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Abstract of the Dissertation

Role of NF-kB Recognition Sites in RTA Transactivation of Lytic Gene Expression during
Murine Gammaherpesvirus 68 Infection.
by
Alexis Leah Santana

Doctor of Philosophy

in
Molecular Genetics and Microbiology
Stony Brook University
2015

Herpesviruses establish life-long infections in the host, characterized by phases of
productive lytic replication, latency, and reactivation from latency. Gammaherpesvirus infections
are associated with the development of lymphomas and tumors; the incidence of cancer is
increased upon loss of host immune control. Murine gammaherpesvirus 68 (MHV68) naturally
infects small rodents and has genetic and biologic parallels with the human gammaherpesviruses,
Epstein-Barr virus and Kaposi’s sarcoma-associated herpesvirus. This model pathogen system
provides a platform to examine the interplay of viral and host determinants that shape the latent
or lytic fate of an infected cell. The replication and transcription activator (RTA) drives the lytic
cascade of viral gene expression during de novo infection and reactivation from latency. The NF-
kB signaling pathway promotes inflammation and many aspects of B cell biology. NF-xB
subunits were previously found to promote MHV68 latency in primary B cells. There are
multiple NF-kB recognition sites in the viral genome, but the roles of these sites the regulation of
viral gene expression is not known. A latent B cell line inducible for RTA expression was
generated to examine the impact of NF-kB binding sites in the lytic ORF6 gene promoter upon
RTA induction and stimulation of NF-«B signaling by lipopolysaccharide (LPS). The NF-kB
binding sites in the viral genome were neither directly responsive to NF-kB activation nor did
they influence RTA transactivation of the ORF6 promoter. Taken together, we conclude that the
NF-«kB recognition sites in the ORF6 promoter do not influence RTA transactivation. Next, a
novel RTA recognition element in the right origin of lytic replication was identified by

chromatin immunoprecipitation. To validate RTA occupancy of the viral genome in primary B
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cells, a recombinant virus was generated to enable the biotinylation of RTA in transgenic mice
expressing the BirA ligase. Biotinylated RTA was detected in complex with the viral genome
upon LPS stimulation of B cells from infected mice. The inducible reactivation system coupled
with the in vivo RTA biotinylation system are important tools for further mechanistic

investigations of the interplay of host signaling with RTA transactivation function.
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Chapter 1: Introduction

1.1 Herpesviridae

The Herpesviridae represent a family of large double-stranded DNA viruses with
genomes ranging from ~125 - 240 kb in size encoding over 70 genes (1, 2). Surrounding the
exterior of the virion is the envelope composed of viral glycoproteins necessary for attachment
and entry (Fig.1.1). The tegument layer, located beneath the outer envelope, is made up of viral
proteins symmetrically positioned around the capsid. The core is comprised of the viral double-
stranded DNA genome packaged in the center of an icosahedron shaped capsid. Upon attachment
and entry, the viral capsid traffics along host microtubule networks, and docks at the nucleus into
which the viral genome enters. Once in the nucleus, viral gene expression follows an ordered
cascade beginning with immediate early (IE) followed by early (E) and late (L) gene expression.
IE genes are expressed independent of viral protein synthesis and IE gene activation is proposed
to be mediated by viral tegument proteins delivered into the cell following infection (3-7). IE
gene expression follows the same pattern for E and L genes whereby transcripts are spliced
before being transported to the cytoplasm for protein translation. After translation, IE proteins
are transported back into the nucleus to regulate subsequent E gene expression. E gene
expression occurs before viral DNA replication. E genes encode enzymes involved in initiating
DNA replication and host shutoff. L gene expression depends on viral DNA replication initiated
by E genes. L genes encode the structural components of the virion and envelope and proteins

necessary for viral egress from the infected cell.



Herpesviruses support two distinct phases of infection: lytic infection and latency (8-12).
Lytic infection is characterized by tightly regulated viral gene expression, linear DNA
replication, and the production of infectious virus particles. During latency a small number of
viral genes are expressed and the viral genome is maintained as a non-integrated episome in the
nucleus of the infected cell with no infectious virus particles released. Latency permits
herpesviruses to establish life-long persistent infection that upon lytic reactivation contributes to
seeding of other latent reservoirs via transmission of infectious particles throughout the host and
to other hosts.

The herpesvirus family is divided into alpha (o), beta (), and gamma (y) subfamilies
based on genetic and biological differences. The cell type in which latency is established differs
dramatically between herpesvirus family members. The a-herpesviruses, varicella zoster virus
(VZV) and herpes-simplex virus (HSV) -1 and -2, replicate in epithelial cells which is essential
for establishing long-term latency in neurons. The f3-herpesviruses are murine and human
cytomegalovirus (MCMV and HCMV), human herpesvirus -6A and -6B (HHV-6A/B) and
human herpesvirus -7 (HHV-7). For B-herpesviruses, latency is established in different types of
hematopoietic cells. MCMV and HCMV establish latent infection in CD34+ hematopoietic stem
cells and monocytes (13, 14). HHV-6A and -6B establish latent infection in bone marrow
progenitor cells and both HHV-6 and HHV-7 establish latency in T cells (15). The y-
herpesviruses establish latency in lymphocytes and consist of the human Epstein-Barr virus
(EBV) and Kaposi’s sarcoma associated herpesvirus (KSHV), the primate herpesvirus saimiri

(HVS) and rhesus monkey rhadinovirus (RRV), the murine gammaherpesvirus 68 (MHV68) and
2



other non-primate viruses. The y-herpesviruses are further divided into two genera the
(Ilymphocryptovirus) y1- and (Rhadinovirus) y2- herpesviruses based on viral sequence
homology. EBV is considered a y1-herpesvirus with the y2-herpesvirus subfamily comprised of

KSHV, HVS, RRV, and MHV68.
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Figure 1.1 Herpesvirus virion composition.

The lipid envelope is comprised of glycoproteins necessary for cell entry. The tegument is
positioned around the nucleocapsid (core and capsid). The viral genome is packaged within the
capsid.



1.2 Gammaherpesvirus infection and associated malignancies

The human gammaherpesviruses are important pathogens associated with the
development of lymphomas and neoplasms. In 1964, Epstein-Barr virus (EBV) was identified in
Burkitt’s lymphoma, a childhood tumor commonly found in sub-Saharan Africa (16). This was
the first human tumor virus to be discovered and established a role for human viruses in cancer.
EBYV infection is ubiquitous in humans. Primary EBV infection may present clinically as
infectious mononucleosis that is spontaneously resolved, resulting in life-long latency in B
lymphocytes. Although mostly benign in the human population, EBV infection poses an
increased cancer risk in immunocompromised patients. For instance, EBV is associated with
Burkitt’s lymphoma, nasopharyngeal carcinoma, and detected in a number of Hodgkin’s and
non-Hodgkin’s lymphomas in immunocompromised hosts. Equally important, EBV infections
are associated with the development of post-transplant lymphoproliferative disorders (PTLD)
(17). PTLD is a complication upon transplantation of EBV-infected allogenic stem cells into an
immunocompromised naive recipient or in the case of solid organ transplants, upon EBV
reactivation from the donor organ or transplant recipient that is immunosuppressed to prevent
organ rejection. The disease is more common in children than adults and can require aggressive
treatment for solid organ transplants, with a potential for fatal outcomes in the case of bone
marrow transplants.

Kaposi’s sarcoma-associated herpesvirus (KSHV) was first described as the causative
agent of Kaposi’s sarcoma (18). In addition, KSHV infection is associated with the development

of multicentric Castleman’s disease and primary effusion lymphoma (19, 20). KSHV infects
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lymphoid and epithelial cells similar to EBV, but also infects a broader range of cells such as
endothelial cells, macrophages, monocytes and dendritic cells (21).

The mechanisms by which EBV and KSHYV ensure survival in the host cell can lead to
uncontrolled proliferation and the development of lymphomas. The two most common
malignancies associated with gammaherpesvirus infection, non-Hodgkin lymphomas and
Kaposi’s sarcoma, are predominately found in individuals co-infected with HIV (22). Despite the
effectiveness of HAART therapy, both gammaherpesvirus-induced lymphomas remain the most
common cancer-related cause of death in HIV-infected patients. Due to the ineffectiveness of
antivirals in combating latent infections and the lack of vaccines, studies on virus-host
interactions could provide valuable knowledge for the design of targeted therapeutics that disrupt
latency. However, studies on the role of virus-host factors and how they influence pathogenesis
in EBV and KSHV have been hampered due to the inability to perform synchronous de novo
infection in cell culture, strict host tropism, and the lack of suitable small animal models (23, 24).
Murine gammaherpesvirus (MHV68), a natural pathogen of murid rodents, provides a relevant
and powerful model system for assaying factors that affect gammaherpesvirus pathogenesis (25-

28)



1.3 MHV68 infection of mice as a model of gammaherpesvirus pathogenesis

Murine gammaherpesvirus 68 (MHV68) represents one of five gammaherpesvirus strains
isolated from bank voles in Slovakia in 1980 (29). Additional strains have been isolated
throughout northern Europe in wood mice and other rodents that display homology to those
previously identified (30-33). Since MHV 68 represents a natural pathogen of mice, it is capable
of infecting a diverse number of inbred and outbred mouse strains (34-37). The natural route of
MHV68 transmission is unknown, but low dose intranasal infection has been proposed as one
method by which infection occurs (38).

Intranasal infection of mice results in high titer viral lytic replication in lung alveolar
epithelial cells, peaking at approximately 7 days post-infection (Fig. 1.2) (37-39). Shortly
afterwards, rapidly expanding populations of immune cells clear the acute phase of infection,
with CD8+ T cells playing a central role in this process (40, 41). Viral clearance in the lung by
two weeks post-infection coincides with dissemination to the spleen, marked by an increase in
the size of spleen (splenomegaly) (Fig. 1.2) (37, 42). Direct infection of CD11c+ dendritic cells
residing in the lung transport virus to adjacent supraclavicular lymph nodes where B cell
infection occurs (43). B cell infection is necessary for viral persistence in the spleen, as infection
of B cell knockout mice displayed clearance of viral replication and establishment of latency at
the sites of infection, but no colonization of the spleen (44, 45). Although the process of
trafficking of MHV68-infected B cells in the supraclavicular lymph node to the spleen is not
known, viral splenic colonization begins with the transfer of virions from marginal zone (MZ)

macrophages to MZ B cells, which then relocate to follicular dendritic cells (46, 47). Next,
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follicular dendritic cells transfer virions to germinal center B cells. Memory B cells
immunoglobulin isotype class-switched are the predominant reservoir of MHV68 latency (46,
48-50). Latency can also be established in dendritic cells, macrophages, epithelial, and
endothelial cells (51-53). The peak of viral latency occurs at 16 days post-infection with viral
genomes detectable up to nine months later (Fig.1.2). Intraperitoneal infection bypasses the lung
to directly seed the spleen; latency is established in peritoneal exudate and splenic cells (45). For
EBV and KSHYV, previous work has shown that plasma cell differentiation is involved in B cell
reactivation from latency (54-56). MHV68 infection of plasma cells has been confirmed at the
peak of splenic latency and is associated with MHV68 reactivation (57). Moreover, ectopic
expression of the virally encoded M2 protein drives plasma cell differentiation in the absence of
infection (58). This data supports the hypothesis that latent B cells undergo reactivation via M2
protein expression which drives plasma cell differentiation.

Systems for genetic manipulation of both the host Mus musculus and MHV68 are well-
established, permitting researchers to investigate the importance of host and viral genes during
the course of a natural infection (59). Multiple techniques have been developed to assay different
stages of the virus life cycle including lytic replication, latency, and reactivation from latency in
the context of the host. In addition, the accessibility of lytic and latent tissue culture models and
the ability of MHV68 to replicate to high titer in tissue culture facilitate mechanistic in vitro
studies. Thus, MHV68 poses a model system to better understand the molecular basis of latency

regulation in the context of its host (60).
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Figure 1.2 Course of an MHV68 infection in mice.

Acute lytic replication occurs in the lung (intranasal infection) or in the spleen (intraperitoneal
infection). Ongoing replication is cleared typically by 12 days. The peak of latency is measured
16-18 days post-infection in secondary lymphoid tissues such as the spleen. Maintenance of
latency is scored at 42 days post-infection or later. B cells are the predominant latency reservoir,

followed by macrophages, dendritic cells, and endothelial cells.



1.4 Similarities and differences of MHV 68 with human gammaherpesviruses

The MHV68 genome is approximately 120 kb long and contains approximately 80 open
reading frames, a majority display homology as well as genetic co-linearity with the genomes of
HVS and KSHV, and EBV (61-63). MHV68 is more closely related to the y2-herpesviruses in
terms of genome structure and organization. Transposon mutagenesis screening of MHV68
genes established a number of genes essential for virus growth that are conserved within the
gammaherpesvirus family (64, 65). The MHV68 genome encodes 14 unique M genes that are
located throughout the viral genome. On left end of MHV68, M1-M4 genes are found
interspersed with eight viRNA-miRNA non-coding RNAs expressed during latency (25, 66, 67).
Deletion of the left end of the MHV68 genome, in which M1-M4 and the eight vtRNA-miRNAs
are located, does not affect lytic replication in cell culture but does promote viral latency in the
host. The MHV 68 genome is flanked by 1.2 kb repeated regions (terminal repeats), a conserved
feature of the gammaherpesvirus family, that upon the process of rolling circle DNA replication
provides a substrate for cleavage and packaging of unit length viral genomes (63, 68-73). Similar
to HVS, EBV and KSHV, the MHV68 encoded M11 gene is a viral homolog of the cellular anti-
apoptotic bcl-2 protein that has both anti-apoptotic and anti-autophagic functions (74-78). In
addition, MHV68, HSV, and KSHV encode functional homologs of host genes including the IL-
8 receptor (MHV68-ORF74 or vGPCR), cyclin D (MHV68-ORF72 or v-cyclin), and the

complement regulatory protein (MHV68-ORF4).
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Intranasal infection of mice with MHV68 results in acute productive infection in the lung
and induces an EBV-like infectious mononucleosis syndrome that contributes to enlarged lymph
nodes and splenomegaly (48, 79, 80). Similar to EBV, initial infection is cleared by CD8+ T
cells in the lung of MHV68 infected mice and latency is established in memory B cells generated
from germinal center reactions (41, 46, 49, 50, 81-84). EBV and KSHV are associated with the
development of lymphomas and tumors in immunocompromised hosts. Likewise, MHV68
infected mice treated with the immunsouppresive drug cyclosporin A (85) or transgenic mice
lacking CD8 T cells or IFNy signaling (86, 87) are prone to develop lymphoproliferative disease.

The latently infected B lymphoma cell line (S11) was derived from long-term MHV68-
infected mice that spontaneously developed lymphoproliferative disease (88). KSHV and HVS
encode cyclin D homologs that have oncogenic properties and are expressed to high levels in
transformed cells (89, 90). Although EBV does not encode a cyclin D homolog, LMP-1
overexpression upregulates cyclin D protein levels and has been shown to induce epithelial cell
carcinomas (91-94). The cyclin D homolog of MHV68 is encoded by ORF72 (v-cyclin) and
overexpression of the protein has been demonstrated to drive lymphomas in primary
lymphocytes (95). In addition, MHV68 can drive fetal liver B cell immortalization and latency
programs are associated with the development of B cell lymphomas in mice (96).Therefore,
MHV68 has the propensity to drive cancer progression and has been shown to induce

lymphomas in the context of an immunocompromised mouse.

1.5 The RTA protein
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During the herpesvirus lytic life cycle, viral gene expression follows an ordered cascade
beginning with immediate early (IE), to early (E) and then late (L) genes. The immediate early
protein, replication and transcription activator (RTA) is encoded by open reading frame 50
(ORF50) and is a conserved gammaherpesvirus transcription factor (97-101). RTA initiates lytic
replication or the switch from latency to lytic replication by regulating transcription of E and L
lytic genes. For the y2-herpesviruses, KSHV, RRV, HVS, and MHV68, RTA has been shown to
be necessary and sufficient to initiate viral lytic replication during de novo infection (98, 100,
102, 103). Moreover, ectopic expression of RTA in quiescently infected cells disrupts latency
and induces lytic reactivation (97, 98, 101, 104, 105). The y1-herpesvirus, EBV requires the viral
transactivator protein ZTA (BZLF1) for lytic replication, and RTA (BRLF1) serves as a critical
co-factor (106-112).

RTA plays a key role in driving viral gene expression; thus its expression must be
stringently regulated for latency establishment and maintenance. RTA has been shown to auto-
regulate its expression, yet there are no known RTA DNA binding sites in the ORF50 promoter.
Host transcription factors are proposed to drive RTA transcription upon viral ‘sensing’ of
specific cell contexts and environmental stimuli (104, 113-115). The ORF50 promoter has
H3K27me3 repressive chromatin marks and is linked to the latency locus of the viral genome by
cohesins and CTCF (116). Treatment of cells with histone deacetyltransferase inhibitors sodium
butyrate, trichostatin A (TSA), valproic acid or 12-O-tetradecanoylphorbol-13-acetate (TPA)
trigger ORF50 expression and reactivation (116). TPA treatment induces Activator protein-1

(AP-1) expression and AP-1 binding sites in the ORF50 promoter drive protein expression and

12



KSHYV reactivation (117-130). Conversely, sodium butyrate induction of KSHV reactivation is
mediated by Sp1 and Sp3 transcription factors at the ORF50 promoter (131, 132). Similar to
KSHV, the MHV68 ORF50 promoter contains an AP-1 responsive element and mutagenesis of
the site impairs virus lytic replication (133).

Terminal cell differentiation has been associated with the initiation of reactivation for
KSHYV (134-136). The host X-box binding protein 1 (XBP-1) protein is associated with terminal
B cell differentiation, a process that induces KSHV reactivation from latency (54, 137). XBP-1
upregulates ORF50 expression and had been shown to bind to the ORF50 promoter and is
presumed as the mechanism by which reactivation occurs (138, 139). Moreover, XBP-1 has been
shown to promote Hypoxia-inducible factor 1 o (HIF-1a) gene expression and HIF-1a as well as
-2a enhances MHV68 RTA promoter activity (140, 141). The KSHV ORF50 promoter contains
Oct-1 binding sites that were required for RTA auto-regulation of transcription, an interaction
that was increased by high mobility group box 1 (HMGB-1) expression yet requires Oct-1
binding sites (142, 143). In addition, CAAT/Enhancer-binding protein a (C/EBPa) binds to the
KSHV ORF50 promoter and shown to activate its gene expression upon reactivation (144).

For MHV68, signal transducer and transactivator of transcription 6 (STAT6) has been
shown to bind to a STAT6 DNA binding site located in an alternative ORF50 promoter region
upstream of Exon 0 called (N4/N5) in infected IL-4-stimulated macrophages (145). In addition,
interferon y (IFN-y) treatment and STAT]1 expression were linked to ORF50 promoter inhibition

in macrophages that was not dependent on STAT1 DNA binding sites (122).
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The major KSV, HVS, and MHV68 ORF50 transcripts are composed of two exons
separated by an intron that is spliced to generate the ORF50 transcript; although other
alternatively spliced transcripts have been identified and some have been shown to affect RTA
coding sequence (97-99, 121, 146-151). Upon translation, the RTA protein contains an N-
terminal DNA binding domain and C-terminal transactivation domain. In addition, KSHV and
MHV68 RTA contain cysteine rich domains that exhibit an E3 ubiquitin ligase function (152,
153). Alignment of the y2-herpesviruses, RRV, MHV68, and KSHV, RTA protein amino acid
sequence reveals a high degree of similarity (154). Interestingly, the highest degree of amino
acid similarity occurs within the region encoding the RTA DNA binding domain. This may
explain why the RRV and MHV68 RTA proteins have the capacity to trans-activate a similar
subset of KSHV encoded genes, albeit at a lower level than KSHV RTA (154).

The KSHV RTA C-terminal transactivation domain was mapped by generating truncation
mutants of the RTA protein that were fused to the yeast GAL4 DNA binding domain and tested
for their capacity to activate a reporter gene containing the GAL4 DNA binding site (99, 155,
156). The amino acids 486-691 within the C-terminal domain of RTA were shown to be
necessary for transactivation function (99). Deletion of amino acids within the C-terminal
transactivation domain generates an RTA protein with the ability to bind DNA but is unable to
activate gene expression and reactivate virus from latency and even has been shown to interfere
with WT RTA function (99). Similarly, C-terminal MHV68 RTA truncation mutants were
confirmed for loss of transactivation ability for the ORF57 promoter (157). Moreover, stable cell

lines harboring a RTA C-terminal transactivation mutants were unable to undergo lytic
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replication and generate infectious particles. Since immediate early gene expression was not
compromised in the cell lines, RTA transactivation function was proposed to be necessary and

sufficient for inducing viral gene expression.

KSHV and MHV68 RTA migrate at higher molecular weight than predicted based on
their amino acid content, from 64 to 90 kDa for MHV68 and 76 to 110 kDa for KSHV (99, 157).
Phosphatase treatment decreases KSHV RTA mobility to ~90 kDa suggesting that
phosphorylation contributes in large to the change in RTA protein mobility (99). Mass
spectrometric analysis of KSHV RTA identified serine/threonine residues that were
phosphorylated and replacement of residues 634 and 636 from serine to alanine impairs RTA
transactivation and reduces reactivation (158). Similarly, the MHV68 RTA is phosphorylated in
vitro by the IKKf kinase at groups of serine/threonine residues SssoTs52Sss56 (STS) or Tse1 Ts62S564
(TTS) and replacement of the residues to alanine impairs RTA transactivation and MHV68 viral
growth for the TTS mutant virus (159). Taken together, RTA phosphorylation plays a role in
regulating RTA-mediated viral gene expression which impacts lytic replication and reactivation.

Numerous investigations have attempted to uncover the molecular mechanism by which
RTA activates lytic gene expression in infected cells and suggest regulation occurs via both
direct binding or indirectly in complex with other transcription factors. KSHV RTA activates its
own promoter and that of the following genes: vIL6, polyadenylated nuclear RNA (PAN),
ORF6, ORF21, ORF57, ORF59, ORF74, K1, K5, K8, K9, K12, K15 (129, 160-170). Of the
KSHYV RTA responsive genes listed above, DNA binding motifs was confirmed for PAN, K8,

ORF57, v-IL6, and K12 and binding motifs were predicted based on them. However, only PAN
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and K12 promoter RTA binding motifs contain significant homology (160). In a separate study,
latent BCBL-1 cells harboring an inducible Flag-tagged RTA DNA binding domain were used
for ChIP-seq analysis (162). Multiple novel and previously identified RTA binding sites in the
KSHYV genome were found and used to generate the consensus binding motif
(TTCCAGGAT(N)0-16 TTCCTGGGA) (162). Interestingly, RTA binding does not require the
entire consensus motif and some RTA binding sites identified contained half or partial sites
(162).

To date, MHV68 RTA responsive elements (RREs) have been identified in the promoters
of ORF57, ORF72, MK3, ORF18, M1, ORF48 and ORF50 itself (115, 151, 171-175). The
MHV68 ORF72 gene encodes the v-cyclin protein that is essential for reactivation from latency
(95). The ORF72 promoter has a 30 bp RRE, yet mutagenesis of this region only partially
impairs expression (171). ORF57 contains two RREs, RRE-A and RRE-B that span a 83 and 57
bp region in its promoter and are homologous to RREs identified in the KSHV PAN and ORF57
promoters, respectively (115). For the MK3 gene, a minimal RRE was identified that spans ~400
bp upstream of the gene (172). The M1 and ORF50 RREs share a homologous 5’-CAGAAG-3’
site which upon mutagenesis results a loss of RTA transactivation (173). For the RREs
mentioned, it is unclear whether RTA directly interacts with the viral genome or interacts with
other transcription factors to drive gene expression. Two RTA RREs were identified upstream
of ORF18 in the left oriLyt and were shown to be directly bind RTA in vitro and in vivo (174).
Three other RREs were predicted in the left oriLyt based on their homology to a 15 bp sequence

(5’-CTTTTTGATGTGTTT-3") present in the RREs confirmed for RTA occupancy upstream of
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ORF18 but were not investigated further. Recently, an RRE was identified upstream of the
MHV68 ORF48 gene and shown to mediate RTA transactivation as mutation of the site disrupts
gene expression (175). In addition, RTA DNA binding was confirmed via EMSA and chromatin
immunoprecipitation to the identified RRE upstream of ORF48.

A number of cellular proteins have been identified as co-factors that synergize with RTA
to regulate RTA-responsive promoters. For example, RBP-Jk, CCAAT/enhancer binding
proteins alpha and beta (C/EBP o/p), octamer binding protein 1 (OCT-1), c-Jun, CREB-binding
protein (CREB), and high-mobility group B1 (HMGB1) have been demonstrated to interact with
and upregulate KSHV RTA’s transcriptional activity promoting lytic replication (124, 144, 176-
179). The KSHV RTA was shown to activate the k-bZIP promoter via direct interactions with
OCT-1 and RBPJ/k (180). In a separate study, RTA and RBPJ/x tetrameric protein complexes
were identified and shown to bind a core “CANT” DNA sequence present in the MTA promoter
(181).

Interestingly, some cellular factors have been reported to inhibit gammaherpesvirus lytic
replication by inhibiting RTA expression or activity thereby promoting latency. For instance,
PARP-1, KSHV RTA-binding protein (K-RBP), and nuclear factor kappa B (NF-kB) are
examples of cellular proteins that inhibit lytic replication (182-184). The molecular interplay
between MHV68 RTA and cellular proteins in affecting viral gene expression has not been as
extensively studied as with KSHV. The cellular interferon regulatory factor 4 (IRF4) plays an
important role in plasma cell differentiation and immunoglobulin class switching and has been

shown to synergize with and enhance RTA transactivation of the M1 promoter (173). The
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cellular HMGB-1 protein has been implicated as important for promoting MHV68 lytic
replication (177). HMGB-1 co-expression with RTA enhanced its transactivation capacity of
ORF57 and M3 reporters. Infection of HMGB-1 deficient cells impairs MHV68 lytic replication
and linked to lessened RTA transactivation capacity. In addition, cellular proteins such as NF-kB
have been demonstrated as important factor in inhibiting lytic gene expression, and will be

discussed below (182, 185, 186).
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1.6 The NF-k B signaling pathway

The Nuclear Factor Kappa B (NF-kB) pathway is a signaling process that involves
upstream phosphorylation events that culminate in the proteosomal processing of regulatory
proteins that enable the nuclear translocation of transcription factors into the nucleus. Often
initiated upon engagement of cell surface receptors, the NF-kB signaling pathway regulates
expression of genes involved in diverse processes including immunity, stress responses, cell
death, differentiation and development.

Toll-like receptors (TLR) are a family of conserved pathogen recognition receptors that
orchestrate innate immunity against invading pathogens in response to pathogen associated
molecular patterns (PAMPs) (187, 188). TLR engagement activates the MyD88-IRAK-TRAF6
signaling pathway leading to activation of several transcription factors, activator protein 1 (AP-
1), NF-xB, and interferon regulatory factors 3/7 (IRFs). These transcription factors play key
roles in activating innate immune signal transduction and cytokine production. In resting cells,
NF-kB complexes are retained in the cytoplasm by inhibitors of NF-kB (IkBs). IkBs are
phosphorylated by IkB kinase (IKK) complexes resulting in activation of canonical or alternative
NF-kB pathways. The NF-kB family consists of five subunits, p65 (RelA) RelB, cRel, p50/p105
(NF-xB1), and p52/p100 (NF-kB2) that can form homo- or hetero-dimers. Depending on the
composition of the dimers and other variables such as post-translational modification and
interactions with other factors, NF-kB dimers can both induce or repress gene expression

through direct binding to DNA sequences in the regulatory region of target genes (189). The
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canonical pathway is activated by the IKKo/B/y complex and results in IKK[3-mediated
phosphorylation and ubiquitin-mediated proteosomal processing of [kBa proteins, which
sequester NF-kB subunits p50/p65 in the cytoplasm. Degradation of IkBa unmasks the nuclear
localization signals of the subunits, permitting their nuclear translocation. The non-canonical
pathway is activated by IKKa homodimers and phosphorylation of p100 results in proteosomal
processing to p5S2 (190, 191). Processing of p100 to p52 reveals its nuclear localization signal
and nuclear translocation of p52/RelB heterodimers.

Canonical and non-canonical NF-kB signaling pathways are utilized by B lymphoid cells,
the primary latency reservoir for gammaherpesviruses, to drive transcription of genes important
for B cell maturation, responses to infection, proliferation, protection from apoptosis, and
immunoglobulin isotype class switching (192). Mechanistic understanding of how the NF-kB
signaling pathway regulates gene expression requires identification of subunits that directly

interact with DNA or other regulatory factors in promoter regions.
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1.7 Gammaherpesviruses modulation of the NF-k B pathway

The human gammaherpesviruses encode lytic and latent proteins that activate the NF-xB
signaling pathway during infection. During latency, EBV encodes two proteins, latent membrane
protein 1 and 2 (LMP1/2), that mimic B cell signals that are involved in germinal center
reactions and the process of memory B-cell differentiation. The EBV encoded LMP1 protein
functions is a constitutively active CD40 receptor homolog and activates the canonical and
noncanonical NF-kB pathways to promote the survival and proliferation of infected B cells (193-
197). LMP2 has dual roles in promoting NF-kB signaling via Syk and Lyn kinases and enhances
LMP1 signaling by controlling LMP1-interacting cellular TRAF2 transcription (198, 199).
During lytic replication, the viral dUTPase encoded by BLLF3 signals through TLR2 in a
MyD88-dependant fashion (200). In addition, the EBV protein BGLF4 encoded by ORF36 is a
viral kinase that has been shown to phosphorylate cellular UTX to inhibit NF-kB signaling and
promote RTA transactivation of lytic reporters (201).

KSHYV encodes NF-kB activating proteins, viral-flice inhibitor protein (vFLIP), viral G
protein-coupled receptor (vVGPCR), K1, K15, and ORF75 (202-208). KSHV vFLIP is considered
the major NF-kB activator expressed during latency and activates the signaling pathway by
direct binding to NEMO (IKKYy) (202, 207, 208). The KSHV ORF75 tegument protein was the
second highest NF-kB activator identified in an in vitro screen for NF-kB activators and is
delivered by the virion during initial infection (202). In addition, the KSHV vGPCR and K15

activate NF-kB during lytic replication and K15 expression has also been reported at low levels
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during latency (202, 204-206). The role of K1 as an NF-«kB activator is cell-specific; its
expression promotes NF-kB signaling in B cells yet is inhibits it in HEK293 cells (202, 209).
Similar to KSHV, the MHV68 ORF75 homolog (ORF75C) has been shown to activate RIG-I to
promote NF-kB signaling during initial infection (210). In addition, the MHV 68 encodes a
vGPCR that activates NF-kB signaling in response to chemokines (211).

Interestingly, the gammahepesvirus major lytic transactivator proteins inhibit NF-xB
signaling during viral replication. For EBV, the major lytic transactivator Zta (BZLF1) inhibits
p65 transactivation function; overexpression of which stunts RTA transactivation (212, 213). In
addition, p65 overexpression impairs KSHV and MHV68 RTA transactivation of lytic
promoters, both RTA proteins have been demonstrated to target p65 for degradation (153, 182,
214). Moreover, MHV68 LANA was demonstrated to target p65 for degradation in 293T co-
transfection studies, suggesting that MHV 68 may modulate p65 expression during latent
infection (215).

Taken together, gammaherpesviruses encode proteins that function to exploit and/or
modulate different components of the NF-kB signaling pathway in an attempt to regulate
different stages of the virus life cycle, lytic replication or latency. This further highlights

importance of the NF-kB pathway as a conserved host factor during viral infections.
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1.8. Disruption of NF-k B signaling pathways impairs MHV 68 pathogenesis

In vivo investigations have demonstrated that disruption of NF-k B signaling impairs
MHV68 latency establishment in B cells of infected mice. In one approach, a recombinant
MHV68 expressing a constitutively active form of the Ik Ba protein (MHV68-Ik BaM) was
used to infect mice (186). Infection with MHV68-Ik BaM did not impair viral growth in the
lungs, demonstrating that NF-k B activation is dispensable for lytic replication. However,
inhibition of NF-x B activation led to a significant reduction of latency establishment in lung and
spleen B cells in vivo (186). The NF-k B p50 subunit is activated during both lytic and latent
infection in vitro (185). In a second study, our laboratory generated bone marrow chimeras with
a 80/20% mix of wild-type to p5S0-/- hematopoietic cells (185). Upon infection of these mice,
MHV68 failed to establish latency efficiently in the p50-/- B cells as compared the WT B cell
counterparts. The p50-/- B cells also had defects in germinal center formation and isotype class
switching. To summarize, these results demonstrated that p50 is required to support MHV68
latency and that defect correlates with the inability of the B cells to transit the germinal center.
Unlike the latency establishment defect of the p50-/- B cells in the p5S0+/- mixed bone marrow
chimeric mice, infection of CD40+/- mixed bone marrow chimeras revealed a defect in the long-
term maintenance of latency, as the number of CD40-/- B cells harboring latent virus decreased
at late times after infection (216). The Toll-like receptor responsive MyD88 is an upstream
activator of the canonical arm of the NF-k B pathway. Infection of MyD88+/- mixed bone

marrow chimeric mice revealed a defect in B cell latency establishment and decreased B cell
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activation, germinal center formation, and class switching at early times post-infection in the
MyD88-/- B cells (217). In addition, infection of MyD88 knockout mice with the MHV 68-
Ik BaM virus increased the latency defect in B cells.

Taken together, the results suggest the following: inhibition of NF-k B signaling impacts
latency at different stages of chronic infection that coincide with B cell activation, germinal
center differentiation, and the formation of long term memory B cells. What remains unclear is
the mechanism for this latency defect: are these phenotypes due to a defect in B cell biology
and/or a dysregulation of the viral latency program? We propose that gammaherpesviruses have
usurped NF-kB signaling during B cell activation, germinal center reactions, and during
homeostatic maintenance to promote the viral latency program. Thus, it becomes important to
determine if specific viral genes are directly under the control of activated, canonical NF-KB subunits.
and if specific NF-KB binding site in the promoters of viral genes mediate this regulation. This
knowledge will enable us to target those regions for mutagenesis and genetically separate the role of NF-

KB in B cell biology from its function as a regulator of gammaherpesvirus gene regulation in vivo.
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Chapter 2: Role of NF-kB Recognition Sites in RTA Transactivation
of Lytic Gene Expression during Murine Gammaherpesvirus 68

Infection

Introduction

Herpesviruses establish a dynamic infection in the host, characterized by productive lytic
replication, a quiescent form of infection known as latency, and reactivation from latency. The
human gammaherpesviruses Epstein Bar virus (EBV) and Kaposi’s sarcoma-associated
herpesvirus (KSHV) establish latency in B lymphocytes and stromal cells; their latent programs
are associated with the development of lymphomas, neoplasms, and tumors (218-220). Cancer
incidence increases with the loss of immune function and reactivation from latency is believed to
play a critical role in disease progression (218-221). Murine gammaherpesvirus 68 (MHV68)
naturally infects small rodents and shares many genetic and biological properties with the human
gammaherpesviruses (60). The MHV68 pathogen system provides a platform to examine the
interplay of virus and host determinants that regulate viral gene expression to determine the
latent or lytic fate of an infected cell.

The immediate early protein replication and transcription activator (RTA) is a conserved
gammaherpesvirus transcription factor that, for the Rhadinoviruses, is necessary and sufficient to
initiate viral lytic replication during de novo infection and reactivation (98, 99, 103, 222, 223).
While the RTA homolog of EBV (BRLF1) is sufficient to induce reactivation and lytic

replication in some cell systems, BRLF1 typically functions in conjunction with the immediate
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early protein Zebra (ZTA) to activate viral lytic gene expression (109, 224-226). RTA of KSHV
and MHV68 transactivate lytic genes by direct binding to RTA-responsive elements (RREs) in
the viral genome or indirectly via interaction with cellular transcription factors (113, 118, 141,
162, 164, 168, 170, 178, 227-233).

NF-kB signaling can determine the outcome of gammaherpesvirus infection in cell
culture and in the infected host. Overexpression of the p65/RelA NF-kB subunit inhibits lytic
gene promoter activation by MHV68 and KSHV RTA, while pharmacological inhibition of NF-
kB promotes EBV and KSHYV reactivation from latency (182). However, inhibition of canonical
NF-kB activation by infection with a recombinant MHV 68 expressing I[kBaM, a dominant
negative mutant form of the NF-kB inhibitor IkBa, had no impact on lytic replication, but led to
a severe defect in the establishment of latency B cells of infected mice (186). Along similar lines,
loss of upstream activators including the CD40 (216, 234) and the BAFF receptors (235) or the
downstream NF-kB subunit p50 in NF-kB1 knock-out mice in mixed bone marrow chimera
studies impaired MHV68 latency in B cells in vivo (185, 186). Toll-like receptors (TLR)
orchestrate innate and adaptive immune defenses against invading pathogens (187, 236). TLR
engagement of the MyD88-IRAK-TRAF6 axis leads to several downstream signaling events
including stimulation of the IKK signalosome leading to the nuclear translocation of activated
canonical NF-kB subunits. Inhibition of NF-kB signaling by loss of the TLR signaling
component MyD88 in knock-out mice impaired the establishment of viral latency (216, 217,
234). Thus, NF-kB signaling is a critical host determinant of gammaherpesviruses latency in

vivo; but its mechanism of action remains unclear and requires further characterization.
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In contrast to the role of NF-kB signaling in promoting gammaherpesvirus latency,
engagement of NF-kB signaling via toll-like receptors has differential effects on MHV68
reactivation from latent B cell reservoirs and lytic replication in culture. Lipopolysaccharide
(TLR4) or CpG DNA (TLR9) triggers reactivation of MHV68 from latency in cell culture (237);
and lipopolysaccharide (LPS) administration drives reactivation from latent splenocytes in mice
(237). In contrast, TLR -7 or -9 engagement has been demonstrated to suppress MHV68
reactivation from the S11 latent B cell line, but promotes reactivation in vivo (238). A series of
recent reports support a role for RTA of MHV68 in usurping IKKf activation in response to
tegument protein-mediated activation of RIG-I and MAVS to enhance the transcriptional activity
of RTA that, in turn, targets the p65/RelA NF-kB subunit for ubiquitin-mediated degradation
during de novo infection of permissive cell types (153, 159). These data are consistent with a role
for NF-kB transcription factors in regulating viral gene expression to promote latency, a function
that is counteracted by RTA upon de novo infection. However, the role of the lytic cycle-
associated NF-kB complexes p65/p50 and the latency-associated subunits c-Rel/p50 as direct
regulators of MHV68 gene expression is not known.

Because the interplay of RTA and NF-kB signaling is clearly complex, herein we sought
to delineate the role of NF-kB subunits in regulating MHV 68 genes during lytic replication and
reactivation from latency. We identified multiple NF-kB recognition sites located in upstream
regulatory regions of latent and lytic MHV68 genes. Next, we examined the response of two NF-

KB recognition elements upstream of the ORF6 gene in response to NF-kB subunits alone or in
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combination with the lytic transactivator RTA. To assess the role of these NF-kB binding sites in
the context of reactivation, we generated latent MHV68+ B cell lines inducible for RTA
expression. We found that TLR4 activation by LPS treatment in combination with doxycycline-
induced RTA expression significantly enhanced virus reactivation, but did not reveal any role for
the NF-kB binding sites in the ORF6 promoter. In primary splenocytes, RTA occupancy of a
novel RTA recognition element in the right oriLyt was validated with an in vivo biotinylation
system. Taken together, while LPS enhances reactivation and RTA transactivation functions, the
NF-kB recognition sites in the viral genome do not seem to influence lytic transactivation by

RTA.
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Materials and Methods

Cells and mice. NIH3T12 murine fibroblasts and HEK293T cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 100 U/mL of penicillin and
100 mg/mL of streptomycin at 37°C in 5% CO,. NIH3T12 and HEK293T cells were maintained
in 8% and 10% fetal bovine serum (FBS), respectively. S11 lymphoma (88), A20-derived HE2.1
cells (239), and A20-HE2-RIT (described below) are MHV 68+ latent B cell lines, and were
maintained in RPMI 1640 supplemented with 10% FBS, 100 U of penicillin/mL, 100 mg of
streptomycin/mL, and 50 mM 2-mercaptoethanol at 37°C in 5% CO,. HE2 cells were selected
and cultured in RPMI containing 300 pg/mL hygromycin B sulfate (Invivogen, San Diego, CA).
Primary murine embryonic fibroblasts were maintained in DMEM supplemented with 10% FBS
supplemented with 100 U/mL penicillin and 100 mg/mL of streptomycin at 37°C in 5% CO,

C57BL/6 mice were purchased from Jackson laboratories (Bar Harbor, Maine) or bred in
the animal facilities at Stony Brook University. ROSA26HABIirA mice ubiquitously express
bir4, an HA-tagged bacterial biotin ligase (http://jaxmice.jax.org/strain/010920.html). The
ROSA26HABIrA mice (herein referred to as ROSA BirA mice) were a gift from Dr. Ming Li
(Memorial Sloan Kettering Cancer Center, New York) and were bred in the animal facilities at
Stony Brook University. All protocols were approved by the Institutional Animal Care and Use
Committee of Stony Brook University.

Plasmids. The ORF6p luciferase reporter contains the putative regulatory region of the
ORF6 gene (genomic coordinates 9,894-11,218 bp, GenBank accession no. U97553) cloned into

the HSP70-luc firefly luciferase reporter vector (240). Mutation of NF-kB binding sites in the
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promoter of ORF6 (ORF6p) was performed using a Stratagene QuikChange II site-directed
mutagenesis kit (Agilent Technologies, Santa Clara, CA) according to the manufacturer’s
protocol, and primers described in Table 1. For the -765 bp, -525 bp, and -331 bp, truncation
mutants, PCR products were amplified from the ORF6p vector using the ORF6p reverse primer
and forward primers described in Table 1. PCR products were digested and cloned into the Sacl
and Xhol sites of the HSP70-luc firefly reporter vector, courtesy of Dr. David Lukac (Rutgers
Medical School, New Jersey) (164). Ndel and Sacl digestion of the full length ORF6p in HSP70-
Luc followed by Klenow blunting and ligation of the vector was performed to generate the -909
bp truncation mutant. To generate the -136 bp truncation mutant, the ORF6p vector was digested
with HindlIII, blunted by Klenow blunting, and digested with Xhol prior to ligation into the Smal
and Xhol sites of HSP70-luc. The -58 bp truncation mutant was generated by annealing the
synthetic oligonucleotides described in Table 1.

p65, cRel, and p50 cFlag pcDNA3 expression vectors were gifts from Dr. Stephen Smale
(Addgene plasmid# 20012, 20013, 20018) (241). pPCMV-IxBaM expression vector encodes the
mutant super-repressor form of [kBa with serine-to-alanine mutations at amino acids 32 and 36
(Stratagene). The pPCMV empty vector was generated by BamHI and HindIII digestion of
pCMV-IkBaM to excise the [kBaM insert, Klenow blunting and religation. The RTA
expression vector (pSG50) and empty vector (pCMV-Tag2B) were gifts from Dr. Samuel H.
Speck (Emory University) (103).

Cloning of PGK-puro-pTRE3G-RTA-FLAG-IRES-tdTomato began with PCR

amplification of tdTomato from tdTomato vector (Invitrogen, Carlsbad, CA) and cloning into
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EcoRV and BamHI sites of pTRE3G-IRES (Clontech, Mountain View, CA). Next, FLAG-
tagged RTA was amplified from pcDNAS5-Topo-TA-RTA-FLAG vector (a gift from Dr. Pinghui
Feng, Keck School of Medicine of University of Southern California) (159). After PCR
amplification of RTA-Flag, the product was digested with Eagl, Klenow blunted, and digested
with Sall. The product was ligated into pTRE3G-IRES-tdTomato that had been digested with
Bglll followed by Klenow blunting and Sall digestion. Last, PGK-puro was excised via EcoORV
and EcoRI digestion from the pSico-PGK-puro vector, a gift from Tyler Jacks (Addgene
plasmid# 11586) (242). The excised PGK-puro construct was ligated into Zral/EcoRI digested
pTRE3G-RTA-FLAG-IRES-tdTomato vector, in the opposite orientation of transcription of the
Tet3G transactivator initiated by EF1a. The biotinylation tag (Precission-FLAG-V5-TEV-TEV-
Biotin acceptor) was a gift from Dr. Meinrad Busslinger (The Research Institute of Molecular
Pathology, Vienna, Austria). The Precission-FLAG-V5-TEV-TEV-Biotin acceptor tag contains
FLAG and VS5 epitope tags that are flanked by precission and two sequential TEV sites,
respectively. The biotin acceptor sequence follows the second TEV site. The biotinylation tag
was amplified by PCR (primers described in Table 1) followed by digestion with Xhol and Apal
and ligation to Xhol and Apal sites of pcDNAS-Topo-TA-RTA-FLAG to generate the RTA-Bio
construct.

Generation of doxycycline inducible B cell lines. A20-HE2.1 B cells are latently
infected with a recombinant MHV 68 that encodes a hygromycin resistance and enhanced green
fluorescent fusion protein (239). HE2.1 B cells were nucleofected with the pTRE3G-EFla

vector encoding the Tet-On 3G transactivator protein (Clontech). 24 h post-nucleofection cells
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were treated with 300 pg/mL G418 and hygromycin B sulfate (Invivogen, San Diego, CA).
Serial dilution of the cells into 96-well plates was performed six days later in the presence of
G418 and hygromycin B sulfate to isolate individual cells. Clones from individual cells were
screened for inducible expression of luciferase 24 h after nucleofection with the pTRE3G-luc
vector and doxycycline treatment (50 mg/mL); the cell line clone (C10) had the highest
doxycycline inducible activity. Next, the HE2-C10 cells were nucleofected with PGK-puro-
pTRE3G-RTA-FLAG-IRES-tdTomato construct and treated with 2 pg/mL puromycin
(Invivogen), 300 pg/mL G418 and hygromycin B sulfate for eight days prior to serial dilution to
isolate individual cells. After approximately three weeks colonies derived from single cells were
validated for RTA induction by immunoblot. Two clones, designated RIT-G3 and RIT-FI,
demonstrated robust RTA-Flag and tdTomato-Red expression in response to doxycycline
treatment.

Recombinant viruses. The MHV68-H2BYFP genome was cloned into a bacterial
artificial chromosome (BAC), kindly provided by Dr. Samuel Speck (243). MHV68-H2BYFP-
RTA-Bio virus was generated using en passant mutagenesis (244). For generation of MHV68-
H2BYFP-RTA-Bio, an intermediate was synthesized which contains RTA-Bio targeting
construct with a kanamycin selection cassette and I-Scel site flanked by WT MHV68 sequence
on either side (Genewiz, South Plainfield, NJ). The product was excised from the pUC57 vector
by EcoRV digestion and transformed into electrocompetent Escherichia coli GS1783.5
harboring the MHV68-H2BYFP BAC. After recovery, the cells were plated on chloramphenicol

(30 pg/mL) and kanamycin (25 pg/mL) plates, at 30°C for 48 h. The kanamycin selection marker

32



was PCR amplified to verify insertion into the MHV68-H2BYFP BAC. Using the protocol
outlined previously (244), the kanamycin selection marker was removed via induction of the I-
Scel homing enzyme, leaving behind the desired insertion. PCR amplification was performed to
verify insertion of the Bio tag using 100 ng Qiagen purified BAC DNA and primers described in
Table 1. Two independent clones were isolated.

Analysis of Recombinant viral BAC DNA. BAC DNA was prepared by column
purification (Qiagen, Hilden, Germany). Restriction analysis was performed using 10 ug of BAC
DNA digested overnight with Mfel and then resolved in a 0.8% agarose gel in 0.5X Tris-acetate-
EDTA. For complete genome sequencing, 1 ug BAC DNA was prepared for multiplex, 200-
cycle, paired-end read sequencing using Nextera XT DNA Library Preparation Kit (I1lumina,
San Diego, CA) with Miseq reagent kit v2 (Illumina) on an Illumina MiSeq by the Stony Brook
Microarray Facility. Whole genome sequence data was aligned to the reference genome
sequences using bowtie2 (245) and local alignment mode. Samtools mpileup with default options

and vcfutils (246) were used to identify variants at depth coverage over 1000.

Electrophoretic mobility shift assays. Transcription Element Search Software

((http://www.cbil.upenn.edu/tess/) was used to search for candidate NF-kB binding sites in the

MHV68 genome based on the consensus binding site (GGGAMTTYCC) allowing for a one
nucleotide mismatch in the consensus sequence. Unlabeled double-stranded oligonucleotides
with putative NF-kB binding sites are provided in Table 2. For nuclear extracts, MHV68+ latent

S11 B lymphoma cells or lytic infected MEF cells (MOI 5) were harvested and washed once in
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cold PBS. The cell pellet was resuspended in ice cold hypotonic lysis buffer (10.0 mM HEPES
pH 7.9, 10.0 mM KCI, 1.5 mM MgCl,, 0.1 mM EDTA, 1.0 mM DTT, 0.5 mM PMSF, one mini
EDTA-free proteinase inhibitor cocktail tablet (Roche, Basel, Switzerland), and left on ice 15
min. Next, 10% NP40 was added and cells were vortexed briefly before spinning at 10,000 x g
for 5 min at 4°C. The nuclei pellet was washed with hypotonic buffer and resuspended in high
salt buffer (25% glycerol, 20mM HEPES pH 7.9, 420 mM NaCL, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM DTT, 0.5 mM PMSF, EDTA-free proteinase inhibitor cocktail tablet) with
vigorous shaking for 2-3 h at 4°C before centrifugation at 10,000 x g for 10 min at 4°C.

For analysis of direct binding, either a >*P-labeled or infrared (LiCor) oligonucleotide

containing the underlined NF-kB consensus site, 5~ AGTTGAGGGGACTTTCCCAGGC-3°,

was incubated at room temperature for 30 min with 2.5 pg of nuclear extracts in binding buffer
(2.0 mM HEPES pH 7.9, 1.0 mM EDTA, 5.0 mM DTT, 0.05% Triton X-100, 5% glycerol, and
2.0 pg poly dI-dC). For cold competition analysis, unlabeled oligonucleotides containing
putative WT or mutant NF-kB binding sites were added at 10- and 100- fold molar excess of
labeled probe. Nucleoprotein complexes were run in 5% native polyacrylamide gels at 190V,
dried under vacuum, and exposed to phosphor storage plate before and scanned using the Storm
840 Phospholmager(GE Healthcare,Piscataway,NJ). Competition with 100-fold excess unlabeled
oligonucleotides was calculated as a percentage of the signal lost compared to that detected for
the **P-labeled WT oligonucleotide in the absence of competitor. For EMSA supershifts,
overnight incubation of nuclear extracts with 0.2 to 2.0 pg of antibodies against NF-kB subunits

(all purchased from Santa Cruz, Dallas,Texas): p65 (sc-109x), (sc-114x), cRel (sc-71x), RelB
34



(C-19x), p52 (K-27x), IgG rabbit (sc-2027) was performed at 4°C prior to incubation with
nuclear extracts.

Luciferase reporter assays. To examine the minimal regulatory region of the ORF6
promoter, HEK 293T cells were seeded at 3.0 x 10° cells per well into 24-well plates one day
prior to calcium phosphate transfection with 1.0 pg of the full length ORF6p luciferase reporter
or promoter mutants along with either 0.5 pg RTA (pSG50) or empty vector (EV, pCMVTag2B)
and 355 ng pRL-TK (103, 240). At 48 h post-transfection the cells were lysed in 1X passive lysis
buffer (Promega, Madison, WI) and luciferase assay performed using pRL-TK to normalize. For
NF-kB subunit co-transfection experiments in HEK 293T cells, plasmids expressing NF-xB
subunits p50, cRel or p65 or pcDNA3 empty vectors were transfected at 1:1 ratios with pSG50.
Protein content was used for normalization.

For ORF6p analysis in HE2 B cells, 2.0 x 10° cells were nucleofected, using
electroporation solution (Mirus Bio LLC, Madison, WI), with 1.0 pg of either the full length
ORF6p luciferase reporter or ORF6p truncation mutants and 0.5 ng RTA-Flag (RTA-FLAG-
pcDNAS-Topo-TA) or EV (pcDNAS5-Topo-TA) for 24 h. For NF-kB superrepressor
experiments, HE2 B cells were nucleofected with 0.5 pg full length ORF6p reporter vector or the
double NF-kB site mutant (ORF6p DM), 0.25 ng RTA-Flag (RTA-FLAG-pcDNAS5-Topo-TA)
or EV (pCDNAS5-Topo-TA) and 0.25 pg IkBaM (pCMV-IkBaM) or pCMV empty vectors. To
verify impact of NF-kB signaling components, nucleofection was performed using pGL-4.32,
0.25 pg p65 or 0.25 pg IkBaM (pCMV-IkBaM), and luciferase values were normalized to

protein content.
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To examine ORF6p transactivation in the context of infection, NIH3T12 cells were
seeded at 8.0 x 10° cells per 10 cm dish one day prior to transfection with 15 ug pGL4.32 or
ORF6p-luc by Superfect (Qiagen). The next day 1.0 x 10° cells per well were seeded into 12-
well plates and then infected the following day with MHV68- IkBaM or MHV68-IkBaM.MR
(186) at a multiplicity of infection (MOI) of 5. Luciferase assays were performed 24 hpi.

Antibodies and immunoblot analysis. For immunoblot analysis, A20-HE2-RIT cells
were subcultured 1:3 one day prior without drug selection. The following day the cells were
seeded at 1.0 x 10° cells/mL and treated with 100 pg/mL doxycycline and/or 20 ng/mL 12-O-
tetradecanoylphorbol-13-acetate (TPA) (Sigma-Aldrich, St Louis, MO). Cells were lysed in
RIPA and whole cell lysates were resolved by SDS-PAGE and transferred to PVDF membrane.
For RTA-Bio immunoblot analysis, HEK 293T cells were transfected with empty vector
(pcDNAS-TOPO-TA) or RTA-Bio with or without the mCherry-BirA Ligase expression vector
using LT1 transfection reagent (Mirus Bio LLC, Madison, WI) 72 h post-transfection cells were
lysed in RIPA and immunoblot was performed. Immunoblot was performed using
ROSA26HABirA MEFs infected at MOI 5. Blots were probed with primary antibodies against
FLAG (Sigma-Aldrich), V5 (AbD Serotec, Raleigh, NC), GAPDH (Sigma-Aldrich) and ORF59
(Gallus Immunotech, Fergus, Canada) (247). Antibody against ORF65 (M9) was a gift from Dr.
Ren Sun (University of California, Los Angeles) (248). Secondary antibodies were goat anti-
mouse (GE Healthcare), goat anti-rabbit (GE Healthcare), and goat anti-chicken (Gallus

Immunotech) and anti-streptavidin (Rockland antibodies, Limerick, PA), all conjugated to
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horseradish peroxidase. Chemiluminescent signals (ThermoScientific, Boston, MA) were
detected by audioradiography film or a LAS 500 Chemiluminesence Imager (GE Healthcare).

Quantitative PCR. Quantitative PCR was performed on A20-HE2-RIT cells after single
or combination treatment with 100 mg/mL of doxycycline and/or 20 pg/mL of LPS. Total DNA
from A20-HE2-RIT cells lines was column-purified (Qiagen, Hilden, Germany). 150 ng of DNA
was input into a quantitative PCR reaction (SYBR green low ROX mix; Thermo Scientific) and
primers for the viral ORF50 (forward, 5’-GGCCGCAGACATTTAATGAC-3’); (reverse, 5’°-
GCCTCAACTTCTCTGGATATGCC-3’) and host GAPDH (forward, 5°-
CCTGCACCACCAACTGCTTAG-3’); (reverse, 5’-GTGGATGCAGGGATGATGTTC-3’)
genes. Copy number of viral genomes is calculated as fold increase in viral DNA copy number
normalized to cellular GAPDH genomes over untreated cultures.

Chromatin Immunoprecipitation. Chromatin immunoprecipitation was performed
using EZ-Magna ChIP™ G kit (EMD Millipore, Billerica, MA). Briefly, 1.0 x 10" A20-HE2-
RIT cells were induced with doxycycline as described above or in combination with LPS.
Primary splenocytes were resuspended at 6.0 x 10° cells/mL in 10 mL DMEM and treated with
100 ng/mL LPS for 18 hrs. After treatment, cross-linking was performed with formaldehyde,
terminated with glycine, and the cells were washed twice with 1X PBS containing protease
inhibitors. Cell lysis was performed and nuclear extracts were resuspended in 0.5 mL of nuclear
lysis buffer. Nuclear lysates were sonicated to ~100 bp to 500 bp fragments using a Branson
Sonifier 450 (Danbury, CT). Sonicates were centrifuged at 10,000 X g at 4°C for 10 minutes to

remove insoluble material. Lysates were pre-cleared with protein A/G agarose (Life
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Technologies, Grand Island, NY) slurry for 30 min at 4°C. Immunoprecipitation was performed
overnight with anti-FLAG M2 magnetic beads (Sigma-Aldrich) or streptavidin conjugated beads.
Immunocomplexes were washed sequentially using EZ-Magna ChIP™ low salt immune
complex buffer, high salt immune complex buffer, LiCl immune complex buffer, and TE buffer.
Elution was performed using the provided EZ-Magna ChIP™ elution buffer, followed by
proteinase K digestion overnight at 62°C. DNA was recovered by phenol-chloroform extraction
and ethanol precipitation.

DNA samples were analyzed for viral genomic regions of interest using primers
described in Table 1 in a 384-well gPCR Roche LightCycler ® 480 machine (Roche, Basel,
Switzerland). Technical replicates of three biological replicates were analyzed for each condition
and normalized by 1% input DNA. Immunoprecipitates recovered by anti-Flag conjugated beads
were analyzed by qPCR which was designed to amplify ORF6p, ORF65 RREC and RRED-E
(sequences described in Table 2)

Viruses and plaque assays. The recombinant MHV68-IkBaM and MHV68-IkBaM.MR
viruses (186) were propagated as previously described (45). For plaque assays performed on
A20-HE2-RIT cell lines, inductions were performed with indicated drugs for 48 h and cell
homogenates were generated by 3 freeze-thaw cycles. For growth curves, 1.0 x 10° ROSA BirA
MEFs were seeded in 12-well tissue culture plates prior to infection with recombinant MHV68 at
a multiplicity of infection (MOI) of 5. Triplicate wells were harvested per time point, and cells
with conditioned medium stored at -80°C. NIH3T12 cells were seeded at 2 x 10° cells per well in

6-well, and the next day were incubated with cell homogenate for 1 hour prior to overlaying with
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1.5% methylcellulose in DMEM containing 5%FBS. Nine days later, methylcellulose was
removed and cells were washed twice with 1X PBS prior to methanol fixation and staining with
0.1% crystal violet solution in 10% methanol.

Infections and organ harvests. Eight- to ten-week-old ROSA26HABirA mice were
infected by intranasal inoculation or intraperitoneal injection with 1000 PFU of either MHV68-
H2B-YFP or MHV68-H2B-YFP-RTA-Bio viruses under isoflurane anesthesia. Inoculum titers
were determined to confirm infectious dose. Mice were sacrificed by the application of terminal
isoflurane anesthesia. For acute titers, mouse lungs were harvested in 1 mL of DMEM
supplemented with 10 % FBS and stored at -80°C prior to disruption in a Mini-Bead Beater
using 1.0 mm size beads (Bio-spec, Bartlesville, OK). Viral titers of the homogenates were
determined by plaque assay. For latency, reactivation, and ChIP experiments, mouse spleens
were homogenized and treated with Tris-buffered ammonium chloride to remove red blood cells,
and then filtered through 100 um pore sized nylon. For peritoneal cells, 10 mL of media was
injected into the peritoneal cavity, agitated, and withdrawn using an 18-gauge needle. Peritoneal
exudate cells were pelleted by centrifugation and resuspended in 1 mL of DMEM supplemented
with 10% FBS.

Limiting dilution PCR detection of MHV68 genome positive cells. For determining
the frequency of cells harboring the viral genome, single cell suspensions were prepared and
used in single-copy sensitive nested PCR. Six 3-fold serial dilutions of cells were plated into 96-
well PCR plates in a background of 3T12 cells and lysed overnight with proteinase K at 56°C.

The plate was subject to an 80-cycle nested PCR with primers specific for MHV68 ORF50 (45).
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At each serial dilution, twelve replicates were analyzed and plasmid DNA at 0.1, 1, and 10
copies included to verify single-copy sensitivity of the assay.

Limiting dilution ex vivo reactivation assay. In order to determine the frequency of
cells that harbor latent virus capable of reactivation, single-cell suspensions were prepared from
mice 16 or 18 days post-infection, resuspended in DMEM supplemented with 10% FBS and
plated in 12 serial 2-fold dilutions onto a monolayer of C57BL/6 MEFs in 96-well tissue culture
plates (41, 45). Twenty-four replicates were plated per serial dilution and wells were scored for
cytopathic effect 2-3 weeks after plating. Parallel samples were mechanically disrupted using a
mini-bead beater with 0.5 mm beads prior to plating on a monolayer of MEFs to release
preformed virus to differentiate between preformed infectious virus and virus spontaneously
reactivating upon explant.

Motif analysis. A fixed-size 22-bp Position Weight Matrix (PWM) was generated from
known RRE-A and RRE-B RTA binding (174) using Glam2 (249). RTA consensus recognition
elements in the MHV68 genomes were located with Find Individual Motif Occurrences (FIMO)
utility with the p-value cutoff set at 1 X 10 (250). The background DNA zeroth-order Markov
probabilities were generated automatically by FIMO from a non-redundant database (251).

Statistical analyses. Data were analyzed using Prism 5 software (GraphPad, La Jolla,
CA). Statistical significance was determined using one-way ANOVA, followed by Tukey’s post-
test or Student’s t-test. Under Poisson distribution analysis, the frequency of latency
establishment and reactivation from latency was the intersection of nonlinear regression curves

with the line at 63.2, the significance was determined by paired t-test.
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Table 1.1. Oligonucleotides used for cloning

Gene target?®

Genomic
strand®

Primer Sequence®

ORF6p
distal site
mutant

F

5" -TGGAGTGGCCAATCTCCATATGT-3"

ORF6p
distal site
mutant

5"-CATATGGGAGATTGGCCACTCCA-3’

ORF6p
proximal
site mutant

5"-TTTTGCCTCGAAATTCCCTGTGG-3"

ORF6p
proximal
site mutant

5"-CCACAGGGAATTTCGAGGCAAAA-3'

ORF6p -
765bp
truncation
mutant

5" -GATCGAGCTCGTGAGGGACCCGGGTGGACA-3"

ORF6p -
526bp
truncation
mutant

5" -GATCGAGCTCGATGGGCACTCCTATGTGAC-3 "'

ORF6p -
331bp
truncation
mutant

5" -GATCGAGCTCACGGCGTCCCCAGTCACTCA-3"

ORF6p
reverse
truncation
mutant

5"-GATCCTCGAGCATGATGAGTGTCCAAAAGCAGAGAGG

_3

ORF6p -58bp

5"-CAAAATCCCAATTCTCCTCA-3'
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A

ORF6p -58bp
B

5"-TGCTAGTCGCGTCCTCTCTG-3"

ORF6p -58bp
C

5"-CTTTTGGACACTCATCATGC-3"

ORF6p -58bp
D-

5" -ATTGGGATTTTGAGCT-3"

ORF6p -58bp
E-

5’"-CGACTAGCATGAGGAGA-3’

ORF6p -58bp
F-

5’"-CCAAAAGCAGAGAGGACG-3"’

ORF6p -58bp
G-

5"-TCGAGCATGATGAGTGT-3"

tdTomato

5" -GATCGATATCATGGTGAGCAAGGGCGAGGAG-3"'

tdTomato

5’- GATCGGATCCGGCACAGTCGAGGCTG-3’

Flag-tagged
RTA

5"-GATCGTCGACATGGCCTCTGACTCGGATTCC-"3

Flag-tagged
RTA

5" -GATCCGGCCGCAGTAGCAGCAGGA-3"

Bio-tag®

57—
GAATTCGGCCGGCCATGCATTTACAATTGGGCGGTGGAGGTCTG
GAAGTTCTGTTCC
AGGGACCTGACTACAAGGACGATGACGATAAAGGGAAGCCAATC
CCTAATCCCCTTCTGG
GACTCGACTCTACCGAAAACTTGTACTTCCAGGGACCACGGGAA
AATCTGTACTTTCAGG
GAATGGCATCGAGTCTACGGCAAATCCTCGACTCGCAGAAGATG
GAGTGGCGCTCAAACG
CCGGAGGCTCGTGACCATGGCGCGCCGAATTC-3" .

RTA-Bio

5’-GATCCTCGAGGTTAACGGAATTCGGCC-3'

42




RTA-Bio R 5’ -GATCGGGCCCGCCATGGTCACGAGCCT-3"
RTA-Bio BAC | F 5’-CCATTTTCACCCATTAGCCCT-3"

PCR

RTA-Bio BAC R 5’-ACTTAAGGATTTAGAAATGTCTTGT-3'
PCR

ChIP-ORF6 F 5 —AGACTCTGAAGTGCTGACTCGGC-3
(0-150)

ChIP-ORF6 R 5 _GATGAGTGTCCAAAAGCAGAGAGGA-3 '
(0-150)

ChIP-ORF65 |F 5/ _CGTCAGACATAGACCCTGGAT-3’
ChIP-ORF65 |R 5/ _TGGCCCTCTACCTTCTGTTGA-3’
ChIP-RREC F 5 —GCCTGGGGAGCCAAAGCGAG-3 '
ChIP-RREC R 5/ —GCAATAGGCCAGGTGGGCCG-3 '
ChIP-RRED-E | F 5/ _CGGACCAATCACCAACTTGACG-3'
ChIP-RRED-E | R 5/ _TCGGTTTGCGGTTAGACCAGGC-3’

*Genomic target of PCR primer for cloning or gPCR
® F=Forward primer, R=Reverse primer
¢ Primer sequence used for PCR amplification

4Sequence of Bio tag inserted at the C-terminus of RTA, Flag (underlined), V5 (bold), Biotin acceptor sequence (bold and underlined)
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Results

Identification of NF-x B binding sites in MHV68 genome. To identify potential binding sites
for NF-kB subunits in the MHV68 genome, we performed an in silico analysis. Fifty-seven
candidate binding sites with strong scores to a weighted consensus matrix for NF-kB were
identified (Fig. 2.1). Nuclear extracts from S11 MHV68+ latent B cell lines were incubated with
32P-labeled oligonucleotides containing the consensus NF-kB recognition site. Competitive
electrophoretic mobility shift assay (EMSA) was performed with 10- and 100-fold molar excess
of unlabeled 22 to 30 mer oligonucleotides from the MHV68 genome that contained the
candidate NF-kB binding sites (Table 2). At 100-fold molar excess, 14 out of 57 candidate sites
competed for binding such that the shifted complex with the labeled WT NF-kB consensus
oligonucleotide was reduced by at least 50% (red lollipops in Fig. 2.1). Seven of the eight sites
tested also competed for NF-kB binding against the labeled NF-kB consensus site
oligonucleotide using nuclear extracts from murine embryonic fibroblasts (MEFs) undergoing
lytic infection (Fig. 2.1B). Based on previous boundaries of MHV68 ORFs defined by 5> RACE
and tiled microarray analysis (173, 240, 252), eight of the fourteen sites were located within an
approximately ~1.2 kb region upstream of the transcription start sites of six MHV68 genes: M1

(latency), M2 (latency), ORF6 (lytic single-stranded DNA binding protein), ORF21 (lytic
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thymidine kinase), ORF75B (lytic VFGAM tegument) and ORF75C (lytic vVFGAM tegument)

(Fig. 2.2A). A weighted consensus matrix was derived from the degree of binding for the

oligonucleotides that competed for binding to the WT oligonucleotide and found to closely

match the canonical NF-kB recognition site (Fig. 2.2B).
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Figure 2.1. Identification of NF-kB recognition sites in MHV68.

(A) Diagram of murine gammaherpesvirus 68 genome illustrating location of 57 putative NF-kB
sites (lollipops) identified by /n silico analysis using Transcription Element Search Software
(TESS). Oligonucleotides from the genomic sequences that encompass the putative binding sites
were used at 100-fold molar excess as competition against **P-labeled NF-kB consensus
oligonucleotide upon incubation with latent MHV68+ S11 nuclear extracts. Red lollipops
indicate putative NF-kB binding sites which competed at greater than 50% of WT **P-labeled
NF-kB consensus oligonucleotide. (B) Lytic infected MEF nuclear extracts were incubated with
the infrared-labeled NF-kB consensus WT oligonucleotide for competitive EMSA with 10- and
100-fold molar excess of unlabeled oligonucleotide as indicated.
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Table 2.2. Oligonucleotides used in electrophoretic mobility shift assays

Oligonucleotide MHV68 Sequence Percent
number competition

Wild type AGTTGAGGGGACTTTCCCAGGC

100.0
oligo
Mutant oligo | AGTTGAGGCGACTTTCCCAGGC 35.0
1 ATGTCTGGGAATTCCCCAATGAC 100.0
2 AGCACAGGACTTTCCCTGCTCAC 77.1
3 GTGTCCATGAAATTTAGATCCAG 16.7
4 CTACCATAAATCTCATCAACCAG 17.7
5 TGGAGTGGGGAATCTCCCATATGT 92.7
6 TTTTGCCTGGAAATTCCCTGTGGC 91.6
7 GTGGAGGGGACCTCCCAGCCGTG 66.3
8 GAGGGACAGATTTCCTCAGGTGC 18.9
9 GCAAGGGAAAAGTCCCAATTTAT 24.2
10 ATCTGGGAAAAATCCCTGTCCAT 41.4
11 CTAACAGGGAATATCCAAAGATA 33.3
12 ATTATTCAAATTTCCTGTGTCAC 0.0
13 GCCCCACAAATTTCATATTTCCA 0.0
14 CTGGAAATGAGACTTGGTCCTCC 0.0
15 GATTGCAGAAATTTCCCCTGGTT 0.0
16 CTTTCCAGGAGATTCCCACTGCC 0.0
17 GGAAGGGGGAAGGCCCTTTTCTT 70.2
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18 GCAGGGGGGAGTCCCCTAGTTAA 66.
19 GGATGTCAGGTCTCCCAGGCCAC 0.0
20 TGAGCACAGATTTCCCGGCAGGC 0.0
21 TTTTGGGGGAAATGTACTGTTGG 0.0
22 CCTTGTTATGAAATCTGCCCACA 4.9
23 TACCCAGGGAAATCTATCTGATC 0.0
24 GTGGCACAAGTCTCCCATGCTCA 0.0
25 AGACATGGGAATCCACTGTCAGG 4.4
26 GTTGCTGGAATTACTACAGACAT 0.0
27 GATGGAGGGAAGTACCATGTGTG 0.0
28 TCACGAGGGACTTTCTCCCACAT 62.
29 CTTCTTTATGAAATTTGCTTCAT 19.
30 AGATTTGGAAAATCCCACAGTCT 54.
31 ATGGAATTTTTGGAGTTTCCCTGG 76.
32 GCCAGTAGGGACATTTGAATGTT 34.
33 TGTTATCAGGTCTCCTCTAGCAG 6.4
34 ACGTAGGGGATATTACAGTCTCA 18.
35 TTGACTGTGAAATTTGGGTGATA 14.
36 TTACAACAAATATCCCTGATATG 21

36. ATAACAAAATTCCCTGGAATCAT 42

37 CTACGAGGGAATTTCTGCAGCGA 0.0
38 CTCCACCAAATATCCCAGCTGAC 47

38. ACGTGACGTCATAACTGCAACACTTATGAG | 0.0
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39 TCATCAGGGAAATTTCAGGGCTG 63.5
40 CAATGTACATCTCATATGGGCAG 0.0
41 ACAGGCGTGAAACTTGACTCTTG 0.0
42 GTATGCCAAATCTCCATATAGGC 0.0
43 AGGTCTGGGACGTCCCTCCCAAG 18.7
44 CCATGCCAGATCTCACAACCATC 1.6
45 AATTATGGGAAACTTGCATGAGA 1.5
46 CCATACGCAAATCTCGCACAGAA 0.0
47 TAACAGATGAGATCTGTACTCAG 11.5
48 GATCCACACATTTCACAGGCCTC 0.0
49 CTTGACTGGAAATCCCCCATCAA 12.3
50 CAGATTCAGGTCTCATAATGCTC 0.0
51 TCCACGGGGGCTCTCCCAGCCTC 71.0
52 ATCTAGGGGTAGTCCCAGGTTGC 87.3
53 GATTTTGGAAAGTCCCACCTAA 94.9
54 TTGCCAAGGAAATCTGACATGGT 0.0
55 GAAACAGGGGATATCCGGTGCCA 58.8
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Figure 2.2. Alignment of NF-kB recognition sites in MHV68.
(A) Sequence alignment of putative NF-kB binding sites in the MHV68 genome identified by
competitive EMSA (filled lollipops in A) Binding sites were located in the proximal promoter
region of the indicated MHV 68 encoded genes. (B) NF-kB binding site motif for NF-kB
subunits p65 and p50, based on a weighted consensus matrix. NF-kB binding motif for MHV68
genome. Binding sites presented as a position weight matrix determined from MEME analysis
(Multiple EM for Motif Elicitation v4.8.0'%).
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The ORF6 regulatory region contains two NF-k B binding sites. We previously mapped the

5’ transcriptional start site of the ORF6 gene and demonstrated that a luciferase reporter under

the control of a 1.3 kb region upstream of the start (ORF6p) is responsive to both MHV68

infection and co-transfection with the viral replication and transcription activator (RTA) (240).

To examine whether the putative NF-kB recognition sites located in the distal and proximal

ORF6 regulatory region were bound by NF-kB subunits, we mutated key nucleotides in the

consensus site and tested for loss of binding (Fig. 2.3A). Competitive EMSA using nuclear

extracts from latent S11 B cells demonstrated competition by the WT oligonucleotides but not by

oligonucleotides with mutations in either the distal or proximal NF-kB sites in the ORF6

promoter (Fig. 2.3B). Next, to identify the NF-kB subunits that are recognized by the distal and

proximal sites, WT oligonucleotides corresponding to each site were labeled and incubated with

nuclear lysates and antibodies to each NF-kB subunit, alone or in combination. Lytic infected

MEF nuclear extracts incubated with antibody against NF-kB p65 resulted in either a loss of

shift or supershift for the distal and proximal site oligonucleotides (Fig. 2.4A). Addition of

antibody against p50 resulted in a supershift of the distal site oligonucleotide. Using latent B cell

nuclear extracts, we observed two major shifted complexes (Fig. 2.4B). Addition of antibody
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against NF-kB p50 resulted in the loss of the upper complex and an additional shift in the
mobility of the lower complex for both distal and proximal site oligonucleotides. Antibody
against cRel ablated the upper complexes for both sites. Taken together, p65 and p50 subunits
comprise the complex bound to the distal and proximal NF-kB binding sites in lytic infection
while p50 and cRel recognize the distal and proximal sites of the ORF6 promoter in a latent

infection.

52



GGGAATCTCC GGAAATTCCC

-1325 \/ W4 r@

|
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NF-kB consensus WT 5’'-AGTTGAG GGGACTTTCC CAGGC-3'
NF-kB consensus mut 5’-AGTTGAG GcGACTTTCC CAGGC-3’

ORF6p distal WT 5’-TGGAGTG GGGAATCTCC ATATGT-3'
ORF6p distal mut 5’ -TGGAGTG GCccAATCTCC ATATGT-3'

ORF6p proximal WT 5’ -TTTTGCCT GGAAATTCCC TGTGGC-3’
ORF6p proximal mut 5/ _TTTTGCCT cGAAATTCCC TGTGGC-3’

NF-xB ORF6p ORF6p
consensus Distal site Proximal site

WT  Mut.  WT_ Mut.  WT_ Mut
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Figure 2.3. The ORF6 regulatory region contains two NF-k B recognition sites.
(A) Schematic of ORF6 regulatory region with position and sequence of distal and proximal NF-

kB binding sites. Arrow denotes ORF6 transcriptional start site (240). (B) MHV68+ S11 nuclear
extracts were incubated with the ** P-labeled NF-kB consensus WT oligonucleotide for
competitive EMSA with 10- and 100-fold molar excess of unlabeled oligonucleotide with a

mutant NF-kB site or ORF6p distal and proximal site oligonucleotides as indicated.
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Figure 2.4. NF-x B subunits that bind to the ORF6 regulatory region vary with the type of
infected cell.

(A) EMSA supershift analysis was performed using ** P-labeled ORF6p distal and proximal NF-
kB site oligonucleotides, nuclear extracts from MHV68+ infected mouse embryonic fibroblasts
and the indicated antibodies. (B) EMSA supershift analysis was performed using ** P-labeled
ORF6p distal and proximal NF-kB site oligonucleotides, nuclear extracts from latent MHV68+
S11 B cells and the indicated antibodies. Arrows indicate shifts and brackets denote supershifts.
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NF-k B subunits inhibit ORF6 transactivation by RTA independent of their DNA binding

sites in the viral genome. NF-kB subunits have been found to antagonize MHV68 (182). To test

if the NF-kB recognition sites regulate the RTA responsive region, we generated 5’ truncation

mutants of the ORF6p (Fig. 2.5). HEK293T cells were co-transfected with ORF6p truncation

mutants in the absence or presence of the viral lytic transactivator RTA and luciferase levels

were measured after 48 h. Truncation from -765 bp to -526 bp significantly enhanced RTA

transactivation, suggesting the presence of an inhibitory element in this region. Truncation from

-526 bp to -331 bp resulted in a significant loss in RTA transactivation suggesting the presence

of an RTA responsive element. Lastly, truncation from -136 bp to -58 bp resulted in complete

loss of RTA transactivation indicating that -136 bp constitutes the minimal RTA responsive

region of the ORF6 promoter.

Next, we investigated if the proximal NF-kB binding site located in the -765 bp region

that was lost with truncation to -526 bp, was inhibitory to RTA transactivation. Site-directed

mutagenesis of the distal NF-kB site (distal mut), the proximal NF-kB site (proximal mut), or

both NF-kB sites (double mut) in the ORF6p was performed based on mutations confirmed for

loss of recognition of NF-kB subunits in competitive EMSA assays (Fig. 2.3). HEK293T cells
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were transfected with proximal, distal, or double NF-kB site mutants and an RTA expression

vector or empty vector (Fig. 2.6A). No significant loss of RTA transactivation was observed

upon the individual or combined mutation of these NF-kB recognition sites.

We hypothesized that co-expression of NF-kB subunits might be necessary to reveal a

role for the NF-kB recognition sites in response to RTA. To this end, we examined the activity

of the WT ORF6p reporter or NF-kB site mutant reporters in the presence of RTA and the NF-

kB subunits that were identified in nuclear extracts from MHV 68+ latent B cells (Fig. 2.4A) and

infected MEFs (Fig. 2.4B) were next examined. Expression of NF-kB subunits p50, cRel, or p65

alone did not affect basal activity of the ORF6 wild type or NF-kB site mutant reporter

constructs in HEK293T cells, while the NF-kB responsive luciferase reporter pGL4.32 was

activated in response to NF-kB subunit expression (data not shown). However, co-transfection of

either NF-kB p50 and cRel or p5S0 and p65 subunits inhibited RTA transactivation of the ORF6

NF-kB site mutant reporters (Fig. 2.6B). This inhibitory effect occurred regardless of the

integrity of the NF-kB binding sites, indicating that the NF-kB subunits were not impairing RTA

transactivation by occupancy of their recognition sites in the ORF6 regulatory region.
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We sought to determine if the ORF6 NF-kB sites influence ORF6p activation in the

context of productive infection. MHV68-IkBaM is a recombinant virus that expresses a mutant

form of IxkBa which functions as a super-repressor of canonical NF-kB activation (186).

NIH3T12 cells were first transfected with the NF-kB responsive luciferase reporter, pGL4.32, or

the ORF6p reporter and then infected at a multiplicity of infection (MOI) 5 with the control

MHV68 or MHV68-IkBaM (Fig. 2.6C). Infection with the control MHV68 vector activated the

NF-xB reporter at 24 hpi, but MHV68-IkBaM infection did not activate the positive control NF-

kB luciferase reporter, demonstrating that IkBaM can block canonical NF-kB activation

occurring late during infection. In contrast, the ORF6p reporter did not show a change in

promoter activity after infection with WT MHV68 or MHV68-IkBaM, which suggests that

ORF6p reporter transactivation by RTA is not influenced by NF-kB subunit binding during lytic

infection.
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Figure 2.5. Response of ORF6 promoter 5’ truncation mutants to RTA in HEK293T cells.
Transcriptional activation by RTA was analyzed in HEK293T cells for the ORF6 promoter
(ORF6p) at 48 h. ORF6p truncation mutants were transfected with the RTA expression vector or
empty vector. Data is normalized by renilla luciferase and shown as fold activation by RTA over
reporter alone. Bars represent fold activation relative to the untreated condition for triplicate
samples +/- SD. Significance is determined by one-way ANOVA followed by Tukey post-test;

* p<0.05; **, p<0.01.
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Figure 2.6. NF-x B subunits inhibit ORF6 promoter activity independent of NF-x B binding
sites.

(A) Transcriptional activation by RTA of the full-length WT ORF6 promoter (ORF6p) or NF-kB
site mutations in HEK293T cells. ORF6p NF-kB site mutants were transfected with the RTA
expression vector or empty vector. Data is normalized by renilla luciferase and shown as fold
activation by RTA over empty luciferase reporter. Bars represent fold activation relative to the
untreated condition for triplicate samples +/- SD. (B) Co-transfection of HEK293T cells with
either the ORF6p or NF-kB site mutant reporter constructs RTA and NF-kB subunits luciferase
values were normalized to protein content and shown relative to RTA transactivation alone. Bars
represent fold activation relative to the untreated condition for triplicate samples +/- SD.
Significance is determined by one-way ANOVA followed by Tukey post-test; *,p<0.05;

*#% p<0.001. (C) NIH3T12 cells were transfected with NF-kB or ORF6p reporters followed by
infection with control MHV68 (MOI 5.0) WT or MHV68-IkBaM, that expresses the NF-kB
superrepressor [KkBaM. Luciferase assays were performed 24 h post-infection. Bars represent
fold activation relative to the untreated condition for triplicate samples +/- SD. Data is shown as
fold activation over uninfected cells and significance determined by Student’s t-test, *p=0.013.
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NF-kB inhibition does not alter ORF6 promoter activity in latent B cells or in the

context of lytic replication. The HE2 B cell line is tightly latent with less that 1% of cells

undergoing spontaneous reactivation (239). To map the minimal RTA responsive region of

ORF6p upon de novo RTA expression, HE2 latent B cells were nucleofected with 5’ truncation

mutants of the ORF6p reporter in the presence or absence of the RTA expression vector (Fig.

2.7). Truncation from -909 bp to -765 bp led to enhanced transactivation by RTA. Truncation

from -526 bp to -331 bp and -136 bp to -58 bp led to a loss in RTA transactivation. A minimal

RTA responsive element positioned 136bp upstream of ORF6 in HE2 latent B cell (Fig. 2.7) is

consistent with that demonstrated for HEK293T cells (Fig. 2.5). Next, nucleofection was

performed with the full-length ORF6p or double NF-kB site mutant reporter constructs in the

presence or absence of RTA alone or in combination with canonical NF-kB subunit super

repressor [kBaM. In comparison to the NF-kB double site mutants, the basal activity of the wild

type ORF6p promoter was enhanced by expression of IkBaM alone compared to the double site

mutant (Fig. 2.8). In addition, the ORF6p double mutant had a decreased response to RTA when

compared to the wild type reporter construct. NF-kB inhibition by [kBaM was confirmed by a

60



significant decrease in p65-mediated activation of the NF-kB reporter pGL4.32 (data not shown).

These data indicate that NF-kB inhibition has a no effect on its RTA transactivation.
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Figure 2.7. Response of ORF6 promoter 5’ truncation mutants to RTA in latent B cells.

(A) Schematic diagram of 5’ deletions of the ORF6 promoter (ORF6p) firefly luciferase reporter.
Transcriptional activation by RTA was analyzed in latent MHV 68+ HE2 B cells. Data is
normalized by protein content and shown as fold activation by RTA over reporter alone. Bars
represent fold activation relative to the untreated condition for quadruplicate samples +/- SD.
Significance is determined by one-way ANOVA followed by Tukey post-test; **, p<0.01;

*x% p<0.001.
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Figure 2.8. NF-x B inhibition does not affect ORF6 promoter activity in latent B cell lines.
Latent MHV 68+ HE2 B cell lines were nucelofected with RTA, NF-kB superrepressor [kBaM,
or empty vectors and in the full-length WT or double mutant ORF6p reporter constructs and
analyzed at 24h. Luciferase values normalized by protein content. Bars represent fold-activation
relative to the untreated condition for quadruplicate samples +/- SD. Significance is determined
by one-way ANOVA followed by Tukey post-test; **, p<0.01; *** p<0.001.
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Generation and characterization of RTA inducible A20-HE2 latent B cell lines.

Because previous studies suggested a role for TLR signaling and NF-kB kinase activity in

enhancing viral reactivation (159, 217, 237), we next sought to characterize the contribution of

upstream kinases affecting RTA transactivation of viral genes. In order to do this, we developed

an assay in which we can induce RTA expression and stimulate TLR signaling. HE2 latent B cell

lines were selected for the stable expression of an EFla driven Tet-transactivator protein TET3G

(Fig. 2.9A). In the presence of doxycycline, a conformational change in the Tet-transactivator

permits binding to a consensus binding site in the Prrg3g that activates transcription of

downstream genes. HE2-TET3G cells (clone C10) were transfected with and selected for the

integration of a Tet-responsive bicistronic construct encoding C-terminal Flag-tagged RTA

followed by an IRES and the tomatoRed (tdTomato) reporter gene (termed HE-RITs) (Fig.

2.9A).

Addition of doxycycline to culture media induced expression of RTA-Flag as early as 12

h post-treatment in two individual clones, HE-RIT G3 and HE-RIT F1 (Fig. 2.9B). RTA-Flag

levels remained relatively steady through two days post-treatment. tdTomato expression was

confirmed by FACs analysis and was induced by doxycycline alone (Fig. 2.9C). Immunoblot for

MHV68S lytic antigens confirmed the expression of the ORF65 capsid protein in HE-RIT clones
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at 48 h post-doxycycline treatment, and ORF65 levels further increased when doxycycline
treatment of the HE-RIT cells was coupled to treatment with the histone deacetylase inhibitor
TPA (Fig. 2.9D). In addition, ORF59 expression was detected in lytic infected fibroblasts and in
HE-RITs upon treatment with doxycycline and TPA, but not with doxycycline alone. Viral DNA
replication was enhanced in both HE-RIT clones 48h post-treatment with doxycycline and TPA
alone, and further increased with both doxycycline and TPA (Fig. 2.9E). A similar trend was
observed for viral particle release measured by plaque assay (Fig 2.9F). Single treatment with
doxycycline or TPA induced the production of infectious virus that was significantly enhanced
when combined. In sum, HE-RIT cell lines are inducible for the expression of RTA-Flag that

drives virus reactivation.

65



RIT G3 RIT F1
Tet-Transactivator T 7
= +Dox = +Dox
XN » Transcriptio 1 . :: r = § ~: r = ;‘: 5
quusi=ty Flag-RTA |RES"‘ ldTomdtO :D; S ¥ & < 5 ¥ & < E
LU+ (&)
l/ Dox NN AR ot | RTAFlag
Do A 374
0x /
r‘ ranscnption - AL GAPDH
> Y L — 'm PR 1dTorrato ]
ey Flao-RTA IRES —=.{dTomatg=_ {
& / [ . ‘
D. “ RIT G3 RIT F1 E. RITG3  RITF1 F. RITG3  RITF1
g‘. i) S——— v A
z - - T e e
[ & H S 200, = RS ) s
& < * c 000 1 :
€ - 35, 3 % 1501 T
- =2 ! — = 2 — £ a e
E§I 3K §IT N S 1001 [ 5
kDa :“_ :E & 5 :5 'E & (>E % lu: 50+ rx-l = 10014
E S 006 35 0 oo o z
25— e— O 404 a
C— s ORFB65 2 3pd o T
- 2 104
50 = o 204 8
m i : -4
37 3 0 14
~ AL : XL D XA OXLL TDXILL
~— -—|cAPDH - doaoa &d0aan ) O o ' oo
—— ———— — RS TO0OFF E0FF %8&& %é&&
g t @ % @ + O +
= o e o s X = 5
> a5 e 5 o 5 o

Figure 2.9. Characterization of a MHV 68+ latent B cell line inducible for reactivation.

(A) Schematic of reactivation inducible HE2 latent B cells lines (HE-RIT) whereby doxycycline
(Dox) treatment induces expression of Flag-tagged RTA and tdTomato fluorescent protein. (B)
Western blot of Flag-tagged RTA expression from two individual HE-RIT clones (G3 and F1) at
indicated hours post-dox treatment. (C) Flow cytometry analysis of tdTomato fluorescence upon
Dox or TPA treatment, alone or in combination for 24 h. (D) Immunoblot detection of lytic
antigen expression after doxycycline induction of HE-RIT cell lines at the indicated times. (E)
Quantitative PCR detection of viral DNA replication from HE-RIT cell lines 48 h after
induction. The fold-increase in viral genome copy number was determined by viral ORF50
normalized to GAPDH over mock treated condition shown for triplicate samples. Bars represent
fold-activation relative to the untreated condition for triplicate samples +/- SD. Significance
determined by one way ANOVA, post-hoc Tukey test, ***p<0.001. (F) Plaque assay was
performed 48 hours post-treatment with Dox and TPA alone or in combination. Bars represent
fold-activation relative to the untreated condition for triplicate samples +/- SD. Significance
determined by one way ANOVA, post-hoc Tukey’s test, ***p<0.001.
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Lipopolysaccharide treatment enhances viral gene transcription and RTA

occupancy at the origin of lytic replication. We next investigated the role of upstream NF-kB

activation in MHV68 reactivation from latency via TLR simulation. Lipopolysaccharide (LPS) is

a bacterial pathogen associated molecular pattern recognized by TLR4. TLR4 activates the

canonical NF-kB signaling cascade via the IKK-f/IKK2 kinase. RIT cells were nucleofected

with the wild type ORF6p or the ORF6p double NF-kB site mutant reporter and treated with

doxycycline and LPS, alone or in combination (Fig. 2.10). LPS treatment did not activate the

wild type ORF6p reporter, indicating that exposure to LPS alone is not sufficient to regulate

ORF6 expression. Doxycycline treatment enhanced the ORF6p and ORF6p double mutant

activity to statistically significant levels. Interestingly, coupling doxycycline and LPS treatment

significantly enhanced ORF6 and ORF6 double mutant reporter activity. These data indicate that

LPS treatment enhances RTA gene transactivation, but the NF-kB recognition sites in the

ORF6p do not play a role.

To examine whether LPS activation of ORF6p transactivation by RTA is accompanied by

an increase in the occupancy of the viral genome by RTA, we performed chromatin

immunoprecipitation of RTA-Flag in HE-RIT G3 cells treated with doxycycline alone or in

combination with LPS at 24 h post-treatment. We observed that higher levels of RTA-Flag were
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immunoprecipitated in HE-RIT cells treated with doxycycline and LPS (Fig. 2.11A). ChIP

followed by qPCR did not detect RTA occupancy on the minimal ORF6 0-150 bp region (Fig.

2.11B). These data suggest that RTA transactivation of the ORF6p minimal promoter element

may occur via an indirect mechanism that does not require direct RTA binding to ORF6p.

Hong et al. (174) previously reported an RTA recognition element (RRE) in the left

origin of lytic replication (oriLyt) that controls ORF18 expression. Based on sequence

conservation, three additional RRE elements were predicted in the right oriLyt. Indeed, we

identified RTA-Flag occupancy on the right oriLyt by immunoprecipitation of a region that

spans the predicted RRE-D and RRE-E sites (Fig. 2.11B). As expected, RTA-Flag did not pull

down the previously characterized negative control ORF65 promoter region (Fig. 2.11B) (174).

RTA-FLAG occupancy of the right oriLyt RRE-D and RRE-E sites was significantly increased

by the addition of LPS to doxycycline treated RIT cells (Fig. 2.11B).

We examined if enhanced RTA occupancy of the right oriLyt upon LPS stimulation

correlated with an increase in viral DNA replication (69, 253). Interestingly, doxycycline and

LPS treatment at 48 h dramatically increased viral DNA replication when compared to either

treatment alone, in both HE-RIT G3 and F1 cell lines (Figs. 2.12A-B). Immunoblot analysis

detected enhanced RTA-Flag levels in HE-RIT cells treated with doxycycline and LPS compared
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to doxycycline alone. To investigate whether LPS enhancement of reactivation was solely the
result of enhanced RTA-Flag expression, we titrated the amount of doxycycline used to treat HE-
RIT cells from 500 down to 5 ug/ml, which are 0.5 and 0.005-fold the previous concentrations
used, either alone or in combination with LPS (Fig. 2.13). Decreasing doxycycline concentration
resulted in less RTA-Flag and LPS-enhanced RTA-Flag at each concentration of doxycycline.
However, when cells were treated with a high concentration of doxycycline to achieve
comparable RTA-Flag levels to a very low level of doxycycline that was combined with LPS, the
LPS treated condition led to a higher level of reactivation. Taken together, LPS treatment

enhanced reactivation regardless of cellular levels of RTA-Flag.
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Figure 2.10. Lipopolysaccharide enhancement of reactivation is independent of NF-x B
binding sites.

HE-RIT G3 (A) and HE-RIT F1 (B) cell lines were nucleofected with full-length ORF6p or
ORF6p double NF-kB site mutant reporters and harvested at 24h for luciferase activity
normalized by protein content. Bars represent fold-activation relative to the untreated condition
for triplicate samples +/- SD. Significance was determined from one-way ANOVA followed by
Tukey multiple comparison test; **,p<.01; ***p<0.001.
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Figure 2.11. Chromatin immunoprecipitation of RTA on the right OriLyt is enhanced by
LPS treatment.

(A) Western blot of immunoprecipitates recovered by anti-Flag conjugated beads in HE-RIT G3
cell lines. Input shown is 1% of total. (B) Quantitative PCR was used to measure the indicated
genomic regions in complex with RTA-Flag. Data shown as fold-increase in % input recovery
compared to untreated samples. Bars represent fold-activation relative to the untreated condition

for triplicate samples +/- SD. Significance is determined by one-way ANOVA followed by
Tukey post-test; **, p<0.01; *** p<0.001.
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Figure 2.12. LPS treatment enhances viral DNA replication.

Quantitative PCR of viral genome load from the HE-RIT G3 (A) and F1 (B) cell lines 48 h after
the indicated treatments. The fold-increase in viral ORF50 normalized to cellular GAPDH over
mock treated condition is shown for triplicate samples. Immunoblot for RTA-Flag and GAPDH
below. Bars represent fold-activation relative to the untreated condition for triplicate samples +/-
SD. Significance is determined by one-way ANOVA followed by Tukey post-test; **, p<0.01;
*xk p<0.001
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Figure 2.13. Lipopolysaccharide enhances reactivation independent of RTA protein
amount.

Quantitative PCR of viral genome load from the HE-RIT G3 cell lines 48 h after treatment with
LPS and the indicated concentration of doxycycline. The fold-increase in viral ORF50
normalized to host GAPDH over mock is shown from triplicate samples. Immunoblot for RTA-
Flag and GAPDH below. Bars represent fold-activation relative to the untreated condition for
triplicate samples +/- SD. Significance is determined by one-way ANOVA followed by Tukey
post-test; **, p<0.01; *** p<0.001.
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Lipopolysaccharide treatment enhances RTA binding to viral genome in primary

splenocytes upon explant reactivation. Previous studies indicated that LPS treatment of mice

enhances virus reactivation from latency (237). We hypothesized that LPS treatment would

increase RTA occupancy of the viral genome in primary splenocytes. To test the possibility that

LPS treatment might increase RTA occupancy of the viral genome in primary splenocytes, we

generated a recombinant MHV 68 virus that encodes a tagged RTA to enhance the isolation of

RTA-DNA complexes from the rare population of infected cells in vivo. The RTA-Bio construct

encodes MHV68 RTA with a C-terminal fusion of FLAG, V5, and a biotin acceptor sequence.

The biotin acceptor sequence is a 23 amino acid peptide tag that is biotinylated in the presence of

the bacterial Escherichia coli BirA protein ligase (254). In mammalian cells, very few naturally

occurring proteins are biotinylated, thus isolation of proteins covalently linked to biotin by strong

streptavidin interactions is a powerful tool for enrichment from in vivo tissues (255, 256). En

passant mutagenesis was performed to generate two independent recombinant viruses encoding

RTA-Bio on the MHV68-H2BYFP reporter virus backbone (MHV68-H2BYFP-RTA-Bio.1 and

.2) (Fig. 2.14A). Mfel or BamHI digestion of the BAC DNA and PCR amplimers confirmed

genomic integrity and tag insertion, respectively (Fig. 2.14B). In addition, whole-genome

sequencing of the parental MHV68 H2B-YFP and RTA-Bio.1 BAC DNA confirmed the
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sequence of the C-terminal Bio tag and did not reveal any additional mutations in the entire
unique sequence.

Mouse embryonic fibroblasts derived from transgenic mice that ubiquitously express the
BirA gene (ROSA BirA MEFs) were infected with H2B-YFP or the RTA-Bio.1 virus at an MOI
5. Immunoblot analysis detected both RTA expression and biotinylation (Fig. 2.15A). In
addition, ORF59 early gene expression increased throughout the 24h time-course for both WT
and RTA-Biol viruses. Late gene products, the capsid protein ORF65 (M9) and tegument
protein ORF75C, were detected at 12 and 24 h post-infection at comparable levels. Single-step
growth curves were performed for WT and RTA-Bio.1 viruses (MOI 5) in WT C57/BL6 MEFs
and ROSA BirA MEFs. RTA-Bio 1 virus replication was decreased when compared to H2ZBYFP
(Fig. 2.15B). Given this slight attenuation in replication we infected ROSA BirA mice with 1000
PFU of MHV68-H2BYFP or RTA-Bio by the less restrictive intraperitoneal route of inoculation.
The peak of MHV68 latency in the spleen (~16 dpi) coincides with germinal center formation as
the host responds to infection. Regardless of the virus used to infect the ROSA BirA mice, the
CD19+ B cells participated in germinal center reactions, as evidenced by similar percentages
with upregulated of CD95+GL7+. The B cells from the ROSA BirA mice infected with WT

H2BYFP and RTA-Bio underwent immunoglobulin class-switching to I[gG2b at comparable
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levels (Fig. 2.16A). We also characterized the splenic B cells harboring the parental MHV68-

H2BYFP and RTA-Bio. The percentage of YFP+ CD19+ B cells were not altered by the tagged

RTA (Fig. 2.16B). In addition, both viruses colonized CD95+GL7+ germinal center (Fig. 2.16C)

and IgG2b+ IgD- class-switched (Fig. 2.16D) CD19+ B cells at equivalent frequencies

(summarized in Fig. 2.16E).

The ability of the virus to colonize the germinal center and class-switched B cell

population suggested that the normal B cell latency dynamics were not impacted by the C-

terminal RTA bio tag. In agreement with the flow cytometry analysis, we did not observe a

change in the establishment of latency (Fig. 2.17A) or defect in reactivation of the virus from

latency upon explant (Fig. 2.17B). Infection of ROSA BirA mice with RTA-Bio clone 1 and 2

led to the same level of reactivation after splenic explant from primary splenocytes (data not

shown). Latency establishment was also not impacted in cells of the peritoneal exudate

compartment (PECs), which is another latency reservoir (Fig. 2.17C). However, in contrast to

the splenocyte reservoir, there was a significant defect in reactivation from PECs after

intraperitoneal infection (Fig. 2.17D). This indicates that the C-terminal tag impairs RTA

function in some cell-types such as the PECs, but RTA-bio does not impact MHV68 latency or

reactivation from latency in the splenocytes upon a direct intraperitoneal infection
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ChIP-qPCR was performed using primary splenocytes isolated from BL6 and ROSA

BirA infected mice at 16 days post-intraperitoneal infection. Primary splenocytes were left

untreated or treated with LPS for 18 hours after explant. ChIP using streptavidin-conjugated

beads to capture biotinylated RTA was followed by quantitative PCR with primers targeting the

region of the right oriLyt that comprises the RRE-C and RRE-D and -E sites, which were bound

by RTA-Flag in the HE-RIT experiments (Fig. 2.11B). ROSA BirA mice infected with the RTA-

Bio virus were enriched for RTA occupancy on the right oriLyt, but not the ORF65 gene or

ORF6 promoter regions (Fig. 2.18A). LPS treatment led to a statistically significant increase in

RTA occupancy of the right oriLyt region in the ROSA BirA mice in comparison to the C57Bl1/6

mice (Fig. 2.18B). We generated a position weight matrix based on the RRE binding sites.

Searching the MHV 68 genome with this matrix identified 7 potential binding sites with

statistically significant p-values and g-values (p < 1e-6, q <0.1) based on an analysis of

background DNA Markov probabilities. Five of these sequences were the RRE sites and two

additional regions with a consensus motif sequence to RREs were identified in regions upstream

of ORF9 and ORF21 (Fig. 2.18C).
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Figure 2.14. Construction of recombinant RTA-Bio virus.

(A) Schematic of the RTA-Bio virus indicated the he Bio tag insertion at the 3’ end of RTA.
Biotinylation occurs on lysine residue in presence of BirA ligase. (B) Confirmation of two
independent clones of RTA-Bio virus by restriction fragment length polymorphism analysis.
Mfel or BamHI digestion of BAC DNA. Arrows denote expected change in digested product
size upon Bio-tag insertion. PCR confirms insertion of Bio-tag (indicated by arrow) in the RTA-
Bio BAC DNA.
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Figure 2.15. Characterization of recombinant RTA-Bio virus.

(A) Timecourse analysis of RTA-FLAG-V5-Bio and other viral gene products upon infection of
BirA expressing MEFs with H2B-YFP or RTA-Bio viruses (MOI 5.0). (B) Virus growth in
primary MEFs isolated from C57/BL6 (BL6) or Rosa BirA mice upon infection with H2B-YFP

or RTA-Bio viruses (MOI 5.0). Bars represent fold activation relative to the untreated condition
for triplicate samples +/- SD.
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Figure 2.16. RTA-Bio virus detection in germinal center and class-switched B cells.

(A) Percentage of CD19+ B cells positive for germinal center or immunoglobulin class-switched
to IgG2b. (B) Percentage of total CD19+ B cells positive for viral infection measured by YFP
expression. (C) Percentage of germinal center or IgG2b+ class-switched CD19+ MHV68+ YFP
expressing cells. (D) Percentage of GL7+ and CD95+ germinal center B cells. (E) Percentage of
IgG2b+ IgD- class-switched B cells.
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Figure 2.17. The RTA-Bio virus establishes latency in the spleen comparable to control
virus.

(A) Latency was measured at 16 dpi in the spleen, as indicated by the frequency of intact
splenocytes harboring the viral genome using a limiting-dilution nested-PCR assay. (B)
Reactivation from latency was measured by using a limiting-dilution explant reactivation co-
culture assay. (C) Latency of peritoneal exudate cells at 16 dpi. (D) Reactivation from latency
from peritoneal exudate cells at 16 dpi. Dotted lines represent disrupted cells used to measure
preformed infectious virus. The intersection of the nonlinear regression curves with dashed line
at 63.2% is used to determine the frequency of cells that were positive for either the viral genome
or reactivating virus. Graphs represent SEM of three independent experiments using three mice
each.
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Figure 2.18. Chromatin immunoprecipitation of the right oriLyt with RTA-Bio from
primary splenocytes isolated from infected CS7BL/6 or Rosa BirA mice.

(A) C57/BL6 or BirA expressing transgenic mice were infected at 1000 pfu and primary
splenocytes harvested 16 dpi. Cells were cultured in media for 18 h with or without LPS.
Immunoprecipitates using streptavidin conjugated beads were analyzed by qPCR for the
indicated genomic regions and calculated as a percentage of input DNA. Graphs represent SEM
of three independent experiments using two mice each. (B) Enrichment of RTA occupancy on
the oriLyt-R upon LPS stimulation. Data represents analysis of (A) as the fold-enrichment in
recovery from the Rosa-BirA splenocytes compared to the recovery from the C57/BL6
splenocytes. Significance determined by one-way ANOVA followed by Tukey post-test,
*p<0.05. (C) Find Individual Motif Occurrences (FIMO) was used to search the MHV68 genome
for putative RTA binding elements based on known binding sites. An MHV68 consensus was
generated based on the putative RTA responsive elements identified.
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Conclusions

We and others have previously reported that NF-KB signaling impacts the lytic or latent outcomes
of murine gammaherpesvirus 68 infection (185, 186, 216, 217), but the mechanism is not well-defined.
To determine the potential role of NF-KB DNA binding sites in viral gene expression, we first identified
putative NF-kB recognition sites in the regulatory regions of MHV 68 genes. We observed that the
specific subunit compositions of the NF-kB dimers recognizing the NF-KB consensus elements in the

lytic ORF6 promoter varied with cell-type and status of infection. Importantly, mutation of NF-kB
recognition sites in ORF6p did not impair RTA transactivation of the ORF6p, and over-expression of NF-
KB subunits in combination with RTA inhibited gene expression regardless of whether these NF-kB
binding sites were intact. Next, we developed tools to test the role of toll-like receptor activation of NF-
KB signaling in promoting reactivation from latency in B cells. We generated a latent B cell line inducible

for RTA-Flag expression. RTA expression alone drove a small degree of viral reactivation from latency
that was significantly increased upon LPS treatment; but ORF6p activation was again independent of the
integrity of the NF-kB binding sites. Likewise, generation of recombinant RTA Bio-tagged virus
permitted further validation of RTA occupancy on the right oriLyt replication in the context of
reactivation from B cells directly from the spleens of infected mice. RTA occupancy on the right oriLyt
was enhanced by LPS, both in the reactivation-inducible cell lines as well as in primary splenocytes from

infected mice.
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Chapter 3: Discussion

Our current study indicates that the NF-kB recognition sites in the ORF6 promoter are
not essential for RTA transactivation during productive infection. In addition to the analysis of
this lytic gene, we also did not find any impact on pathogenesis upon the mutagenesis of the NF-
kB binding site in the latency-associated M1 promoter of MHV68 (data not shown). However,
LPS engagement did enhance reactivation and RTA occupancy of the right oriLyt. Given the
previous report that IKK activates RTA, our data is consistent with a model whereby LPS
drives canonical NF-kB signaling to enhance RTA transactivation and reactivation. In the
process of investigating the interplay of NF-kB signaling and subunit function with RTA-
mediated lytic gene expression we developed a B cell latency system inducible for reactivation
by RTA and a recombinant virus that enables isolation of RTA from primary cells from the
mouse. Significantly, these two novel tools will enable whole genome analysis of RTA
occupancy and the identification of RTA binding partners in the context of latency and
reactivation from latency in cell culture, and, importantly, in multiple aspects of
gammaherpesvirus infection in primary latency reservoirs of the host.

NF-x B subunits promote latency

Disruption of NF-kB signaling upon Bay-11-7082 treatment of latent EBV+ or KSHV+
infected B cell lines induces reactivation (182). It has been proposed that NF-kB signaling
promotes latency via interference of RTA transactivation of lytic genes. For example, the NF-xB

p65 subunit inhibits transactivation of lytic luciferase reporters by MHV68, KSHV and EBV
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RTA proteins; interestingly, the p65 DNA binding domain was not required (182). In addition,
p65 antagonizes KSHV RTA activation of viral promoters that are co-regulated by RTA and
RBP-Jx by interfering with protein-DNA complex formation (257). We also found that co-
transfection of NF-kB subunits p65, p50, or cRel with RTA has an inhibitory effect on RTA-
mediated transactivation of the ORF6p reporter in 293T cells. However, NF-kB subunit
inhibition of RTA transactivation occurs independently of the NF-kB recognition elements
identified in the ORF6p reporter in 293T cells suggesting NF-kB inhibition of RTA
transactivation may only occur via protein-protein interactions or by inducing the expression of
other cellular repressors. Since RTA binds p65 and promotes its ubiquitination and degradation
(174), the p65 subunit has the potential to directly interact and interfere with RTA transactivation
of viral genes. Perhaps a certain threshold of NF-kB p65 that inhibits RTA function in some
contexts must be overcome to enable RTA to transactivate viral genes. As for the NF-xB
subunits p50 and cRel that are found in the nucleus of MHV68-infected cells, further
experiments are required to test for interactions with RTA and the consequences of those
interactions for RTA function. A direct role for NF-kB subunits in regulating viral gene
expression may be revealed only where NF-kB binding sites overlap with genomic regions
occupied by RTA.

Truncation of a portion of the ORF6 promoter that included the proximal NF-xkB
recognition site revealed an enhanced response to RTA that was not evident in HE2 latent B cell

lines. This result suggests that the inhibitory role of NF-kB signaling could be a context-
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dependent phenomenon. Grossman et al. (258) reported that the impact of NF-kB signaling in
KSHYV latency depends on the cellular context. Inhibition of NF-kB signaling impaired viral
latency in PEL cells and promoted higher levels of lytic replication upon de novo infection of
primary endothelial cells, yet was dispensable for the viral life cycle in human foreskin
fibroblasts. KSHV lytic replication in endothelial, epithelial, and fibroblast cells was associated
with higher levels of NF-kB activation (258, 259) as we observed for MHV68 at late times after
fibroblast infection. Taken together, the impact of NF-kB subunits is likely cell type-specific due
to the variation in active subunits and status of other transcription factors that is shaped by the
microenvironment of the infected cell.

TLR signaling enhances reactivation from latency.

Previous studies demonstrated that toll-like receptor (TLR) stimulation increases MHV 68
reactivation from latency in B cells in vitro (237, 260). TLR4 and TLR9 engagement, by LPS or
CpG DNA, respectively, triggers increased reactivation of MHV68 42 days post-infection in
vivo. In contrast, TLR7 and TLR9 ligand treatment of the latent S11B lymphoma cell line
inhibits viral DNA replication and infectious virus production (238). In line with this
observation, TLR7 ligand treatment of infected mice resulted in higher latency establishment in
the spleen. Taken together, these studies suggest that TLR stimulation has the potential to
enhance or inhibit lytic replication, and the outcome may be different in primary or transformed
cells, or at different stages of the virus life cycle. Treatment of latent HE2 B cell lines with the
TLR4 ligand lipopolysaccharide (LPS) enhances reactivation from latency (237). We observed a

two-fold enhancement in viral DNA replication after LPS or doxycycline induction of RTA
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expression in HE2-RIT cell lines and reactivation was dramatically enhanced with combinatorial
treatment. In addition, RTA transactivation of the full-length WT ORF6 promoter and the double
NF-kB site mutant reporter construct was significantly enhanced in HE2-RIT cell lines treated
with doxycycline and LPS. This finding suggests that NF-kB signaling promotes RTA
transactivation of viral genes independently of NF-kB recognition elements in the ORF6
promoter region.

Induction of RTA alone did not drive reactivation to the levels of TPA alone or the
combinatorial induction of RTA with LPS treatment. IKKf phosphorylation of RTA enhances its
transcriptional activity and a mutant virus lacking RTA phosphorylation sites is impaired for
lytic replication (153). Hence, the mechanism by which LPS activation of NF-«kB signaling
enhances RTA transactivation of the ORF6 promoter may likely be a result of IKKf
phosphorylation of RTA. To address this, we treated HE2-RIT cell lines with doxycycline and
LPS alone, or in combination with SC514, a selective inhibitor of IKKf kinase activity. We
observed a loss in LPS-enhanced reactivation for cells treated with SC514 in addition to
doxycycline and LPS (data not shown), consistent with a role for IKKf} phosphorylation of RTA,
but our interpretation of this data was confounded by the significant loss of cell viability that
accompanied the SC514 treatment (data not shown).

RTA occupancy of origins of lytic replication.
During the lytic phase of infection, replication of the viral genome occurs after

recruitment of viral replication-associated proteins to the oriLyt. Similar to EBV and KSHV
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(261-263), MHV68 contains two functional oriLyt sequences that each serve as sites for
initiating viral DNA replication (69, 253). Binding of the EBV Zta protein to the oriLyt is
essential for the initiation of DNA replication (264). For KSHV, the K8 protein is functionally
analogous to the EBV Zta protein as it interacts in with the core replication machinery in the
oriLyt to promote viral DNA replication (262, 265). KSHV RTA binds sites in the left oriLyt
that are essential for viral DNA replication (266). RTA binding and transcription in the KSHV
oriLyt generates a polyadenylated RNA (Ori-RNA). During KSHYV reactivation from RTA-
inducible latent BCBL1 cells, RTA was preferentially recruited to the Ori-RNA promoter during
reactivation (267). Similarly, the MHV68 left origin of lytic replication contains two RTA
responsive elements (RREs), RRE-A and RRE-B, that directly bind RTA (69, 174). The RRE-B
site is necessary for transcription of the adjacent ORF18 gene (69, 174). Mutation of RRE-B
disrupts expression of the essential ORF18 gene and impairs virus replication. Thus,
transcription occurs in the left oriLyt region, but further studies are necessary to determine if
RTA binding and transcription in this region are necessary for initiation of viral DNA
replication. The RRE-A and RRE-B binding elements of the left oriLyt displayed homology to
three other elements identified in the right oriLyt, RRE-C, RRE-D, and RRE-E; however, RTA
occupancy was not evaluated at these sites (174). Here we confirm RTA occupancy of RRE-C
and RRE-D and -E in the right oriLyt during reactivation from latent B cell lines in cell culture,
thus expanding the known targets of MHV68 RTA. RTA occupancy at these newly validated
RRE sites was enhanced by LPS treatment at 24 h. RTA was not found in complex with the

minimal RTA responsive region of ORF6 or the previously identified ORF65 genomic region
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negative for RTA binding (174). Since ORF6 is an early gene we attempted to perform
chromatin immunoprecipitation for RTA at 6 h post-doxycycline treatment, but RTA protein was
not consistently detectable (data not shown).

To confirm our finding of LPS-enhanced occupancy of RTA on the right oriLyt regions
that was observed in the reactivation inducible B cell system, we generated a recombinant virus
encoding a C-terminal modified RTA that has multiple epitope tags including a biotinylation site.
Infection of ROSA BirA cells with the RTA-Bio tagged virus permits the detection of
biotinylation by BirA ligase. While the RTA-Bio virus was slightly attenuated for replication in
cell culture, our pathogenesis studies demonstrated that latency establishment and reactivation
from latency were remarkably unperturbed as compared to WT virus upon intraperitoneal
infection. Latency establishment in the PECs was also comparable for both the WT and RTA-
Bio viruses16 dpi; but there was a significant defect in reactivation from latency for the RTA-
Bio virus. Nevertheless, since the RTA-Bio virus established latency and reactivated similar to
WT virus in splenic B cells, we used this experimental condition to examine RTA-bio interaction
with the MHV68 genome. RTA occupancy of the right oriLyt region spanning RRE-D and RRE-
E was confirmed using primary splenocytes isolated directly from the infected animal at 18 hours
after explant. LPS treatment led to enhanced occupancy. We generated a consensus motif based
on the RRE elements of the MHV68 oriLyt regions and identified two additional regions of the

MHV68 genome that will be examined for recognition by RTA in future studies.
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Model for the role of canonical NF-«kB signaling in productive infection.

Taken together, the in vivo biotinylation of RTA enabled streptavidin-mediated isolation
of RTA-viral genomic targets that validate the profile of RTA occupancy in the latent B cell lines
upon reactivation stimulated by RTA induction or enhancement by TRL4 signaling. These data
extend previous findings regarding the subversion of the canonical NF-kB signaling pathway by
MHV68 RTA (153, 159, 210) and the enhancement of gammaherpesvirus reactivation from
latent B cells by TLR engagement (237, 238, 268). As illustrated in the model (Fig. 3.1), RTA
utilizes canonical NF-kB signaling to enhance productive infection, yet the process leading to
IKK activation differs with the virus lifecycle: viral tegument may engage upstream signaling in
the context of de novo infection while TLR ligands may provide co-stimulatory, enhancing

signals in the context of a latent B cell primed for RTA-driven reactivation.
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Figure 3.1. Model for the role of canonical NF-kB signaling in productive infection.

Model demonstrating RTA subversion of canonical NF-kB signaling to promote productive infection.
Upon de novo infection, VFGARAT tegument-mediated activation of MAVS leads to IKKf} activation
and phosphorylation of RTA, RTA targets p65 for degradation (153, 159, 210). In this report, TLR4
activation of LPS in a latent B cell line leads to enhanced RTA transactivation and occupancy of the right
lytic origin of replication (oriLyt-R).
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Future directions

An EMSA screen identified multiple viral elements that compete for NF-kB binding. We chose to
investigate the role of two NF-kB binding sites identified in the ORF6 regulatory region and showed that
they do not alter its regulation in transient assays. A thorough examination of NF-kB binding sites in the
viral genome should be performed to address the role of additional sites identified in the EMSA screen.
Primary experiments such as chromatin immunoprecipitation for NF-kB subunits in lytic and latent cell
culture systems, in addition to primary MHV 68+ splenocytes, would better define the repertoire of NF-
KB subunits occupying the MHV 68 genome during latency, lytic replication, and reactivation from
latency. Initially, this study could focus on the identified NF-kB binding sites and then be expanded to
cover the length of the MHV68 genome by an unbiased ChIP-seq analysis. Once confirmed for NF-xB
occupancy during infection, mutagenesis of bone-fide NF-kB binding sites can be performed in the
context of the viral genome and assayed for changes in viral gene regulation and pathogenesis in vivo.
These experiments could highlight changes in NF-kB occupancy and possibly identify shifting subunit
compositions that occur during the dynamic lifecycle of MHV68.

We describe a role for TLR4 signaling in enhancing transactivation and viral genome occupancy
by RTA in the context of reactivation from latent B cells. Consistent with previous work (159), we
propose that IKKf kinase activity enhances RTA function in the context of reactivation, yet further
studies are necessary to validate the IKKf post-translational modification (PTM) of RTA that affects its
functions. For instance, mass-spectrometry can be performed on RTA-Flag isolated from untreated
(latent), doxycycline (reactivation), and LPS/doxycyline (enhanced reactivation) treated RIT cell lines to
identify the PTM signature present during different stages of MHV68 infection. This method should

confirm previously identified phosphorylation sites on RTA and reveal novel sites. It was shown that
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IKK phorphorylates RTA, yet the role of individual phosphorylation sites in RTA and their impact on its
function were not addressed (159). Moreover, mutations of individual RTA phosphorylation sites could
be assayed for their impact on TLR4-enhanced reactivation from B cells. Once essential residues are
identified, mutations in the viral genome can be performed in the RTA-bio virus to test for an impact on
pathogenesis in vivo. In addition, the RTA-Bio virus provides a system in which RTA can be pulled-down
using V5, Flag, or Bio epitope tags that are flanked by protease cleavage sites to purify and analyze RTA-
protein or RTA-DNA complexes in vivo.

As found for KSHV RTA, a consensus DNA recognition element for MHV68 RTA has not been
identified. Nuclear lysates from 293T cells expressing RTA-Flag bind two disparate sequences in the left
oriLyt and the ORF48 promoter region (174). Binding sites identified in the left origin of lytic replication
(oriLyt) influenced transcription of an adjacent gene. We have confirmed RTA occupancy in regions of
the right oriLyt that were predicted as RREs based on homology to the RREs of the left oriLyt. It is not
known if RTA activates transcription in this region. Interestingly, an expressed genomic region (EGR)
had been identified adjacent to the right oriLyt and further experiments are necessary to address whether
RTA initiates the transcription of this EGR (240, 269). An additional question in the field is whether or
not transcription in the oriLyt is necessary for initiating DNA replication or if these processes occur
separately. First, northern analysis, combined with 5’ and 3’ rapid amplification of cDNA ends (RACE)
analysis can be performed to map the transcription in the genomic region within and adjacent to the right
oriLyt based on predicted ORFs in the region. If transcription is identified in the region, mutagenesis of
the RRE sites can be performed in the context of the virus to assay the effect on RTA-mediated gene
expression in the region and levels of DNA replication. The right oriLyt was previously shown to be
essential for DNA replication (253). Therefore, plasmid based DNA replication assays of single oriLyt

can be performed to monitor changes in DNA replication upon mutagenesis.
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Impact of these studies

RTA is a critical transcription factor for initiating the lytic cascade of gene expression during
reactivation from latency and is conserved among MHV68, KSHV, and EBV. This study provides
valuable insight as to how RTA functions to regulate gene expression during reactivation from latency,
with respect to the functional interplay of RTA and NF-kB subunits at the level of NF-kB binding sites in
the viral genome. Our findings are consistent with the idea that TLR4 signaling enhances IKKf activity,
which promotes RTA transactivation of viral genes and DNA replication during viral reactivation from
latency. Since gammaherpesvirus reactivation is an inefficient process and not all cells will undergo
reactivation simultaneously, this poses a challenge to the immune system in clearing infection. Adjuvants
that promote IKKf activity can be developed for use in lytic induction therapy as this would increase
levels of reactivation by enhancing RTA function and can be administered in the presence of drugs that
prevent further infection. Conversely, development of new molecular targets that interfere with either the

conserved RTA DNA binding region or inhibit its phosphorylation could prevent viral growth.
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