., 2001). MCD lymph nodes can contain mul-
tiple KSHV-infected B cells, which may form microlymphomas
or even frank lymphomas. Here, KSHV-infected plasmablasts
are B-monotypic but polyclonal. They almost invariably express
IgM-lambda (Du et al., 2001). The infected B-lineage plasmablasts
in MCD differ from PEL. They lack somatic hypermutation and
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expression of CD138. They express cytoplasmic Ig and may also
express CD27 (Du et al., 2001; Chadburn et al., 2008).

Median survival of MCD in HIV-positive individuals in the
pre-ART era was approximately 14 months (Oksenhendler et al.,
1996; Bower, 2010). Evidence of KSHV lytic viral protein expres-
sion led to testing of ganciclovir, with mixed results in small case
series (Corbellino et al., 2001; Casper et al., 2004). This is not
unexpected if for instance vIL-6 expression is independent, rather
than coincident with viral lytic gene expression (Chatterjee et al.,
2002). Under such a scenario the viral kinases orf36 and tk, which
are required for ganciclovir efficacy would not be expressed. Alter-
natively, the drug regimen of just one anti-viral may be insufficient
as a two-drug regimen combining valganciclovir and zidovudine
(AZT), showed promising results (Uldrick et al., 2011).

In MCD rational therapy has shown remarkable responses.
Treatment with tocilizumab, an anti-human interleukin-6 (IL-6)
receptor monoclonal antibody, resulted in clinical responses in
MCD patients that did not have AIDS (Nishimoto etal.,2005; Song
et al., 2010); and the anti-CD20 antibody, rituximab, has shown
responses in up to 70% of patients (Corbellino et al., 2001; Gerard
etal., 2007; Bestawros et al., 2008; Bower, 2010; Bower et al., 2011).
The mechanism here is not clear. In MCD, the KSHV-positive B
cells frequently lack expression of CD20 (Chadburn et al., 2008;
Naresh et al., 2009), so the source of systemic symptoms may be
virus-negative plasma cells or other immune cells that respond to

CHALLENGES

Antiretroviral therapy has increased the life expectancy of the
HIV-infected population. However, as these individuals age,
there is likely to be a corresponding increase in the incidence
of cancers in the HIV-positive population. Most of the cur-
rent therapies do not target the unique viral etiology of can-
cers linked to KSHV infection. One exception are the anti-
herpes viral drugs which target lytic virus but do are not effec-
tive against latent virus. The interactions of chemotherapy with
HIV protease inhibitors is also another consideration that needs
to be addressed. In the future, it will be important to deter-
mine whether traditional chemotherapies are safe in the context
of currently prescribed HIV protease inhibitors, and to devise
newer therapies that directly target the viral etiology of these
cancers.
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