REGULATION OF KAPOSI'S SARCOMA-ASSOCIATED HERPESVIRUS (KSHV)
LYTIC GENE EXPRESSION BY VIRAL TRANSACTIVATOR RTA AND

CELLULAR REPRESSOR K-RBP

By

Zhilong Yang

A DISSERTATION

Presented to the Faculty of
The Graduate College at the University of Nebraska
In Partial Fulfillment of Requirements

For the Degree of Doctor of Philosophy

Major: Biological Sciences

Under the Supervision of Professor Charles Wood

Lincoln, Nebraska

December 2007



UMI Number: 3284223

®

UMI

UMI Microform 3284223

Copyright 2008 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



REGULATION OF KAPOSI’S SARCOMA-ASSOCIATED HERPESVIRUS
(KSHV) LYTIC GENE EXPRESSION BY VIRAL TRANSACTIVATOR RTA
AND CELLULAR REPRESSOR K-RBP
Zhilong Yang, Ph.D.

University of Nebraska, 2007

Adviser: Charles Wood

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a newly identified human
herpesvirus and the etiologic agent of Kaposi’s sarcoma (KS). KSHV can establish
latency and be reactivated to lytic replication in infected cells. The viral replication and
transcriptional activator (RTA) is the key protein that initiates KSHV lytic replication by
activating the expression of many KSHYV lytic genes and DNA replication.
Understanding how RTA transactivates target genes and is modulated by cellular factors
is pivotal to elucidate the mechanism by which KSHV regulates its latent and lytic
replication cycles.

KSHV-RTA binding protein (K-RBP) is a cellular RTA interacting protein. It
contains a Kruppel-associated box (KRAB) at the N terminus and 12 adjacent zinc finger
motifs. K-RBP is a transcriptional repressor and down-regulate RTA-mediated
transactivation of several KSHV promoters including ORF57. The KRAB domain is the
repression domain and the zinc finger domain binds DNA with high GC content.
Moreover, K-RBP binds to and suppresses KSHV ORF57 promoter in a GC-rich
element-dependent manner. K-RBP also competes with RTA in binding to ORF57

promoter. In addition, the zinc finger domain of K-RBP is sufficient to suppress RTA-



mediated transactivation of ORF57 promoter suggesting an important role of the DNA-
binding activity of K-RBP in repressing RTA-mediated transactivation. K-RBP is also a
negative regulator of RTA-mediated KSHV lytic replication.

Further studies show that RTA promotes K-RBP degradation through a
proteasome-dependent pathway. RTA also stimulates degradation of several other
repressors. The ability of RTA to induce degradation correlates with its ability to
transactivate target promoter. These results suggest that KSHV RTA stimulates the
turnover of repressors to favor viral lytic gene expression and lytic replication.

Together these studies suggest that the cellular transcriptional repressor K-RBP
suppresses RTA-mediated transactivation and KSHV reactivation, while RTA promotes
the degradation of the repressor to stimulate KSHV lytic replication. Finally, these
studies suggest that the establishment of latency or lytic replication involves a regulatory

loop between RTA and the repressors.
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Chapter 1: Introduction and Literature Review

Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human
herpesvirus-8 (HHV-8), is a newly identified human herpesvirus and the etiologic agent
of Kaposi’s sarcoma (KS). KS is the most common neoplasm in AIDS patients (26, 44).
Similar to other herpesviruses, KSHV can establish latency and be reactivated from
latency in infected cells (30). The viral lytic replication plays an important role in the
development of KS (129, 133). The lytic reactivation of KSHV is tightly controlled by
the expression of a viral gene open reading frame 50 (ORF50), which encodes the
immediate early protein known as replication and transcription activator (RTA). RTA is
sufficient and necessary to initiate KSHV lytic replication by activating the expression of
a number of lytic genes (87, 132). The activation of target genes by RTA involves the
direct DNA binding of RTA (85, 127). In addition, numerous cellular and viral factors
were found to modulate RTA-mediated transactivation through various mechanisms
(146). However, the mechanism of RTA transactivation of the target gene expression and
how RTA is modulated by cellular factors is only incompletely understood.

This dissertation centers on the interaction between KSHV RTA and a novel
cellular KSHV-RTA binding protein (K-RBP) (141), and the biological consequences of
the interaction in regulating KSHV lytic replication and latency. It contains literature
review and results. The literature review is divided into six sections. The first three
sections briefly introduce the KSHV biology and related diseases. The following three
sections describe the gene expression and regulation during the KSHV life cycle and

focus on how RTA expression is regulated, the mechanisms of RTA-mediated



transactivation and how RTA function is regulated by cellular and viral factors. The
results are divided into five chapters from chapter two to chapter six. In chapter two, the
novel cellular protein K-RBP was characterized as a transcriptional repressor and a
negative regulator of RTA-mediated transactivation and KSHV lytic replication. In
chapter three, the mechanism of K-RBP repression of RTA-mediated transactivation was
further studied. K-RBP was found to be a DNA-binding protein and bind KSHV ORF57
promoter. RTA binding to this promoter can be competed by the K-RBP protein. The
binding and competition by K-RBP contribute to repression of the KSHV ORF57
promoter. In chapter four, RTA was found to be able to overcome K-RBP-mediated
suppression by promoting K-RBP degradation through the ubiquitin-proteasome
pathway. This mechanism was also extended to other repressors since RTA induced the
degradation of some other repressors. In chapter five, the yeast two-hybrid screening was
performed to identify K-RBP interacting proteins to further study K-RBP function. One
of the proteins, beclin 1, which is an autophagic protein, was further studied. Finally, in
chapter six, we concluded that the cellular transcriptional repressor K-RBP suppresses
RTA-mediated transactivation and KSHV reactivation, while RTA promotes the
degradation of the repressor to stimulate KSHV lytic replication based on the results. The

potential future directions are also described.

Literature Review

-Regulation of KSHYV lytic gene expression and replication

1. KSHV-associated diseases.



KSHYV has been found to associate with three neoplastic disorders: Kaposi’s
Sarcoma (KS), Primary Effusion Lymphoma (PEL) and Multicentric Castleman’s
Disease (MCD).

1.1. Kaposi’s Sarcoma (KS).

KS was first documented as an angiomatous neoplasm in elderly men in the
Mediterranean region by Moritz Kaposi in 1872, which was later classified as classic or
sporadic KS (57). Today, there are three other known forms of KS discovered: endemic
KS in the sub-Saharan region, epidemic (or AIDS-associated) KS and iatrogenic KS (in
organ and tissue transplant recipients receiving immunosuppressive therapy) (57). It is
well established that KSHYV is the etiologic agent for all forms of KS (1, 4, 121) after the
finding that KSHV was associated with the KS of a patient with AIDS by Chang and her
colleagues in 1994 (26). KSHV DNA can be detected in 95% of KS cases (45, 88).
However, KSHYV is likely a necessary but insufficient factor for KS development, since
not all infected individuals develop KS and the development of KS is more likely in
certain populations, such as immunosuppressed patients (138). The mechanism by which
KSHYV causes diseases and its cofactors is not completely understood.

Classic KS is a rare disease occurring in elderly men. The incidence of classic KS in
the Mediterranean region is 10-fold higher than in other regions of Europe (38, 50, 58).
The incidence is particularly high in Italy, Turkey, Greece and Israel (58). However, even
within the same country, the distribution of KS in different geographic regions varies. For
example, the islands of Sardinia and Sicily have much higher KSHV infection rates and

KS incidents as compared to other regions of Italy (117). These specific geographical



distributions of KSHV and KS suggest that there are risk factors which facilitate the
infection, transmission and disease progression in these particular areas.

Epidemic KS has increased dramatically since the AIDS epidemic in the early
1980's (91). It has been the most common neoplasm in AIDS-associated malignancies
(44). Even though the new KSHV infection and KS incidence have declined in recent
years in the United States due to the successful use of highly active antiretroviral therapy
(HAART), KS remains a major problem in AIDS patients in sub-Saharan Africa (123).
The increased incidence of KS in AIDS patients suggests that human immunodeficiency
virus-1 (HIV-1) infection is a cofactor for KSHV to cause disease. However, it is
unknown whether KSHV takes advantage of immune suppression, or plays a role in the
destruction of the immune system in AIDS patients.

Endemic KS was found in the African continent prior to the emergence of the HIV
epidemic, and mainly affected young men and children (139). The AIDS pandemic in the
1980s dramatically increased the incidence of KS. For instance, in the pre-AIDS Uganda
of 1950s and 1960s, KS accounted for about 6.5% of male cancers, while it accounted
for 48.6% of all male cancers in 1989 and 1991 (139).

The iatrogenic KS or transplant associated KS occurs in patients infected with
KSHYV after transplants and were treated with immunosuppressive drugs. This form of
KS can either go through a chronic or rapid disease course after the initial KSHV

infection (57).

1.2. Primary Effusion Lymphoma (PEL).
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KSHYV also associates with PEL, a rare monoclonal B cell lymphoma (19). Eighty

percent of PEL is also co-infected with another herpesvirus, Epstein-Barr virus (EBV)
(69) . Several cell lines, such as BC-1, BC-3 and BCBL-1, established from PEL
contributed significantly to the study of KSHV because they can stably maintain the
KSHV genome and can be reactivated from latency to produce viral particles for the

molecular and serologic studies on KSHV.

1.3. Multicentric Castleman’s Disease (MCD).
In addition to KS and PEL, KSHV was found in 50% of Multicentric Castleman’s
disease (MCD), a rare B cell lymphoproliferative disorder (128). Interestingly, almost

100% of MCD incidence in AIDS patients is KSHV positive (48).

2. Taxonomy of KSHV.

KSHYV is the eighth and most recently discovered herpesvirus. The genomic
sequence of KSHV was completed and it was classified as a member of gamma-
herpesviruses, known as lymphotropic viruses (26, 112). There are two genera in gamma-
herpesviruses: gamma-1 (lymphocrytovirus) and gamma-2 (rhadinovirus) herpesviruses.
KSHYV belongs to the gamma-2 herpesvirus genus and the closest human herpesvirus
relative of KSHV is EBV, which is the prototype of gamma-1 herpesvirus. The other
known gamma-2 herpesviruses include: herpes virus saimiri (HVS), a primate herpes
virus; murine herpesesvirus-68 (MHV-68); bovine herpesvirus-4 (BHV-4); equine
herpesvirus-2 (EHV-2); alcelaphine hepesvirus-1 (AHV-1); rhesus rhadinovirus (RRV)

(146). Since there is no good animal model to study KSHV, the other gamma-



herpesviruses, such as RRV and MHV-68, have been used to study the pathogenesis in

their respective natural hosts (98, 109).

3. The natural history and transmission of KSHV.

Primary infections by KSHV are usually asymptomatic (40). In the primary KSHV
infection studies in children with febrile illness, KSHV DNA are only detected in a few
children, which suggests a potential KSHV primary infection (63). Following primary
infection, immunoglobulin (Ig) M and IgG antibodies against KSHV antigens are
detected and the levels of antibody titer may be a predictor of KSHV-associated diseases
(91). Primary infections in individuals lead to different outcomes. In most people with
normal immune function, KSHV infection does not cause significant disease and the
KSHV DNA copy number is low. However, in patients who are immunosuppressed,
KSHYV has a much greater opportunity to cause disease (46). The incubation periods for
disease development caused by KSHV infection vary from months to years in those
immunosuppressive patients (99). The viral loads and DNA copy numbers are much
higher in KS lesions as compared to normal tissues (100).

At present, the routes of KSHV transmission have yet to be fully understood.
Sexual transmission is suggested to be the major transmission route in North American
and some northern European countries (91). However, nonsexual transmission routes are
also suggested by several studies. Blood transfusion has been linked to KS development
in a study in San Francisco (91). Studies have also demonstrated that transplantation is a

route for KSHV transmission (104, 110). The detection of KSHV DNA in saliva in a



study using Zambian patients suggests a transmission route through saliva (7). More

studies should be done to further elucidate the route of KSHV transmission.

4. KSHV genomic organization and gene expression.

KSHYV contains a large double-stranded DNA genome approximately 165kb in
size. This large DNA genome contains a long 140.5 kb unique region flanked by 20-35kb
terminal repeat regions consisting of 801 bp high GC (84.5%) content repeated subunits
(112). There are nearly 90 open reading frames (ORFs) which have been identified in the
KSHV genome and all of them are encoded in the long unique region (40). Those ORFs
that are the homologs of HVS were assigned the same number as in HVS, while those
ORFs that are unique to KSHV were assigned numbers with the prefix K.

Like other herpesviruses, KSHV can establish latent infection in infected cells and
be reactivated to lytic replication (30). The gene expression pattern of KSHYV is also
similar to other herpesviruses. KSHV genes are usually classified into two categories:
latent genes and lytic genes (111, 118, 160). During latency, the KSHV genome exists as
a closed circular episome with only a limited number of genes expressed, including
latency-associated nuclear antigen (LANA), v-cyclin, vFLIP, Kaposin and LANA?2
(vIRF2) (10, 39, 67, 96, 108, 113, 119). Recent studies also demonstrated that there are a
number of KSHV-encoded microRNAs expressed during latency (14, 15, 90, 105, 106,
115, 116). These proteins and microRNAs expressed during latency were suggested to
function in viral episome persistence, viral genome replication, viral immune evasion and
viral latency (31, 42, 70, 72, 81, 82, 115, 122, 124, 136). Upon reactivation, the viral

genome replicates via a rolling circle mechanism and the genome is cleaved at the



terminal repeat region (112). The lytic genes can be further divided into three
subcategories based on the expression kinetics during lytic replication: immediate early
(IE), early and late genes. The expression of IE genes upon induction or after primary
infection does not require de novo protein synthesis and occurs in the presence of protein
synthesis inhibitor cycloheximide (153, 161). The proteins encoded by IE genes usually
function as regulatory factors in viral and cellular gene expression. Several genes have
been identified as IE genes in KSHV using chemical inducers and cycloheximide. These
genes include ORF50, ORF45, ORFK4.2 and a 4.5kb mRNA (47, 55, 86, 118, 133, 161).
The most extensively studied IE gene in KSHV is ORF50. The expression of ORF50 is
sufficient and necessary to induce the lytic replication program of KSHV. Some of the
KSHYV early genes and late genes have also been identified and they are under the control
of IE genes (119, 133, 161).

Most of the studies on KSHV gene expression were carried out in B cell lines
derived from PEL. There were also studies examining the gene expression in KS, PEL
and MCD tumor cells associated with KSHV infection using viral protein-specific
antibodies or probes to detect viral transcripts and their encoded gene products. These
studies showed that the expression patterns of KSHV in different tumors are much more
complicated: different diseases correlate to different viral gene expression programs (29,
62, 64, 65,102, 103, 129, 131). These results suggest that different gene expression
patterns contribute to the development of different tumor types.

The latent gene products of KSHV regulate cell growth, transformation and
tumorigenesis in disease progression. The LANA protein binds to the tumor suppressor

proteins p53 and pRb, which stimulates cell transformation and blocks apoptosis (13, 42,
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66, 122, 137). The other latent proteins can contribute to tumorigenesis by manipulating

cell cycle, inhibiting apoptosis or activating NF-kB (3, 43, 49, 51, 93). The lytic gene
products of KSHV can also contribute significantly to tumor development. KSHYV is
undergoing lytic replication in a small population of the KS cells. These lytic gene
products include viral macrophage inflammatory protein-I (vMIP-I), viral interlukin 6
(VIL-6) and viral Bel-2 (129, 133). Thus, lytic replication can facilitate virus spread and
create a favorable microenvironment for the growth of tumor cells through the production
of viral and cellular cytokines induced during lytic replication. Understanding the
molecular events during the switch from latency to lytic replication will help to

understand viral pathogenesis and tumor development.

5. Lytic reactivation of KSHV.

The switch from KSHV latency to lytic replication in KSHV can be initiated by a
single KSHV IE protein: RTA, which is encoded by the ORF50 gene (87, 132). This is
different from EBV, with which the reactivation from latency is induced by the
expression of two IE genes: BZLF1 (ZTA) and BRLF1 (RTA) (2). A number of studies
show that RTA is the key for KSHV transition from latency to lytic replication. First,
ORF50 is one of the IE genes induced upon 12-O-tetradecanoylphorbol-13-acetate (TPA)
induction and the ORF50 mRNA can be detected at 1 h post TPA treatment (118, 133).
The expression of ORF50 mRNA is also resistant to protein synthesis inhibitor
cycloheximide (153). Second, ectopic expression of RTA alone in KSHV latently
infected PEL cells is sufficient to disrupt latency and drive KSHV into lytic replication

cycle. Many of the KSHYV lytic genes can be induced upon expression of RTA, including
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KbZIP, ORF57, vIL-6, PAN RNA, ORF59 and K8.1 (47, 87, 97, 132). Third,

interference of RTA function reduces the level of viral lytic replication. The dominant-
negative mutant RTA which lacks C-terminal activation domain could reduce the
spontaneous reactivation of KSHV (86). Moreover, knock-down of RTA expression
using the specific ribozyme decreased the reactivation rate in KSHV infected PEL cells
(162). Finally, using a KSHV bacterial artificial chromosome (BAC) system, the RTA-
deficient KSHV mutant with the ORF50 locus disrupted does not enter lytic replication
unless an ectopic RTA is expressed (150). These findings suggest that RTA is both
sufficient and necessary to induce KSHV reactivation from latency. The mechanism by
which RTA induces KSHV reactivation is due to its ability to initiate the lytic cascade by
transactivating the expression of a number of KSHV genes (146). Recently, RTA was
found to be incorporated into KSHV virions (6, 75), suggesting that it may function as
transactivator immediately after primary infections. In addition, RTA expression
stimulates KSHV DNA replication evidenced by the amplification of the KSHV lytic
origin in a plasmid-based replication assay (5, 144). The findings suggest that RTA has a
direct role in lytic DNA replication. RTA also plays an indirect role in activating the viral
genes required for viral DNA replication, such as KbZIP (5, 144). How RTA expression
is regulated and how RTA activates target gene expression are the central questions for

understanding the switch of KSHV from latency to lytic replication.

5.1. The RTA protein.
KSHV RTA is the homologue of EBV RTA (149). The sequence homology

between KSHV RTA and EBV is relatively low. The KSHV RTA protein is 691 amino



