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Abstract

Us3, a serine/threonine kinase encoded by all aipesviruses, plays diverse roles
during virus infection. Recently, work done in daiporatory determined that Us3 orthologues
from herpes simplex type 2 (HSV-2) and pseudoralires (PRV) are capable of disrupting
promyelocytic leukaemia (PML) protein nuclear badieNBs). PML-NBs are discrete,
dynamic nuclear bodies named for PML, their esakstiuctural component and one that
plays a key role in diverse cellular processeduding transcriptional regulation, apoptosis,
and cellular antiviral defense. In infected cei8]L-NBs exert transcriptional silencing on the
viral genome to prevent viral gene expression angveplication.

Based on this finding, my studies were aimed tceustdnd the mechanism and
physiological function of Us3-mediated PML-NB diption. The degradation of one or more
cellular proteins seems necessary for this Us8itGtas the proteasome inhibitor, MG132,
dramatically reduced Us3-mediated PML-NB disruptidhe target of this proteasome activity
is not likely PML protein, as Us3 expression did lead to detectable PML protein
degradation. Nonetheless, the involvement of pemte® activity suggests that Us3 may utilize
the host ubiquitylation pathway to disrupt PML-NBsipporting this hypothesis, PRV and
HSV-2 Us3 orthologues were shown to interact wittHK21, a substrate adaptor protein for
cullin-3 ubiquitin ligase. PRV and HSV-2 Us3 weeelocalized to PML-NBs when co-
expressed with KLHL21, and knock-down of KLHL21 peated Us3-mediated PML-NB
disruption. Taken together, these findings sugtiedtUs3-KLHL21 complex recruits the
cullin-3 ubiquitin ligase to PML-NBs, where subseqtiubiquitylation of unknown target(s)
leads to PML-NB disassembly.

Since it is well established that PML is an impottantiviral effector induced by
interferon (IFN), Us3 may contribute to viral raaisce to IFN by disrupting PML-NBs.

Favoring this hypothesis, virus yield and viral geranscription were dramatically reduced in
ii



IFN-exposed cells in the absence of Us3. Thesectiais were associated with an increased
number of PML-NBs in the absence of Us3, and wearéglly recovered in cells knocked
down for PML. Therefore, by disrupting PML-NBs, Ustay alleviate IFN-induced, host-
mediated transcriptional silencing of the viral gere, allowing efficient viral gene

transcription and replication in cells exposedri.l
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Chapter 1

Introduction

Herpesviruses are enveloped viruses with a dostbdéerded DNA genome, and infect a
wide range of hosts from human to oysté&iphaherpesvirinaés a sub-family of the
Herpesviridagfamily that includes the important human pathogéespes simplex virus type-1
(HSV-1; also known as Human herpesvirus-1) anddegegimplex virus type-2 (HSV-2; Human
herpesvirus-2), and the veterinary pathogen, psabdss virus (PRV; Suid herpesvirus-1). Most
infections with alphaherpesviruses in their nath@dts are largely asymptomatic. However,
these viruses establish life-long latent infectionthe peripheral nervous system of their hosts,
and may cause life-threatening diseases in immongmmised individuals. Currently, no cure
or effective vaccine is available for eliminatiohlatently infected cells or prevention of
reactivation and recurrent infection. Thereforejanstanding how alphaherpesviruses evade host
antiviral defenses is crucial for the developmdniew antiviral therapeutic approaches to
suppress virus replication and lessen diseaseisever

Herpesviruses must overcome intrinsic cellulapoases aimed at preventing the
expression of viral genes in order to establishc@esssful lytic infection. In addition to viral
DNA, incoming herpesvirus virions deliver viral acellular proteins as well as viral and cellular
RNAs. These molecules are housed in the tegumgmgteinacious structure layered between
the viral capsid and the envelope. A widely hetlwis that the cargo contained within the
tegument helps to establish a cellular environrfeattis conducive to viral gene expression well

in advance ofle novoviral protein production. To create the optimaieonment for viral gene
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expression, herpesviruses must counteract hostateeldiepression of the viral genome. Such
repression is mediated by the assembly of promygtleukemia protein (PML) nuclear bodies
(-NBs) on the viral genome, which occurs upon thieyeof viral genome into the nucleus.

PML-NBs are dynamic, punctate-like structures #ratfound in most mammalian cell
nuclei, and require the transcriptional repres$dt PThey are proteinaceous structures, and over
100 cellular proteins have been reported to beceeteal with them (17). Due to the diverse
nature of PML-NB resident proteins, PML-NBs are licgted in various cellular processes
including antiviral defense. It is widely acceptidt, upon the entry of herpesvirus genome into
the nucleus, PML-NBs are assembled at the sit&raf genome, and exert transcriptional
silencing on the viral genome through coordinatettvies of transcriptional factors and
epigenetic regulators localized in PML-NBs. Moregwaes PML is necessary for interferon (IFN)-
induced inhibition on HSV-1 replication (18), PMLEN may function as important effectors to
mediate IFN-induced antiviral effects. To countéRRIL-NB-mediated silencing, the
Alphaeherpesvirinaprotein ICPO possesses an E3 ubiquitin ligaseicthat, depending on the
particular ICPO orthologue, leads to the disruptdPML-NBs and degradation of PML-NB
resident proteins that can suppress viral genessgm (19-25).

As the elimination of PML-NBs is key to successfuus replication, functional
redundancy in alternate viral proteins could béaaigible means by which the viruses ensure that
PML-NB disruption continues to occur. In additianlCPO, our previous study demonstrated that
transient expression of the viral kinase Us3 fro8BM-2 and PRV leads to a significant loss in the
number of PML-NBs, in a manner dependent on thaderactivity of Us3 orthologues (26). The
tegument serine/threonine kinase Us3 is well-coreskamong the members of the

Alphaherpesvirinagand Us3 orthologues have been observed to catnpoltiple functions
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during virus infection, including preventing virirsduced apoptosis (27-32), facilitating virion
maturation (33-38), stimulating mRNA translatio®)3promoting cell-to-cell spread of virus
infection (40-42), and inactivating histone dealtzetgs (HDACSs) (43-45). In addition to these
roles, Us3 mediates down-regulation of the majstdsiompatibility complex (MHC) class |
surface expression (46, 47), inhibits accumulatibi-N- inducible genes (48), and interferes
with toll-like receptor (TLR) signaling (49, 50).awever, despite extensive investigation, the
mechanisms by which Us3 mediates its diverse fanstare not fully understood.

To help gain a better understanding of these mastmanDr. Mathew Lyman, a former
member of our laboratory, designed a screen tdifgigpotential cellular interaction partners for
Us3, and identified Kelch-like protein family memii (KLHL21) as a potential interacting
partner (51). KLHL21 is a substrate adapter forahkin-3 (Cul3) ubiquitin ligase complex, and
mediates ubiquitylation of the cellular serine/dnmme kinase Aurora B for the completion of
cytokinesis (52). Based on this finding, along waitir discovery of Us3'’s role for PML-NB
disruption, the studies described in this thesegm@re if Us3 induces proteasome-dependent
degradation of PML via its interaction with KLHL2th, disrupt PML-NBs and counteract IFN-
induced antiviral effects. This work provides irgignto how alphaherpesviruses manipulate the
host ubiquitylation machinery to disarm host améivdefenses, and further delineation of Us3-
KLHL21 interaction mechanism will suggest novebstgies for therapeutic control of

alphaherpesvirus infections.



Chapter 2

Literature Review

2.1 Promyelocytic Leukemia Protein Nuclear Bodies

In 1991, the tumor suppressor gene calledPtkie. gene was cloned from the site of the
chromosomal breakpoint of acute promyelocytic lenike(APL) (53, 54). Soon afterward, it was
determined that PML forms nuclear macromolecularcstires, which were named PML-NBs, as
PML is essential for the formation of PML-NBs (Figw2-1A). PML-NBs are dynamic structures
that are found in most mammalian cell nuclei. Dejieg on the cell type, cell-cycle phase, and
differentiation stage, PML-NBs typically number @-Ber nucleus (14). An extensive amount of
literature now implicates PML and PML-NBs in a ayi of cellular processes, including
apoptosis (55), senescence (56), DNA damage répgirangiogenesis (58), and antiviral
defense (59-61), some of which will be discussetthig chapter.

PML-NBs are proteinaceous structures, and a grolishgf proteins has been reported
to be associated with them. These proteins arsifieabsinto two categories. The first category is
permanent resident proteins—proteins that are ttotrgely present in all PML-NBs. The
essential component protein of PML-NBs, PML, argttianscriptional repressors, Daxx and
Sp100, belong to this category. The second categamied temporary resident proteins, includes
a wide variety of proteins that are found in PML-N&nly under certain circumstances.
According to the PML-NB interactome established/agp Damme and others (17), over 100

proteins have been reported as temporary residetsips.
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Figure 2-1.Structure of PML-NBs. (A) Immunofluorescence staghof PML protein (green)
over Hoechst 33342 staining of chromatin (bludjfeaextended human foreskin fibroblasts
(T12 cells) shows the typical pattern of PML-NB<inrtured fibroblasts. (B) The hum&ML
gene contains nine exons. Alternative splicing @éfninal exons leads to the generation of
several PML isoforms. Seven main PML isoforms tiiteir amino acid (a.a.) lengths are
depicted here. Most PML isoforms show a predomiganiclear localization because exon 6
contains a nuclear localization signal (NLS). AP isoforms contain the first three exons,
which encode the RBCC/TRIM motif. This is a tripetstructure that contains a zinc-finger
called the RING motif (R), two additional zinc-fiegmotifs (B-boxes; B) and a coiled-caill
domain (CC). Figure and caption are adapted froth (1

2.1.1Permanent PML-NB Resident Proteins

PML is a member of the tripartite motif (TRIM) faljniwhose members have been
shown to be involved in antiviral defenses, anals® known as TRIM19. PML contains a RING
domain followed by two B-boxes and éelical coiled-coil (CC) domain, which togethemstst
of the RING-B-boxes-CC (RBCC)/TRIM motif (FigurelB) (62). The RING domain is
frequently found in enzymes that ligate ubiquitiremall ubiquitin-like modifier (SUMO) to
substrate proteins, and interacts with ubiquitineESUMO-E2-conjugating enzymes (63). The

B-boxes and CC domains mediate protein—proteimantimns and multimerization of PML (64).



Together, the RBCC motif provides a protein-profaterface for the recruitment of PML and
other PML-NB resident proteins, and interactionNssin the RBCC motifs of PML molecules
contributes to the assembly of PML-NBs (64, 65).

In human cells, PML is expressed in seven mairorsa$ by alternative splicing from a
single transcript from thBML gene, composed of nine exons (62). The seven Bbfbrims are
designated PML | to VII, with PML | being the lasggsoform and PML VIl being the smallest
(Figure 2-1B). All PML isoforms share a common Mateus that contains the RBCC motif
expressed from exons 1 to 3, but have unique Chtédue to alternative splicing of exons 4 to 9.
It has been shown that, in various cell lines,smaller isoforms PML Ill, PML 1V, and PML V
are quantitatively minor isoforms, whereas thedatigoforms PML | and PML |l are expressed
much more abundantly (66). The nuclear PML isofqriidL | to PML VI, are present in all
endogenous PML-NBs, although the relative amouhésioh isoforms remain unknown (66).
Nonetheless, the balance of different isoforms sdemportant for the organization of PML-NBs,
as over-expression of individual PML isoforms frinansiently-transfected plasmids alters the
number, size and shape of PML-NBs formed by endage®PML (67).

The unique C-termini of PML isoforms help dictateit localization. A nuclear
localization signal (NLS), encoded by exon 6, isrfd at positions 476-490, and present in all
PML isoforms with the exception of PML VII. As asudt, PML | to VI localize to the nucleus,
whereas PMLVII resides in the cytoplasm. By cortfraswuclear export signal is found only in
PML I, between amino acid residues 704—713, whiakaa PML | the only PML isoform

capable of shuttling between the nucleus and cgsopl(66).



Table 2-1.PML isoform-specific functions and interacting pents. Table is modified from (1).
AA, amino acids

Interacts with AML1 and stimulates myeloid cell differentiation

Controls centrosome duplication

Regulates apoptosis, senescence, and DNA damage
Interacts with p53, PU.1, TERT, TRF1, and TIP6o

Destabilizes c-Myce

Acts as a potential scaffold of PML NBs

Forms NBs and recruits Daxx and Sp1oo via aa 591-611

Activates TGFp signaling

The variability of the C-termini in PML isoforms mh@tes protein-protein interaction
between each PML isoform and its interacting pastn€his affects the recruitment of interacting
partners to PML-NBs, which in turn determines ti@dgical function of each isoform. For
instance, PML IV has a binding site for p53, arid thteraction promotes p53 activation,
resulting in PML IV-induced apoptosis (68). Oth&flPisoform-specific interacting partners are
summarized in Table 2-1.

Another PML-NB permanent resident protein, Sp108s ¥irst identified in patients
suffering from primary biliary cirrhosis, and itame, Speckle-like Protein of 100 kDa (Sp100),
is derived from its localization to speckle-likeusttures in nucleus. Like PML, Sp100 is
expressed in four isoforms via alternative splidiregn a single transcript: Sp100-A, Sp100-B,

Sp100-C and Sp100-HMG. All Sp100 isoforms sharecitamon N-terminal region containing a
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homogeneously staining region (HSR) motif, whictdiates the localization of Sp100 to PML-
NBs and interaction with heterochromatin proteifP {1 (69). HP1 is an important structural
component of heterochromatin, and has been showe #opart of a protein complex that
functions in repressing gene expression (70). thtaah to the HSR motif, the longer isoforms,
Sp100-B, Sp100-C and Sp100-HMG, harbor additiomattional motifs in their C-terminal
region, such as a SAND domain. The SAND domainDN&-binding motif involved in
chromatin-associated transcriptional regulatiow, igrfrequently found in protein factors that
influence chromatin structure (71). The presendb®fSAND domain and the ability of Sp100
isoforms to interact with HP1 suggests a role fot@ in transcriptional regulation, more likely
in transcriptional repression, by inducing changeshromatin conformation. Supporting this
possibility, the Sp100-B, Sp100-C and Sp100-HMGasus, each containing a SAND domain,
have been shown to act as transcriptional repre$soboth cellular and viral promoters (72-75).
Lastly, the death-domain-associated protein, Desas originally identified as a protein
that specifically binds to the Fas death receptdhé cytoplasm, and activates Fas-mediated
apoptosis (76). However, it was found later thidrge proportion of Daxx remains in the nucleus,
and is associated with PML-NBs and other sub-nuaeenains, such as heterochromatin and
centromeric regions. Daxx acts as a transcriptiogy@essor in two distinct manners. First, Daxx
mediates transcriptional repression by interaatiith various transcriptional factors and
suppressing their activities, including Ets-1(/&2F-1 (78), NF-B (78), p53 (79, 80), p73 (80),
Pax3 (81), Smad4 (82). Alternatively, Daxx suppessgene expression by interacting with
epigenetic regulators and recruiting these fadtwtargeted promoters. Examples of these
epigenetic regulators include HDAC1 (83), HDAC2)8aNA methyltransferase 1 (85), CBP

acetyltransferase (86), andhalassaemia/mental retardation syndrome X-linkedein (ATRX).
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ATRX is a member of the SWI/SNF2 family of chronmatémodeling proteins, and plays an
important role in the establishment of heterochrcrr@gions (87). In addition, Daxx has been
shown to act as an adaptor protein that recruitsetkepigenetic factors to PML-NBs (Section

2.3.1).

2.1.2Temporary PML-NB Resident Proteins

In contrast to permanent resident proteins, tempd?*®L-NB resident proteins are
recruited to PML-NBs only under certain circums&sicSuch circumstances include induction of
apoptosis, induction of DNA damage response by exmoto DNA alkylating agents or UV- and
ionizing-radiation, and over-expression of oncogei@ the 166 cellular proteins identified to be
temporary PML-NB resident proteins, 83 are involietranscriptional regulation, 21 in virus-
host interaction, 20 in DNA damage and repair, B8ith apoptosis (17). These factors not only
mediate the biological functions of PML-NBs, but@target PML for various post-translational

modifications, which in turn modulate the integrityPML-NBs in response to diverse stimuli.

2.2 Post-translational Modifications of PML and Their Effects on PML-NBs

Post-translational modifications of PML, includiBgMOylation, phosphorylation,
ubiquitylation and acetylation, have distinct effean the localization and stability of PML,
which leads to alterations in the organization BLPNBs. However, these modifications are not
mutually exclusive; there is substantial cross-tetween pathways, establishing a complex

regulatory network for PML-NBs.



2.2.1Phosphorylation of PML

PML is phosphorylated at multiple serine or tyresiasidues, and phosphorylation of
PML can regulate the integrity of PML-NBs dependieot independently of SUMOylation.

SUMOylation-linked phosphorylation of PML will beésgussed in the next section.

SUMOylation-independent phosphorylation eventslmimduced by DNA damage or
apoptotic stimuli. In cells undergoing apoptosierposed to ionizing irradiation, which causes
both single- and double-stranded DNA breaks, PMLsldBe broken down into small
microbodies (88, 89). These microbodies are fragenehPML-NBs, formed by fission of pre-
existing PML-NBs. In terms of PML and Sp100 comgosi they are indistinguishable from the
parental PML-NBs, suggesting that the formatiomafrobodies is caused by the structural
instability of PML-NBs in response to changes ie thitegrity of chromatin (57, 88, 89).
Although the exact mechanism remains unknown, tih&Blamage checkpoint kinases, ATR
and Chk2, are involved in microbody formation (8B)ese kinases co-localize with PML in
PML-NBs, and phosphorylation of PML by Chk2 or AfiRs been shown to be important for the
induction of apoptosis in response to double-sedrldNA breaks (90-93). Although it is known
that Chk2 phosphorylates PML at serine 117, tleedfiphosphorylation by ATR is not yet

identified (Figure 2-2A) (92).

2.2.2SUMOylation of PML

Of all the post-translational modifications of PMhe most studied and best understood
is SUMOylation. SUMOylation is the addition of aalrubiquitin-like protein, SUMO, to a

substrate. Similar to the ubiquitylation pathwayMBOylation involves a series of E1, E2 and
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Figure 2-2. (A) A schematic representation of thenpyelocytic leukaemia (PML) protein with its main
functional domains is depicted. Several kinasesataknown to phosphorylate PML are shown,
including extracellular-regulated kinase (ERK), ckmoint kinase-2 (Chk2), ataxia telangiectasia
mutated (ATM)- and Rad3-related (ATR), and casémage-2 (CK2), along with the amino-acid
residues on PML that they phosphorylate. The tBi@MOylation sites (S) of PML are also indicated,
together with the SUMO-binding domain that comsiaenino acids VVVI at residues 556-559. All
described post-translational modifications are camito most PML isoforms because they occur in the
conserved region of the protein. However, the VWWtif and the CK2 phosphorylation site, which are
located in exon 7a, are absent in PML-VI wheretaimed intronic sequence causes exon 7a to be
translated in a different frame. Figures and caystiare adapted from (14). B, B-boxes; CC, coileitl-co
domain; NLS, nuclear localization signal; R, RINiGger. (B) Model for the structure &ML-NBs.

PML proteins associate via their RBCC domains ardle covalently modified by SUMO. A PML-NB
is defined by a spherical shell stabilized via moralent SUMO-SIM interactions between PML and
Sp100. Proteins can pass through this shell with @moderate reduction of their diffusive mobility
The poly-SUMO chains protrude to variable degreés the interior of the PML-NB. These are likely to
represent binding sites for SIMs of other proteaioghat these are enriched in the interior of thikP

NB. Figures and captions are modified from (16).
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E3 enzymatic steps. In PML, all the main PML isafier with the exception of cytoplasmic PML
VII, serve as substrates for SUMOylation, and amgugyated with SUMO at lysines 65, 160, and
490 (94-96). The lysines 65 and 160 are foundénRBCC motif of all PML isoforms, while
lysine 490 resides in the NLS motif found in PMtolVI (94). SUMO conjugation at these
lysines is critical for the formation of PML-NBss a PML mutant that cannot be SUMOylated at
any of the three lysine residues fails to recypidal PML-NB resident proteins like Sp100 and
Daxx, and forms PML aggregates with abnormal simeraorphology (83, 94, 97, 98). However,
other lysine residues in PML can also be SUMOyladsdmutating all three lysine residues does
not completely abrogate PML SUMOylation, albeit the¢ent of SUMOylation at other lysine
residues is significantly lower (99, 100). Futunedées are necessary to determine the potential
role of SUMOylation at these additional sites.

Another important element affecting the formatidriPML-NBs is the SUMO-interacting
motif (SIM) of PML. The SIM of PML, encoded BBML exon 7a, contains the SUMO-binding
census or “core” sequence VVVI at position 508-4rid is present in PML | to V (65, 101, 102).
Many PML-NB resident proteins are SUMOylated, albd3% of them have been confirmed to
be SUMOylated, and often contain a SIM as well (Thus, it has been proposed that the SIM in
PML and PML-NB resident proteins mediates non-cenginteractions with SUMO conjugates
in other SUMOylated proteins, and this interactiwomotes recruitment of SUMOylated proteins
to PML-NBs, driving the formation of PML-NBs (6538103, 104) (Figure 2-2B). However,
unlike PML SUMOylation, the SIM in PML and other RMNB resident proteins, such as Sp100,
is not always required for the formation of PML-NB#is is particularly true for PML VI; PML
VI is devoid of the SIM due to a truncation in #en 7a in its C-terminus. However, PML VI

alone is able to form NBs (105). Moreover, PMPML IV and Sp100 mutants that lack the
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SIM are still able to form NBs in cells depletedemidogenous PML and Sp100 respectively, and
interaction between PML and Sp100 is only partiatipaired after the elimination of PML SIM
or Sp100 SIM (106). However, it should be noted BMdL-NBs formed by PML or Sp100 SIM
mutants fail to carry out their antiviral activi¢Section 2.8), suggesting that the PML SIM may
still be necessary for interaction with other PMB-esident proteins, such as Daxx, for proper
physiological functioning (106).

Despite the unclear role of SIMs in the formatdiPML-NBs, it is nonetheless widely
accepted that the SUMO-SIM interaction acts asrthim driving force for the nucleation of
PML-NBs. Thus, it is not surprising that, upon espie to diverse stressful stimuli, PML
SUMOylation is affected by other modes of PML pivatislational modification to accommodate
inputs from various signaling pathways and modullaterecruitment of PML-NB resident
proteins to PML-NBs accordingly.

As an example, PML SUMOylation is linked to the ppborylation status of PML. In
cells treated with arsenic trioxide, an effectinducer of apoptosis by exerting oxidative stress,
the size of PML-NBs increases, which is followeddagradation of PML and disruption of
PML-NBs (107, 108). In response to arsenic trioxi®iIL is phosphorylated by the mitogen-
activated protein kinase ERK1/2 at serines 36488527 and 530, and threonine 28 (109). This
ERK1/2-mediated phosphorylation activates or resr@iSUMO-E3 ligase, resulting in the
increase in PML SUMOylation and PML-NB size (10Bdly-SUMO chains are formed during
this process, and recognized by a SUMO-dependéaquitib ligase, such as RNF4, which in turn
induces the proteosomal degradation of PML (Se@i@r8). In addition, PML is phosphorylated
by another serine/threonine kinase, HIPK2, at ssrthand 38 in response to DNA damage,

leading to SUMOylation of PML and induction of apogis (110, 111).
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However, the effect of PML phosphorylation variepending on the context of
phosphorylation. PML becomes de-SUMOylated durinigsrs, resulting in disassociation of
PML-NBs (112). This de-SUMOylation of PML is assateid with the appearance of PML
phosphorylated at serines and threonines (112yefdre, phosphorylation of PML at unknown
serine and/or threonine residues seems to prew#iviCylation of PML and leads to subsequent
disruption of PML-NBs. The identity of the cellulkinase(s) responsible for this disruptive
phosphorylation of PML remains unknown.

Lastly, phosphorylation of PML may regulate theemaction between its SIM and SUMO
conjugates of other PML-NB resident proteins (1&LFIM consists of a hydrophobic core that
is often flanked by serine residues. In yeast, tiartaf these serine residues to alanine results in
loss of interaction between the PML SIM and SUMO1(1 Thus, these serine residues may be
targeted by serine/threonine kinases in mammakgds © regulate the interaction between PML

and its binding partners, and hence influence ehmdtion and function of PML-NBs.

2.2.3Ubiquitylation of PML

A third PML modification is ubiquitylation. For PMLlpoly-ubiquitylation can occur in a
manner dependent on PML SUMOylation or phosphdomat

Phosphorylation-dependent ubiquitylation of PMImediated by casein kinase-2 (CK2),
a ubiquitously-expressed, oncogenic serine/threokimase. In response to external stimuli
including osmotic shock and UV radiation, the SUMQigase PIAS SUMOylates PML,
leading to the recruitment of CK2 to PML-NBs, whé&2 phosphorylates PML at multiple
serine residues, serines 512-514 and serine 587 {14). Phosphorylation at serine 517 by CK2
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promotes poly-ubiquitylation and subsequent praeesdependent degradation of PML (113).
Expression of PML mutants that are resistant to -@i€2liated phosphorylation increases the
amount of PML in lung cancer cell lines and displaphanced tumor suppressive functions of
PML (113). The ubiquitin E3 ligase responsible goty-ubiquitylation of PML after the
phosphorylation by CK2 remains to be identifiedatdition to its involvement in PML
degradation, CK2-mediated phosphorylation may etstribute to normal PML-NB
organization, since the CK2 phosphorylation sitPML lies in proximity to the core sequence of
the PML SIM (115).

Alternatively, ERK2 and CDK1/2 also mediate phosptation-dependent ubiquitylation
of PML via peptidyl-prolyl cis-trans isomerase (Pjinin response to epidermal growth factor
stimulation, ERK2 phosphorylates PML at serines &8 505 (116). CDK1/2 phosphorylates
PML at serine 518, under hypoxic conditions (1THis ERK2- or CDK1/2-mediated
phosphorylation of PML promotes Pinl-mediated isomagion of PML at proline 519,
subsequently followed by Pinl-dependent degradatiétML (116, 117). For CDK1/2-induced
PML degradation, the interaction between PML and. Riromotes the recruitment of Kelch-like
protein family member 20 (KLHL20) and Cul3 ubignitigase complex to PML-NBs, where the
Cul3 ubiquitin ligase complex mediates ubiquityyatand proteasome-dependent degradation of
non-SUMOylated PML (Sections 2.3.3 and 2.11) (117).

PML ubiquitylation is also linked to PML SUMOylatio This link emerged with the
identification of RNF4 and Arkadia, SUMO-dependehiquitin E3 ligases. RNF4 and Arkadia
contain multiple SIM motifs through which they bita@lpoly-SUMO chains conjugated to the
nuclear PML isoforms, PML I to VI (96, 118-120). &tpbinding, RNF4 and Arkadia poly-

ubiquitylate the bound SUMO chains and possiblggian within PML, resulting in proteasome-
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dependent degradation of PML (118-120). This agtief RNF4 and Arkadia is observed in cells
treated with arsenic trioxide; this chemical indai&JMOylation of PML, which in turn triggers
the degradation of PML by RNF4 and Arkadia (1183120

On the other hand, PML ubiquitylation can be alsgliated by Herpesvirus-associated
ubiquitin-specific protease (HAUSP; also known &PJ) and E6-associated protein (EGAP),
without the involvement of CK2 and RNF4. USP7 isusiguitin-specific protease, associated
with PML-NBs through its direct interaction with RM12). Independently of its deubiquitylase
activity, USP7 induces PML poly-ubiquitylation, whiis then followed by degradation of PML
and disruption of PML-NBs (12). USP7 shows spettifitoward some PML isoforms; most
notably it targets NBs formed by PML | and IV (13jnce this process does not require its
enzymatic activity, USP7 seems to recruit an E8uibin ligase or other unknown factor(s) to
induce PML ubiquitylation (12).

Lastly, EBAP is a member of the HECT family of H3quitin ligases, and co-localizes
with PML in PML-NBs. Likely being a direct ubiquitiligase for PML, E6AP induces the poly-
ubiquitylation and proteasome-dependent degradafitime nuclear PML isoforms,

independently of the SUMOylation status of PML (121

<® Figure 2-3. A complex molecular

) network is involved in PML degradation:

* these mechanisms include several post-

translational modifications that trigger
PML ubiquitylation and degradation,
"'@'_ resulting in the loss of its tumor
J b~y . suppressive activity or antiviral
Viral infection propertiesFigure and caption are adap

from (7). S, SUMOylation; P,
phosphorylation.

Tumor suppression
Antiviral defense 16



2.3 Biological Functions of PML-NBs

Investigations on the biological functions of PMIBB8lhave focused on identifying
cellular proteins that localize to these structuned accepted that the activities of resident
proteins direct the biological functions of PML-NB4$owever, as the number of PML-NB
resident proteins identified grows, now exceedi@g (17), diversity in the nature and cellular
activities of PML-NB resident proteins makes iffidifilt to associate PML-NBs with a specific
biological function, and has led to the implicatmmPML-NBs in numerous biological functions.
In the following sections, the hypothesized mecsasithrough which PML-NBs mediate

transcriptional regulation, apoptosis and angiogsneill be discussed.

2.3.1Transcriptional regulation

The exact mechanism by which PML-NBs regulate tapsonal activity remains
unclear, but a number of studies proposed that R¥Bk-act as an active site of transcriptional
activation based on the following observations. Mtouas transcriptional factors and regulators
are binding partners for PML, and accumulate witPML-NBs. Examples of these proteins
include Sp100, Daxx, AP-1, p300/CBP, p53, pRB altdT (122). PML-NBs are more
frequently associated with chromosomal regionsgti gene density and high acetylation status,
indicative of transcriptional activity (123, 124&urthermore, nascent RNA has been detected in
the immediate vicinity of PML-NBs, supporting thdea that the transcription factors found
within PML-NBs are active (124).

Conversely, PML-NBs are also implicated in transtbonal repression. Transcriptional

repressors, such as Daxx, Sp100 and pRB, and epigéactors involved in transcriptional
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silencing, including HDACs and DNA methyltransfezasare found in PML-NBs. Indeed, it was
shown that PML-NBs participate in the re-configioatof condensed heterochromatin on
satellite DNA and in senescing cells (125, 126keratogether, the net effect of PML-NBs on
transcriptional activity seems to be determinedhgynature of factors concentrated in a
particular PML-NB. Moreover, the nature of the paiar being affected is also a contributing
factor, since expression from reporter plasmidgeted to PML-NBs is affected differently
depending on the promoters used (127).

Alternatively, PML-NBs regulate transcriptionaltiatty by acting as post-translational
modification sites for some transcriptional factaree best documented example of this is p53,
which will be explained in more detail in Sectio3.2.

Lastly, PML-NBs may serve as nuclear storage $itesanscription factors. For
example, it has been shown that Daxx activity ilsienced by its localization in PML-NBs. The
recruitment of Daxx to PML-NBs has been shown tokit Daxx-mediated transcriptional
suppression, suggesting that Daxx is sequestetathidML-NBs, and needs to be released from
PML-NBs to form a repressor complex that executsscriptional repression (83, 128).
However, it should be noted that the sequestratifact of PML-NB on Daxx activity may be
promoter- and cell-type-dependent. As Daxx mutantble to localize to PML-NBs fail to
sensitize cells to apoptosis, studies have sughésag, in some cell-types, localization to PML-
NBs is essential for Daxx to suppress anti-apopggnes and promote apoptosis (129-131).
Furthermore, as discussed in Section 2.8, it ielyidccepted that Daxx localized within PML-

NBs is involved in silencing viral gene expression.
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2.3.2Apoptosis

The role of PML in the execution of apoptosis wsitabklished when PML knock-
out mice and cells were found resistant to apoptstsinulated by-irradiation, Fas, UV radiation,
tumor necrosis factor and IFN (132). It has sineerbdemonstrated that PML acts as a
pleiotropic factor that regulates the function afmerous anti- and pro-apoptotic factors, mostly
by recruiting these factors to PML-NBs. In gengPL-NBs regulate apoptosis in p53-
dependent and p53-independent pathways, and timefgrathway will be described in this
section.

In unstressed cells, low levels of p53 are maia@iby its inhibitor Mdm2. Mdm2 is a
p53-specific E3 ubiquitin ligase, and regulateslével of p53 by inducing poly-ubiquitylation
and proteasome-dependent degradation of p53. Upoulation with apoptotic stimuli, signaling
inputs lead to post-translational modificationgb8, which in turn protect p53 from Mdm2-
mediated degradation. In the p53-dependent apogiathway, PML-NBs execute apoptosis by
inducing stabilization of p53. Under conditionsuiceéd by DNA damaging agents or over-
expression of oncogenes, such as Ras, maximaaaotivwof p53 requires PML, which recruits
p53 to PML-NBs (133). Along with p53, the acetyftsferase p300/CBP is also recruited to
PML-NBs, where it acetylates p53, an essentialggsdor the inhibition of p53-Mdm2 complex
formation (56, 134, 135). This recruitment of p3® £BP is mediated by PML IV, and occurs in
a SUMOylation-independent manner (56). In additmacetylation, many cellular kinases are
also recruited to PML-NBs in response to apoptstiimuli, some by PML 1V, and phosphorylate
p53 to block the interaction between p53 and Mdhti2 kinases Chk2, CK1 and HIPK2 have

been attributed to the phosphorylation of p53 witAML-NBs (111, 136, 137). Moreover, the
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presence of HAUSP in PML-NBs is suggested to mediatubiquitylation of p53 to protect p53
from ubiquitylation-dependent degradation (138)stha Mdm2 is recruited to PML-NBs by
PML Il and PML IV in stressed cells, where PML,308nd Mdm2 form a trimeric complex, and
it is proposed that, by forming this trimeric coewxl PML blocks Mdm2 from targeting p53 for

degradation (139).

2.3.3Angiogenesis

As disruption of normal PML functions is identified a cause for APL, the function of
PML in inhibition of tumorigenesis has been theu®of many PML-related studies. As a tumor
grows, it is important to generate blood vesseaisughout the tumor mass to ensure gas and
nutrient exchange for the cells within the tumolsmaleoangiogenesis occurs as a response to
intra-tumoural hypoxia, which involves the up-reggidn of the transcription factor HIF-Jand
expression of its target genes, including vasceaiothelial growth factor (VEGF), to increase
vascular density within the tumor mass (140).

To inhibit this critical process in tumorigenesisder hypoxic conditions, PML interacts
with the mammalian target of rapamycin (nTOR). mTi©®R cellular serine/threonine kinase
and forms a molecular complex called mTORC1, wigdnvolved in the regulation of protein
synthesis. Translation in eukaryotic cells is aigid with the assembly of the multi-subunit, cap-
binding complex, which recognizes methyl-7(i8TP caps at the Sermini of most eukaryotic
MRNASs. The cap recognition subunit elF-4E is regpdan part by 4E-binding proteins (4E-BPs),
which bind and sequester elF-4E away from the d¢agHiiy complex, resulting in an arrest in
MRNA translation. In response to various stimugliding nutrient availability and viral

20



infection, phosphorylation of 4E-BP by mTORC1 releselF-4E, facilitating the initiation step
for mRNA translation. The interaction between PMidanTOR causes accumulation of mMTOR
in PML-NBs, separating mTOR from Rheb, a small plasmic GTPase required for mTOR
activation (58). As a consequence, translationlétH is inhibited, which in turn down-
regulates the expression of HIF-target genes involved in neoangiogenesis (58réstingly,
under hypoxic conditions, cells also use a counterg strategy to counter this PML-mediated
block to HIF-1 translation, by inducing proteasome-dependentadizgion of PML by the

KLHL20-Cul3 ubiquitin ligase complex, as describiedGection 2.2.3 (117).

2.3.4Antiviral Defense

As will be discussed in Section 2.8, accumulativigence suggests that many PML-NB
resident proteins have potential antiviral effdmtsexerting transcriptional repression and
inducing apoptosis. To overcome PML-NB-mediatetiviral activities, different DNA and
RNA viruses target PML-NBs for disruption. Theselirde DNA viruses, including several
members of thélerpesviridag Adenoviridag(141-143) Papillomaviridae(144-146) and
Polyomaviridag(147), and the RNA viruses, such as rabiesvird8,(149), lymphocytic
choriomeningitis virus (LCMV) (150), encephalomyaditis virus (EMCV) (151), HIV-1 (152,
153), and influenza A (154) (Appendix A). Since stydy focuses on a viral kinase expressed

from herpesviruses, this introduction will focustbie members dflerpesviridae.
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2.4The HerpesviridaeFamily

Herpesviruses are large, enveloped viruses withubld-stranded DNA genome, and are
widely distributed in nature, ranging from humaroisters. The herpesviruses that infect humans
and other mammals as their primary hosts belonigetdamily ofHerpesviridae All members of
the Herpesviridaefamily share four common biological propertiegsEithey encode their own
enzymes and other factors for nucleic acid synshesil metabolism, such as DNA polymerase,
helicase, primase and thymidine kinase. Secondythihesis of viral DNA and assembly of
capsids occur in the nucleus, followed by a furthaturation process in the cytoplasm. Third, at
the end of productive cycles, production of infeas progeny virus is accompanied by death of
the infected cell. Lastly, herpesviruses examimmedate are able to establish latent infections in
their natural hosts. Besides these common featpregerties that are distinct among the
members oHerpesviridaeincluding, but not limited to, DNA sequence hoowyt, genomic
arrangement, viral protein homology, host ranged, duration of replication cycle, allow further
division of the family into three sub-familie&lphaherpesvirinagBetaherpesvirinaand
Gammabherpesvirina@-igure 2-4).

The characteristics &lphaherpesvirinaénclude a variable host range, relatively short
replication cycles, efficient destruction of infedtcells, and establishment of latent infection
primarily in sensory ganglia. The common human pag¢ims, HSV-1, HSV-2 and varicellar
zoster virus (VZV; Human herpesvirus-3), and vei@ny pathogens such as pseudorabies virus
(PRV; Suid herpesvirus-1), equine herpesvirus-1\(BHl bovine herpesvirus-1 (BHV-1),
Marek’s disease virus serotype-1 (MDV-1; Gallidgesvirus) and MDV-2 belong to this sub-

family.
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GAMMAHERPESVIRUSES
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Figure 2-4. Phyogenetic tree based on comparisons of nine ceedgrroteins, showing the
relationships between members of &iphaherpesvirinagBetaherpesvirinaeand
Gammabherpesvirinad he representative members of each subfamiljntneduced in
Section 2.4. Figure and caption are adapted frgm (4

Of the eight human herpesviruses identified to,dd&V-1 and HSV-2 were the first
human herpesviruses discovered, and have beenigates the most intensively. HSV
infections are highly prevalent in the human potiola compromising the health of millions of
people in Canada and more worldwide. It is estichétat 60-80% of the worldwide adult
population are seropositive for HSV-1 infectiondas high as 70% for HSV-2 infection in high-
risk regions (155). The biology of HSV will be dissed in more detail in Section 2.6.

VZV is a human alphaherpesvirus that causes véioelchickenpox most commonly in
children. Primary infection of VZV is characterizby fever and vesicular rash, and generally
occurs in mucosal epithelial cells of the orophar{xb6, 157). VZV is unique among the

members ofAlphaherpesvirinaén that it is not only transmitted by direct casttthrough skin
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lesions, but also by respiratory secretions frofedted individuals, allowing its airborne
transmission (158). Another unique feature of VAféction is its tropism for T-lymphocytes.
Through migration of infected T-cells, VZV gainscass to cutaneous epithelial cells, where it
replicates and is subsequently transmitted to sgmsrons that innervate the epithelium. The
virus is then transported within the neuronal aixoa retrograde direction toward the dorsal root
ganglion where it establishes a life-long latefiéétion (156, 157). Reactivation of latent VZV
causes herpes zoster, which is commonly knowniaglss. Herpes zoster is most often
observed in the elderly and in immunocompromiseividuals, and manifests as a localized
vesicular rash, accompanied with acute pain thabeasevere and persistent (156, 157).

PRV is a swine pathogen that causes Aujeszky'sadesean illness linked with nervous
system disorders in cattle and other non-swine alsinand accompanied by intense puritus at the
site of infection and respiratory symptoms of rtisnand/or pneumonia (159). Due to its rabies-
like symptoms, PRV is named in such way, even thauig not related to the rabies virus, which
is a member of thRhabdoviridaeln adult domesticated pigs, PRV primarily replesain the
respiratory tract, causing transient and mild nedpiy disorders, whereas the infection is usually
fatal in other animal species and young piglet®)1®he mild nature of PRV infection in adult
pigs allows them to survive from the infection aave as virus reservoirs. Several features of
PRV make it a good model to study the biology phaherpesviruses, including its impact on the
swine industry, fast and high titer growth, andaisenability to genetic manipulation in the
laboratory. However, as Canada is one of the PR¥-fountries, the use of natural strains of
PRYV for research is restricted in Canada. To comyitly this regulatory restriction, the PRV
strains used in my studies were derived from ttenatted vaccine strain Bartha. PRV Bartha is

attenuated in part because of a large deletiohdrviral genome, which results in the elimination
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of viral genes contributing to viral virulence (18562).

The members dBetaherpesvirinaénfect a limited range of hosts, have longer
replication cycles, result in enlargement of inéetctells (cytomegalia), and establish latent
infection in secretory glands and lymphoreticulelfsc The representative member of
Betaherpesvirinaés human cytomegalovirus (HCMV), which is also wmoas human
herpesvirus-5. Two other human herpesviruses, humegresvirus-6 (HHV-6) and human
herpesvirus-7 (HHV-7), also belong to this sub-fgmi

HCMYV infection is ubiquitous. The major route aftismission involves direct contact
with infected bodily fluids, including saliva, uenand blood. Shedding in saliva is a common
route of transmission in adults, while sheddingiiime is an important source of virus among
children and from children to adults (163). Upomtaat with infected bodily fluids, primary
HCMV infection usually occurs in the mucosal epiilve. HCMV infects a wide range of cell
types for Iytic replication, including epitheli@ndothelial, macrophage, and dendritic cells,
whereas latency is limited to cells of myeloid lge (164, 165). In immunocompetent
individuals, HCMV infection is largely asymptomatliut the infection can be persistent,
accompanied by shedding of virus in low levelsrfamths or years, despite a functional immune
system (166). Endothelial and epithelial cells hbeen shown to be important sites of HCMV
persistence (167). T-cell immunity is critical ttie control of HCMV infection, which makes
HCMV infection a serious problem for immunocompreed individuals with impaired cell-
mediated immunity, such as AIDS and organ tranggdatients (166). In addition, HCMV
infection can be transmitted vertically from moth& children via placenta and breast milk (166,
168). HCMV congenital infection causes sensoringugaring loss, vision impairment, and

mental disability due to extensive brain damagsyimptomatic infants (169).
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Lastly, the characteristics @ammaherpesvirinamclude limited host range, infection of
T or B lymphocytes, and latency in lymphoid tissueso human herpesviruses, Epstein-Barr
virus (EBV) and Kaposi's sarcoma-associated heipesyKSHV; human herpesvirus-8), belong
to this sub-family, along with veterinary pathogéespesvirus saimiri (HVS) and equine
herpesvirus-2 (EHV-2).

EBV, also known as human herpesvirus-4, is disteitbworld-wide, with more than 90%
of adult population harboring antibodies to EBVigans (170). Primary EBV infection occurs in
epithelial cells of the oropharynx, where EBV i®sequently transmitted to and establishes
latency in B-lymphocytes in the oropharyngeal lymiphorgans (171). After the primary
infection, virus becomes detectable in saliva, siméads by the oral route through salivary
exchange (171). EBV infection in young childregénerally asymptomatic (171, 172). By
contrast, infected adolescents or adults may dpwveltd to severe infectious mononucleosis, a
lymphoproliferative disease characterized by fearet sore throat (171, 172). Long-term EBV
infection does not usually cause serious diseabanman hosts. However, in rare cases,
especially in immunocompromised individuals, EBYettion results in the emergence of B-
lymphocyte malignancies, including Burkitt lymphonkodgkin lymphoma, post-transplant

lymphomas and AIDS-associated lymphomas, and nasgpieal carcinoma (171-173).

2.5 Virion Structure

Members of théderpesviridaeshare a common architecture with four distinaictires:
viral genome, capsid, tegument and lipid enveldpgufe 2-5). Herpesviruses have a linear

double-stranded DNA genome, the size of which rarfigam approximately 120 kbp to 235 kbp,
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encoding 70 to 200 genes, with the genome of HCMNidpthe largest and VZV being the
smallest of the human herpesviruses (155). Thé g&maome is divided into two distinct parts
that are named unique long (UL) and unigue shos) (ggions. UL and Us regions are flanked
by inverted repeats. The repeats of the UL regrerdasignatedb anda b, whereas those of the

Us regionac andca (Figure 2-5C).

Envelope
Tegument
Capsid
Core

UL - - — Us - —
alb a’EHC a

Figure 2-5.Structure of the herpesvirus virion and genome.Ekectron micrograph of a
HSV-1 virion, showing the envelope, tegument, adjpsid DNA core are indicated (3). (B)
Three-dimensional structure of the virion from celectron tomography. Capsid is shown in
light blue, the tegument layer is shown as the gegdayer surrounding the right portion of the
capsid, the envelope is shown in dark blue, angjlywprotein spikes are shown in yellow.
Dp, distal pole; pp, proximal pole. Scale bar, h@®(5). (C) Schematic representation of the
viral genome. The unique sequences flanked byntberted repeatdpxe$. The arrows
indicate the orientations of the repeat regionthe@a sequence of the L or S component; b,
theb sequence; U the unique sequence of the L component; b’,nkierted repetitions of
theb sequence; a', the inverted repetitions ofdlsequences; c¢’, the invertedgequence; &)
the unique sequence of the S componepthe terminah sequence of the S component.
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The viral DNA is packaged within an icosahedral {&¥capsid, and the size of capsid
ranges from 100nm to 150nm in diameter. The HS\&gdsil shell is composed of four viral
proteins, VP5L19), VP26 (UL35), VP23 UL18), and VP19CWL38). Five copies of VP5, the
major capsid protein, are present in a penton capem while six copies are in a hexon
capsomere. On each hexon capsomere, six copieB28,\the smallest capsid protein, form a
ring on the VP5 subunits. VP19C and VP23, the timmomcapsid proteins, are assembled into a
triplex that links adjacent capsomeres.

Layered between the capsid and the envelope tetlugnent, a proteinacious structure
containing at least 20 viral proteins, cellulartpros, and cellular and viral transcripts. In HSV-1
the most notable tegument proteins include virtot-®ff protein (vhs), ICP4, VP16 and VP1/2.
The presence of ICPO in the tegument remains comts@l (174-181). Vhs is a viral
endoribonuclease, which increases the global fateRINA degradation in the cytoplasm to
suppress cellular protein synthesis. VP16, ICPOI@Rd are viral transactivators that are crucial
for efficient viral gene expression. VP1/2 is thegkest tegument protein, and has a role in the
delivery of viral DNA into the host nucleus anduetgent assembly. Two viral serine/threonine
kinases, UL13 and Us3, are also contained in tpgnbent. The functions of the majority of
tegument proteins have not been clearly demondtrbi@wever, as these proteins are carried into
the infected cells along with the virion, and beecawailable for action immediately after the
entry into the host cell, they may function to e8th a more permissible host environment for
virus replication.

Lastly, the tegument is enclosed within a host-detived lipid envelope. In HSV, at

least 11 different glycoproteins are found in thgedope. As described in Section 2.6, envelope
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glycoproteins mediate viral attachment, viral entsil-to-cell fusion, and immune evasion.

Interaction between glycoproteins and tegumentemetis important for virion assembly.

2.6 Biology of HSV Infection

Transmission of HSV-1 and HSV-2 generally occurstiigh intimate personal contact
through mucosal surfaces or abraded skin of artedeindividual. Upon contact, virus begins
primary infection in the mucosal epithelium. Tatiaie infection, the virus must bind to receptor
molecules on the cell surface. Upon the interadbietveen the virus and the receptors, entry of
the virus through the plasma membrane soon follmywsne of two pathways. In the first
pathway, the viral envelope fuses with the plasreanbrane, and released naked capsids are
transported to nuclear pores. By contrast, thersbpathway involves endocytosis of the virus
followed by fusion of the viral envelope with thembrane of the endocytic vesicle in a
receptor-dependent manner. The receptor-dependgsinonfbetween the viral envelope and the
plasma membrane is recognized as the primary pgtbivantry, as the entry via endocytosis in
natural infections has yet to be demonstratedjjace HSV-1 has been commonly and
traditionally investigated as a model to studylifidogy of HSV, this introduction will focus on
the replication cycle of HSV-1.

During HSV-1 infection, five viral glycoproteinslted gB, gC, gD, gH and gL
participate in the entry of virus into the hostigeDf these five glycoproteins, gB, gD, gH and gL
are essential for the entry process, and are welb&rved among the members of the
Herpesviridag(182). The entry of the virus begins with the liggdof viral envelope

glycoproteins gC, and, to a lesser extent, gB ¢agllicosaminoglycan moieties of heparan sulfate
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on the cell surface (183-185). This process i®fedld by the interaction of the viral envelope
glycoprotein gD with one of its receptors, nectimsipesvirus entry mediator (HVEM), and>3-
sulfated heparan sulfate (3-OS HS). Nectins are lmeesnof the immunoglobulin family,

involved in intercellular adhesion. They are widekpressed in cells and tissues that are
permissible for HSV infection, including skin, bmeand spinal ganglia. Through their interaction
with gD orthologues, nectins mediate the entry 8L, HSV-2, PRV and BHV-1 into the host
cells (3, 186). The second receptor, HVEM, is a Imemof the extended tumor necrosis factor
(TNF) receptor family involved mucosal immunity,dais expressed in T-cells and natural killer
cells (187). HVEM interacts with gD through the &ninal residues of gD (3, 188). Lastly, 3-
OS HS is a modified form of HS by the HSXBsulfotransferase. This receptor is speculated to
mediate the viral entry in brain, but the mechanigrantry into cells via this receptor remains
unknown (3, 189). The binding of gD to its receptl@ads to changes in the conformation of gD,
which enables the interaction with the glycoproghand the heterodimer gH/gL (190). Upon
its interaction with gH/gL, gB drives the fusiontiveen the viral envelope and the plasma
membrane (191, 192).

After fusion, tegument proteins are released ineodytoplasm and transported to distinct
destinations (3). For example, vhs is dissociatebramains in the cytoplasm, while VP16 is
transported to the nucleus (193). The capsidsragaged with the microtubule network and
migrate toward the microtubule organizing centef C) by using dynein motor proteins (194).
From the MTOC, it is thought that the capsid is¢@orted toward the nucleus via its
engagement with kinesin motor proteins (195). Gheecapsid reaches the nucleus, the large
tegument protein VP1/2 mediates direct bindindhef¢apsid to the nuclear pore complex (196).

Additionally, the nuclear localization machineres®s to play a critical role in directing capsids



to the nuclear pore, as 1) the binding of capsithéonuclear pore complex has been shown to
require importin and the Ran GDP/GTP cycle (197), and 2) deletfdheonuclear localization
signal in VP1/2 results in the accumulation of éagait the MTOC (198). Viral DNA is
subsequently released through nuclear pores, withssolution of capsids (194).

Once the viral DNA is inside the nucleus, the lingsal genome is circularized, likely
through recombination between theepeats, and is exposed to the host nuclear ema@nt. As
a response to the entry of viral DNA, two importaménts occur: nucleosome assembly on the
viral genome and association of the viral genonte WML-NBs. Studies have shown that the
core histones H2A, H2B, H3, and H4, and the histare&ant H3.3 are associated with the
incoming viral genome, suggesting that nucleosasmesssembled on the viral genome (Figure
2-6) (199-201). The assembly of nucleosomes rerttergiral genome subject to transcriptional
regulation by the host histone modification pathsyayhich can be both advantageous and
disadvantageous to viral gene transcription. Medlewthe association of viral genome with
PML-NBs occurs as a part of the host intrinsic im@uesponse to restrict viral gene expression
to a minimal level, and this antiviral role of PMNIBs will be explained in detail later (202, 203).

Upon the entry of the viral genome into the nucleiral gene transcription is initiated in
a highly-coordinated fashion, beginning with th@mssion of immediate-early genesof IE
genes). Six viral genes ICPO, ICP4, ICP22, ICPEPA7 and Us1.5 belong to this class, and
their expressions usually peak around 2-4 hoursipfestion. The IE genes do not requite
novoviral protein synthesis for their expression, tguire transcriptional activation by
tegument-delivered VP16. When it is released froenihcoming virion, VP16 interacts with a
cellular protein called host cell factor (HCF), #d@F brings VP16 into the nucleus. The VP16-

HCF complex subsequently binds octamer bindingstraption factor-1 (Oct-1).
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Figure 2-6. Nucleosome assembly on the viral genome. Thenhagf the virion-
encapsidated viral DNA genomes are linear, angsstciated with histones. Following the
injection of viral DNA through a nuclear pore, tvieal genome circularizes and becomes
associated with histones. The presence of thenvprotein VP16 in the nucleus results in the
recruitment of histone-remodelling factors, suclBR&1 and BRM, and the histone
acetyltransferase CBP/p300 to promoters of immederly genes. The histones that are
associated with the viral genome bear markerstdfeaeuchromatin, such as acetylation and
methylation (H3K4me2 and H3K4me3) of histone H3.aV/proteins that are expressed
following infection, such as ICPO, allow furthemedelling of the associated histones, which
are removed by the recruitment of host chromatimerdelling factors. Figure and captions are
adapted and modified from (13).

Oct-1 recognizes a DNA octamer motif of TAATGARAGften found in the regulatory
region of cellular genes. In the upstream regidri& genes, multiple copies of sequences similar
to this octamer motif are present, which are subsetlly recognized and bound by Oct-1. VP16,
HCF and Oct-1 form a transactivator complex andvai transcription from the viral 1E
promoters by utilizing the host RNA polymerase Hehinery. Additionally, VP16 promotes
recruitment of the histone acetyltransferase CBBO8 the viral gene promoters, to increase
histone acetylation and activate transcription j18@®wever, it should be noted that histones
assembled on the viral genomes can also be targgteldACs, which induce a

transcriptionally-silenced conformation of chromaffhus, to prevent transcriptional silencing
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via HDAC activity, while allowing for a certain et of transcriptional activation by histone
modification, VP16 decreases the histone loadrat promoters, and maintains the histone
density of the viral genome at a much lower leliahtthat of the host genome (199, 200).

The IE genes activate expression of the genes talpmo the subsequent kinetic class,
early genes (or E genes). In general, the E genes encode psaterolved in viral DNA
replication and nucleic acid metabolism, whose esgion peaks around 6-8 hours post infection.
Examples of the E genes include the viral DNA payase UL30, the viral single-strand DNA
binding protein ICP8, and the viral helicase/primasmplex comprised of UL5, UL8 and UL52.
ICP4 and ICPO function as transcriptional transattrs of the E genes. It has been reported that
ICP4 activates gene expression by forming a prateinplex with the general transcriptional
factor TFIID, TATA-box binding protein (TBP) and Hassociated factors (204). To activate
transcription from viral genes, ICP4 is recruitedtie viral genome positioned close to PML-
NBs, and forms foci around PML-NBs through co-ldzation with the viral genome (205).
Meanwhile, ICPO works as an inhibitor of PML-NBgdats activity results in rapid disruption of
PML-NBs to disarm PML-NB-mediated transcriptionééscing (206-209). In an alternative
pathway, ICPO induces dissociation of HDACs from @GoREST/REST/HDAC transcription
repressor complexes to increase acetylation afinest associated with the viral genome, and
decreases the histone load of the viral genomeshwddl contribute to ICPO-mediated
transcriptional activation (210-213). AdditionallzP27 modulates mRNA splicing, and
promotes nuclear export of viral mMRNAs to facikitdheir translation in the cytoplasm (214-216).

When the E proteins are expressed, they are tramsgpato the nucleus, and assembled
into DNA replication complexes at the foci contagithe viral genome and ICP4. Viral DNA

synthesis occurs in a rolling circle mechanismdpring head-to-tail concatemers (217). As viral
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DNA replication progresses, the punctate ICP4 figsielop into globular replication
compartments, which subsequently enlarge and ntergecupy the majority of the nucleus (218).
The onset of viral DNA synthesis increases expoessf the viral late genes 6r L
genes). The IE proteins, including ICP4, ICPO &@27, along with cellular transcriptional
factors, mediate activation of the L genes in mgtion compartments. The genes that are
involved in virion capsid assembly, such as theome@psid protein VP5, the scaffolding protein
pre-VP22a, and glyroprotein components, belongeéd.tclass, as well as other viral proteins
including VP16 and vhs. Several L proteins, espkyaifycoprotein components, are processed
by Golgi enzymes via the cellular secretory pathvifore they are incorporated into mature
virions. When the capsid proteins are expressedpitial stage of capsid assembly begins in the
cytoplasm: VP5 interacts with pre-VP22a to form llasic assembly unit for a pro-capsid, while
one molecule of VP19C interacts with two molecd&¥P23 to form triplex complexes. These
interactions are required for VP5 and VP23 to tiarate to the nucleus (219, 220). In the
nucleus, twelve UL6 molecules are assembled imbogalike structure as the portal for entry for
the concatemeric viral DNA, and form a complex vitik scaffolding protein (221-223). The
basic assembly units and triplex complexes arengdsel into a pro-capsid around a portal-
scaffolding protein complex, to ensure the incoation of a single portal for each pro-capsid
(224). Subsequently, the viral serine protease Uil@éves the scaffolding protein pre-VP22a
into VP22a, to release it from the interior of re-capsid (225, 226). The pro-capsid is
converted into a mature capsid after the encapsidaf viral DNA: when a single unit of viral
genome is packaged into the pro-capsid, a comgle 05, UL28 and UL33 cleaves the

concatemer into monomers at theequence (226-229).
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Upon formation of mature viral capsids, capsidshgough a process termed primary
envelopment and de-envelopment to escape fromutieus. During primary envelopment,
capsids bud into the inner nuclear membrane irgg#rinuclear space, and acquire a primary
tegument and a primary envelope from the innergaranembrane. This process is driven by the
viral nuclear egress complex (NEC), made up ofvixal proteins that are well-conserved across
the Alpha, Beta andGammaherpesvirinagUL31 and UL34 (230). UL34 is a type Il membrane
protein anchored in the nuclear envelope, andssctsmembrane anchor for the viral nuclear
phosphoprotein UL31 to ensure positioning of ULBtha inner nuclear membrane (231-233).
With UL31, UL34 functions as a potent membrane nhaidw in that overexpression of UL31 and
UL34 is sufficient to induce morphological chand@goring the formation of vesicles from the
nuclear membrane (234, 235). Although the exachan@ism remains unclear, disruption of the
nuclear lamina is believed to contribute to the WILA_31-mediated membrane modulation. The
nuclear lamina is a meshwork of nuclear proteitied¢damins, lining the inner nuclear
membrane, and imposes a physical barrier that ptewmidding capsids from accessing the inner
nuclear membrane. The UL34-UL31 complex inducdscalization of lamin A/C, and recruits
phospholipid/C& dependent protein kinase (PKC) to the nuclear mangbto phosphorylate
lamin B, leading to local disassembly of laminaG2337). In addition to UL31 and UL34, the
viral kinase Us3, which is conserved in tphaherpesvirinagfacilitates the primary
envelopment process by disrupting the nuclear laraimd modulating the localization of UL31-
UL34 complex, as described in Section 2.7.2. Afidm UL31, UL34, Us3, glycoprotein
components, and capsid proteins, the compositigmiwfary enveloped virions is unknown (230,
238).

After the budding into the perinuclear space, ttimary envelope of virions must fuse
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with the outer nuclear membrane to escape fronpéh@uclear space and translocate the capsid
to the cytoplasm (“de-envelopment”). The viral gipcoteins gB and gH/gL heterodimers, found
in the primary envelope, have been shown to bessacg for this fusion process, in addition to
other components of primary enveloped virions, sagkJL34 and Us3 (36, 239, 240). Upon the
completion of the de-envelopment process, non-epeel capsids are released into the cytoplasm,
and proceed for further maturation at trans-Goéivork (TGN)-derived membranes. For a long
time, this envelopment and de-envelopment modaeliofeocytoplasmic transport was
considered to be unique to herpesvirus infectiad,its validity was questioned for years,
partially because it is a very energy-intensivecpss. However, it was recently reported that,
during synapse differentiation Drosophila large ribonucleoprotein (RNP) complexes exit the
nucleus through budding and fusion processes atubkear membranes, similar to the nuclear
egress mechanism Bilerpesviridag241). These findings suggest that nuclear envdboleling

is a pre-existing mechanism for nuclear exportofé cargos, and that herpesviruses utilize this
pathway for capsid transport from the nucleus &dytoplasm.

When the de-enveloped capsid is released intoytioplasm, the tegument is assembled
onto the capsid in an orderly manner. The innaurtegnt proteins are assembled around the
capsid first, through their interactions with ttegsid. For example, VP1/2 forms the inner-most
layer of tegument by interacting with the major sidgprotein VP5 (242). Us3 is also one of the
inner tegument proteins that are closely-associatéddthe capsid (238). However, it is yet
unclear whether these inner tegument proteinsareired in the nucleus during the primary
envelopment stage and remain associated afteutiear egress, or recruited to the de-
enveloped capsid in the cytoplasm after the nuageess is completed. The assembly of the

middle tegument layer is mediated by a complicatetevork of protein-protein interactions
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between the inner and middle tegument proteins-2248. Lastly, the tegument proteins found

in the outer-most layer of tegument contact with ¢kllular membranes directly via acylation, or
indirectly via the cytoplasmic tails of glycoprateiembedded in the cellular membranes (230,
242). These interactions drive the budding of chpsid tegument structures into the membranes
of TGN-derived vesicles, where the final envelopacdquired. TGN-derived vesicles containing
these infectious virions then traffic to the celtface where they fuse with the plasma membrane
releasing virions from the infected cell (242, 2290). In addition to TGN-derived vesicles, late
endosomes and multivesicular bodies have also figggested as alternative sites for final
envelopment (251, 252) (Figure 2-7).

After the productive infection in the mucosal apitum, progeny viruses are transmitted
to sensory neurons that innervate the epithefialig. These viruses enter into the nerve ending of
innervating sensory neuron, travel down the axorelipgrade transport, and reach the neuronal
cell body where they establish a life-long lateréijnce most HSV-1 infections involve
oropharyngeal or ocular routes, HSV-1 latency taldshed in the trigeminal ganglia, while
HSV-2, whose initial infection generally occurdla genital mucosa, establishes latency in the
sacral ganglia. In a latent infection, viral gempression is largely abolished, with the exception
of the latency-associated transcripts (LATs) (283key factor for the establishment of latency is
the absence of IE gene expression in neurons, @dnyseultiple mechanisms including the
cytoplasmic retention of HCF and other cellulatdes required for the expression of IE genes
(254). Once latency is established, the virus genmemains as an episome. Moreover, the viral
genome is assembled into nucleosomal chromatinaeifhlar histones. During latent infection,
histones associated with the LAT promoter are hypetylated, a transcriptionally-active

chromatin configuration, whereas the promoterdladther viral genes are silenced by
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Figure 2-7.Replication cycle of herpesviruses. Schematic sepr&tion of the herpesvirus
replication cycle, including virus entry and disstion of tegument, transport of incoming
capsids to the nuclear pore, release of viral DNA the nucleus where transcription occurs
in a cascade-like fashion and DNA replication iiated, nuclear egress of viral capsid via
primary envelopment and de-envelopment, and adouigif the final tegument and
envelope during secondary envelopment in TGN-ddrixesicles. Figure and captions are
adapted from (11).
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heterochromatin (255, 256). The LATs are a familglernatively-spliced transcripts expressed
from the inverted repeats flanking the UL sequenoéisense to the ICPO locus. In latently-
infected neurons, the full-length 8.3 kb LAT trarigtis present at low levels, whereas smaller
spliced-transcripts are found abundantly in thdews:(257). Despite of the presence of small
open reading frames, no protein expression from4.Ads been detected in latently-infected
neurons (258). LATs play important roles in theabBshment and maintenance of latency. They
suppress the expression of viral lytic genes bytar@emiRNA-mediated effects on ICPO
transcripts, and inhibit apoptosis to increase omairsurvival (259-261).

Periodically, productive virus replication canibeiated from the latent viral genome
through a process called reactivation (Figure 228)geny virus from reactivation subsequently
moves down the axon via anterograde transport, taattle initial site of infection. This
reappearance of HSV-1, or recurrent infection, ltes development of vesicular lesions in the
oral area, known as HSV labialis or a cold sord|enecurrent infection of HSV-2 causes
vesicular lesions in the anogenital mucosa, knosvH&V genitalis. A number of factors have
been shown to act as a trigger for reactivatiogsjual or emotional stress, fever, exposure to
UV radiation, and status of the immune systemTBg cycle of reactivation from latency
persists for the life of the host, and currently,cure is available for elimination of latently
infected cells or prevention of reactivation ancureent infection. This lack of cure might not be
a critical problem for healthy individuals, for windHSV infection is largely asymptomatic.
However, for those with a compromised immune sysieohuding HIV or cancer patients,
seniors and neonates, HSV disease can be severeoWo, in rare cases, virus is transmitted to
the central nervous system or into the blood, witezauses life-threatening encephalitis or

systemic infection.
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Figure 2-8. Lytic and latent infection of HSV. (A) Infectiaof epithelial cells in the mucosal
surface gives rise to productive replication, reésglin the production of progeny virions,
which can spread to infect additional epithelidlcé/irus enters innervating sensory neurt
and nucleocapsids are transported to the neurefidarly. The viral DNA is released into
neuronal nucleus and circularizes. Circular virdlApersists in the neuronal cell nucleus,
the latency-associated transcript is expressedJ@n reactivation, viral lytic gene
expression is initiated, and newly formed capsigsti@nsported to the axonal termini.
Infectious virus is released from the axon andatgfepithelial cells, resulting in recurrent
infection and virus shedding. Figure and captianaatapted from (13).
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2.7 The AlphaherpesvirinaeKinase Us3

Us3 is a serine/threonine kinase unique to the ImeesnofAlphaherpesvirinaeln HSV-1
and PRV, two Us3 transcripts with different sizasdnbeen characterized. The Us3 transcripts
have unique 5’ termini accounting for the sizealiéince between isoforms, but share a common
3’ end which expands to the encoding region ofati@acent downstream gends4 (Figure 2-
9A). In HSV-1, the long isoform represents abo9& the total Us3 transcription, while the
short isoform designated “Us3.5” does so about 382). By contrast, in PRV, the short isoform
named “Us3b” is the dominant form representing @%otal Us3 transcription, whereas the
long isoform named “Us3a” is present at 5% (2).

As consequence, the two isoforms of Us3 transceipt®de two proteins different in size.
Due to 5’ truncations, HSV-1 Us3.5 lacks the N-terath 76 residues of the Us3 protein. In PRV,
the N-terminal 54 residues of Us3a are absent 8blUEhese N-terminal residues are attributed
to the distinct localization patterns of Us3a arg8bJin PRV. The major localization site for
Us3a is mitochondria (263) and plasma membranew@)e Us3b is primarily localized in the
nucleus. Calton and colleagues suggested thatliffésence is due to a mitochondrial
localization signal contained within the N-termimegjion missing in Us3b (2) (Figure 2-9B). By
contrast, HSV-1 Us3 and Us3.5 are widely distriduteoughout the cell, and both Us3 and
Us3.5 have been found in mitochondria (262). Funttege, the long and short isoforms of Us3 in
PRV and HSV-1 differ in their physiological funati®, despite both isoforms retaining kinase
activity. This difference in function will be disssed in following sections. It is notable that in
PRV, only Us3b is packaged into the virion as d pathe tegument, which may partially explain

its unique functions (264-266).
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Figure 2-9. (A) Transcription from th&Js3andUs4 genes in PRV. Positions of start codons
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and Us3b. Regions of Us3 required for different dsBvities and localizations were
identified in a mapping study published by Caledral (2). Figures were created by Dr.
Bruce Banfield.
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In the Alphaherpesvirinagboth the Us3 activity and sequence are well-omesk The
multiple sequence alignment of Us3 orthologues fdiffierent members of the
Alphaherpesvirinageveals a remarkable sequence homology in theegthieonine kinase
domain and the C-terminal region (Table 2-2). Téguence conservation in the kinase domain
indicates that Us3 orthologues may have similafilpsoof kinase activity and substrates. This
similarity may partially account for the observatiahat Us3 serves similar functions during the
replication of differenfAlphaherpesvirinagnembers. Although Us3 is universally conserved
among alphaherpesviruses and involved in variooigdiical activities, it is not essential for virus
replication and transmission in cultured cells (33,264, 267). However, the need for the intact
activity of Us3 is greater during the infectionasfimal model systems including, in the case of
PRV, the natural host. Animals inoculated with Wa8l mutants showed restricted spread of
progeny viruses to the initial site of inoculati@68, 269). Thus, the activity of Us3 is not
essential to virus replication in cultured cellst Indispensable for counteracting the host
antiviral defense and host restriction factors tgiose efficient virus replication and spread in
animal hosts.

It has been shown that Us3 orthologues carry oliipteifunctions during virus
infection (Figure 2-10), including preventing virurgluced apoptosis (27-32), facilitating virion
maturation (33-38), stimulating mRNA translatio®)3promoting cell-to-cell spread of virus
infection (40-42), and inactivating HDACs (43-45)dure 2-10). In addition to these roles, the
contribution of Us3 to overcoming the host immuesponse has also been reported. For example,
Us3 mediates down-regulation of MHC class | surieqaression (46, 47), inhibits accumulation

of interferon gamma (IFN) inducible genes (48), and interferes with TLRhsiling (49, 50).
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Table 2-2. Percentages of amino acid identity of differdphaherpesvirus Us3 orthologues, based on the aatiislcsequences of both the
complete Us3 ORF and the kinase domain only (iemtheses). Table and caption are adapted frorB¢8jV, Bovine herpesvirus; EHV,
Equine herpesvirus; MDV, Marek’s disease virus.

HSV-1 HSV-2 VZV PRV BoHV-1 BoHV-5 EHV-1 EHV -4 MDV
HSV-1 100
HSV-2 74 (84) 100
VZV 37 (45) 35 (44) 100
PRV 33 (40) 32 (40) 29 (40) 100
BoHV-1 29 (43) 30 (40) 33 (45) 41 (49) 100
BoHV-5 31 (42) 31 (40) 33 (43) 41 (48) 81 (89) 100
EHV-1 34 (41) 34 (40) 36 (45) 38 (46) 40 (47) 40 (46) 100
EHV-4 36 (43) 36 (42) 36 (44) 39 (48) 39 (48) 40 (48) 86 (91) 100
MDYV 31 (41) 30 (40) 28 (38) 27 (37) 29 (37) 29 (36) 29 (37) 29 (37) 100
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Figure 2-10.Overview of different functions attributed to aljplespesvirus Us3 orthologues. L
plays diverse roles during virus replication, irthg prevention of virus-induced apoptosis,
facilitation of virion maturation, disassembly daftia stress fibers, facilitation of cell-to-cell
spread of virus infection by inducing filamentousgesses, inactivation of HDACs. The
contribution of Us3 to overcoming the host immuesponse has also been reported through
down-regulation of MHC class | surface expressiohibition of accumulation of IFN-

inducible genes, inhibition of IFN production atNFmediated antiviral effects, and interfece
with TLR signaling. Not included in this figure iés3-mediated stimulation of mMRNA translation
by activating mTORC1. Figure and caption are adhfstam (8).
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To this long list of Us3 functions, work done inrdaboratory (and described in this thesis) has
revealed a role for Us3 in disruption of PML-NB$)2The wide spectrum of Us3 activities in
infected cells is attributed to various celluladasiral substrates for Us3-mediated
phosphorylation. With its ability to shuttle betwetie nucleus and the cytoplasm (270, 271),
Us3 has been shown to phosphorylate many nuclebacydaplasmic proteins in infected cells,
and many more were identified as putative sub&tiateitro (8, 270, 272). In this section, the

Us3 activities that are most relevant to my studresdescribed.

2.7.1Inhibition of Apoptosis

As a part of the host antiviral defense systemptgsis can be induced by virus infection
to clear the infected cells and prevent transmmssiovirus to uninfected cells. To counteract
apoptosis and allow a sufficient time to undergaication, many different viruses have evolved
distinct strategies to interfere with apoptotichedys. The anti-apoptotic effects of Us3 initially
drew attention when early studies revealed thatciidn with Us3-repaired strains, or expression
of Us3 in the absence of other viral proteins sigantly suppressed apoptosis induced by viral
infection and exogenous stimuli, such as osmotuckshUV exposure, sorbitol treatment, and
Fas-ligand exposure, while infection with Us3-rsihiains failed to prevent apoptosis (30, 268,
269, 273-276).

Us3 protects infected cells from apoptosis by iitimg cellular factors involved in
apoptotic pathways and this requires Us3 kinageigciThe Us3 substrates involved in its anti-
apoptotic activity that have been characterizedte are caspase-3, BAD, BID and protein
kinase A (PKA) (Figure 2-11). Caspase-3, BAD anb Blte expressed as inactive proenzymes
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Figure 2-11 Cellular pathways involved in cell survival angbatosis signaling, and
intervention by Us3. Us3 inhibits the activatioea¥age of Bid, Bad and caspase-3 via
direct phosphorylation, as indicated by the limesnf Us3 with bar tips. Alternatively,
Us3 may activate the PKA-mediated signaling pathisagctivating PKA via direct
phosphorylation, or by phosphorylating PKA substiag a viral PKA surrogate. The line
from Us3 with an arrow head and a question markessmts possible direct or indirect
activation by Us!
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that require proteolytic processing into activarierby caspase-3, caspase-8 or granzyme B. This
cleavage process is blocked by Us3-mediated phogpkion of pro-caspase-3, pro-BAD and
pro-BID, decreasing the availability of cleavednfercapable of activating and propagating
apoptotic signals (2, 27, 273, 276-282).

The potential Us3 target, PKA, is a cellular setimeonine kinase involved in cell
survival signaling, which inactivates BAD by phospylation (277, 279-281). Expression of
HSV-1 Us3 increases the amount of phosphorylatedeser threonine residues in the context of
the PKA consensus sequence (28). Moreover, knowh ®Kstrates, including histone H1 and
the RIl catalytic subunit of PKA, serve as substratedJs8in vitro, confirming that Us3 and
PKA have overlapping substrate profiles (28). Tavsrlap in substrates suggests that Us3 may
inhibit apoptosis by acting as a viral surrogat®lfA and phosphorylating PKA substrates, such
as BAD. Alternatively, as the Rlicatalytic subunit of PKA, whose phosphorylatioives PKA
activation, serves as a substrate for Us3, Us3ditagtly activate PKA by phosphorylation,
which in turn activates a cell survival pathwaybtock apoptosis (28).

For PRV Us3, its ability to target mitochondria mseto be a contributing factor to
inhibiting apoptosis, since the long isoform Usghikits a better anti-apoptotic capacity than the
short isoform Us3b (283, 284). In cells infectedhwa Us3-null strain of PRV, the expression of
the short isoform PRV Us3b only partially recovéits anti-apoptotic activity of Us3 against viral
infection or staurosporine treatment, whereas cetanti-apoptotic effects are observed with
Us3a (283). This difference may be explained bypttirmary localization of Us3a to
mitochondria (2); Us3a may be better than Us3liigdting mitochondrial factors involved in
apoptosis. Similar to PRV, only the long isoformUs3 seems to exert its anti-apoptotic effects

in HSV-1, since the short isoform HSV-1 Us3.5 faildblock the BAD cleavage, suggesting
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an impaired ability of Us3.5 in inhibition of apagis (262). However, unlike PRV Us3 isoforms,
both Us3 and Us3.5 are capable of localizing t@ahiondria, excluding sub-cellular localization
as a differentiating factor for their anti-apoptadbilities (262). It has been suggested that,
although both HSV-1 Us3 isoforms are localized tamondria, only the long isoform has
recognition sites for substrates necessary to perits anti-apoptotic activity (262, 285).

Lastly, there remains two unsolved questions reggrie role of Us3 as an
inhibitor of apoptosis, the first of which being pphysiological relevance. In contrast to a
common belief that inhibiting apoptosis will fatdiie virus infection by extending the time
allowed for virus replication, a recent study shdwhat the replications of wild-type (WT) and
Us3-null strains of PRV were not improved in céfiat had been treated with a broad-spectrum
caspase inhibitor to inhibit apoptosis, indicatihgt the contribution of Us3-mediated inhibition
of apoptosis to PRV replication may be minimal omplemented by another viral protein(s)
(286). Secondly, Us3-mediated phosphorylation aadtivation of the substrates described
above is not sufficient to explain the diverse mn§apoptotic stimuli counteracted by Us3. Thus,
it is possible that, in addition to the direct ttigg of apoptotic factors by Us3, Us3 may also
utilize or interfere with a master regulator fotlbntrinsic and extrinsic apoptotic pathways,

such as PML-NBs.

2.7.2Nuclear Egress during Virion Maturation

Us3 accumulated inside the nucleus contributesuitipte processes involved in the
viral egress from the nucleus. First, Us3 faciitathe primary envelopment of capsids, in which
assembled capsids bud at the inner nuclear membntanéhe perinuclear space. It has been
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suggested that, in HSV-1 and PRV infection, Us3 ntetés the localization of UL31-UL34
complex by phosphorylating UL31 (239, 287). Us8as required for the co-localization of
UL31 and UL34; the co-expression of UL31 and UL84ufficient to accumulate both proteins
to the nuclear rim (34, 287, 288). However, indbsence of Us3, the UL34-UL31 complex
forms punctuated aggregates around the nuclearather than a smooth homogenous
distribution seen in the presence of Us3 (34, 288). Therefore, Us3 is necessary for the
homogenous distribution of UL34-UL31 complexes, athmay be favorable for the budding
process at the inner nuclear membrane to maximeefficiency of egress from the nucleus.
Surprisingly, despite the conservation of Us3 phosyation sites in HSV-2 UL31, it appears
that HSV-2 Us3 does not affect the localizatiotaB81-UL34 complex during HSV-2 infection,
indicating that the regulatory function of Us3 lretprimary envelopment process is not
necessarily conserved across Ayghaherpesvirinag¢289).

Additionally, Us3 promotes the primary envelopmertdcess at the inner nuclear
membrane by disrupting the nuclear lamina. HSV-3 biss been shown to contribute to virus-
induced disruption of the nuclear lamina by phosplating lamin A/C, which presumably leads
to local disassembly of lamina (37). HSV-1 Us3 alkosphorylates a lamin-associated protein
called emerin, accelerating dispatch of lamin Af@hf the lamina (290, 291).

Furthermore, Us3 plays an important role in thedeelopment stage. Cells infected
with Us3-null strains of HSV-1, PRV, and MDV reveastriking accumulation of enveloped
virus particles within the perinuclear space (3,234, 264, 268, 289). For HSV-1 and MDV,
the kinase activity of Us3 is important for the@®relopment process, likely due to the
involvement of Us3-mediated phosphorylation of Ule8id gB (239, 287, 292). HSV-1 Us3

phosphorylates gB at a threonine residue in itsptgsmic tail, which appears important for
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fusion between the viral primary envelope and thieionuclear membrane, since a phospho-
deficient mutant of gB results in a significant eldfin viral egress from the nucleus (36, 293).
Interestingly, the amino acid residue in HSV-2 giresponding to the threonine residue of
HSV-1 gB phosphorylated by Us3 is alanine, resgltmthe inability of HSV-2 Us3 to
phosphorylate gB in HSV-2 infection (289). Consisteith the importance of Us3-mediated
phosphorylation of gB in the de-envelopment prociesklSV-2 infection, the lack of Us3

activity does not result in the accumulation ofonrcapsids in the perinuclear space (289).

2.7.3Inactivation of HDACs

Upon entry into the nucleus, the viral genome gosed to the nuclear environment and
becomes loaded with histones. This loading rentthersiral genome vulnerable to histone-
mediated transcriptional regulation, including sding by histone hypoacetylation. To evade
host-mediated transcriptional silencing and irgtigital gene expression, viral proteins, such as
ICPO, act to unload histones from the viral genooneanodulate the modification status of viral
genome-associated histones to facilitate transonpOne of the strategies employed by
members of thélerpesviridago achieve the latter goal is by inactivating HDAC

The role of Us3 in phosphorylation and inactivatad HDACs was first described in
HSV-1 Us3. Expression of HSV-1 Us3 causes the appea of HDAC1 and HDAC?2 bands
with an altered mobility by western blot analygest is dependent on Us3 kinase activity
indicating that Us3 targets HDAC1 and HDAC?2 for ppborylation (43, 294, 295). These
studies suggest that Us3-mediated phosphorylafietbé&\Cs may represent a viral strategy to
disable HDACs and facilitate viral gene transcdptfrom the viral genome. Supporting the role
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of Us3 in gene expression, expression of Us3 akoable to increase the expression level of
reporter genes in a kinase-dependent manner (48)nidar enabling effect on reporter gene
expression is observed with sodium butyrate treatngeglobal HDAC inhibitor, in the absence
of Us3 (43). These results suggest that Us3 agtimitrors the activity of sodium butyrate by
inactivating HDACs. Furthermore, a conserved featfrUs3 orthologues from HSV-1, PRV
and V2V is the hyper-phosphorylation of HDAC1 anBAIC2, suggesting that this Us3 activity
may be important for optimal replication of manymieers of theAlphaherpesvirina¢44, 45).
However, the extent of contribution seems viruss#ffe inhibition of HDACs by HDAC
inhibitors recovers the replication of Us3-nullesiis of VZV and PRV, but not of HSV-1 (45).
Lastly, it appears that the Us3 orthologues phogtéte HDACs by an indirect mechanism,
since the Us3 orthologue from VZV does not direptipsphorylate HDACH vitro (44).
Therefore, Us3 likely activates a cellular kinamg;h as PKA, and the activated cellular kinase,

in turn, mediates the phosphorylation of HDACs.

2.7.4Facilitation of mMRNA Translation

The re-direction of host translational machinenytfanslation of viral mMRNAs is critical
for optimal virus replication, especially in celldth arrested translation in response to antiviral
cytokines, such as interferons. In addition to Ws3 also facilitates translation of viral mMRNA
by activating the Akt/mTOR pathway. As describe@acttion 2.3.3., when activated by the
GTPase Rheb, mTORC1 phosphorylates 4E-BP to fateilthe initiation step for mMRNA

translation. In turn, mMTORC1 is negatively reguillby tuberous sclerosis complex (TSC), a
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GTPase-activating protein (GAP) for Rheb. Phosplation of TSC at threonine and serine
residues by Akt inhibits TSC GAP activity, and al®subsequent activation of mMTORCL.

A study by Chuluunbaatar and colleagues demondtthts Us3 functions as a viral
surrogate for the cellular kinase Akt, and induo@sstitutive activation of mMTORC1 to increase
the host translational activity (39). Despite ek of sequence homology with Akt, Us3 directly
phosphorylates TSC at the same residues as Alilieganfected cells to by-pass the signal

transduction by Akt, otherwise necessary for mTORE€tivation (39).

2.7.5Interference with Toll-Like Receptor Signaling Pathway

The innate immune response plays an importantimakecognizing viral invasion, and
restricting virus replication and transmission befadaptive immunity is developed. One of the
host pattern recognition receptors that recognabqgen-associated molecular patterns (PAMPS)
upon virus infection is the TLR family. The membefshis protein receptor family are present
in the plasma membrane and endosomes, and eachemeznbgnizes unique PAMPSs, including
double-stranded RNA and unmethylated CpG DNA ca&gtimto endosomes, which are signs of
active virus replication. When TLR2 is activateaiascade of phosphorylation events mediated
by cellular kinases occurs to transduce the sifjoad activated TLR2 to downstream effectors.
When the signal reaches the cellular E3 ubiquigyade, tumor necrosis factor receptor-associated
factor 6 (TRAF6), TRAF6 catalyzes the synthesipai/-ubiquitin chains onto itself and the
cellular kinase TAK1. TAK1 interacts with its bimdj partners through its poly-ubiquitin chains,

leading to the poly-ubiquitylation and degradatidrthe NF- B inhibitor | B (I B). Upon
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degradation of IB, NF- B translocates to the nucleus, where it activatesiription of antiviral
and pro-inflammatory genes.

In cells infected with HSV-1, NFB activity is activated through TLR2, and viral
proteins such as ICPO inhibit the signal transauctiom TLR2 to NF-B by inducing
degradation of adaptor molecules (296). In additiolCPO, a Us3-null strain of HSV-1 fails to
inhibit degradation of IB in response to TLR2 activation, which is obserieils WT
counterpart, indicating that, in the absence of, tts3 virus is not able to block NmB signaling
to its full extent (50). Although the exact mectsmiis not known, it was shown that Us3 blocks
NF- B signaling by inhibiting poly-ubiquitylation of TAF6 in a kinase-dependent manner (50).
Interestingly, HSV-1 Us3 seems to carry out thigvilg at as early as 1 hour post infection,
when the expression of IE genes is only beginronget detected (50). Thus, the results from this
study indicate a possible role of tegument-assedibis3 in the regulation of the host cell

ubiquitylation pathway.

2.7.6Interference with the IFN Response

The IFN family of cytokines is one of the comporseot the innate immune response.
The members of the IFN family are divided into theeibgroups: types |, Il, and Ill. Each
subtype is distinct with respect to the type ofquaing cells, amino acid sequence, receptor
recognition, and the signaling pathways involvethim activation of IFN-stimulated gene (ISG)
expression. While numerous subtypes of IFNs, inolyéFN- , - , -, - , and - , belong to type
I IFN, type Il and type Il IFN subgroups only imcle IFN- and IFN- respectively. When IFNs
bind to their receptors, signal transducer andvaftdi of transcriptions (STATS) are
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phosphorylated and activated by cellular kinasesh &s the Janus activated kinases (JAK)
(Figure 2-12). For type | IFN signaling, activat8@AT1/2 heterodimers form IFN-stimulated
gene factor 3 (ISGF3) complexes with IFN-regulati@agtor 9 (IRF9), and this complex
translocates to the nucleus, where it binds IFNugfated response elements (ISREs) and initiates
transcription of ISGs (15). In cells stimulatedwiype Il IFNs, instead of ISGF3, activated
STAT1 homodimers translocate to the nucleus and GIAS (IFN- -activated site) elements
present in certain ISGs, thereby initiating th@saiption of these genes. Type | IFNs can also
signal through STAT1 homodimers and activate trdpon of ISGs under the control of GAS
elements.

Us3 orthologues have been shown to counteractdstelEN response mediated by type
| and type Il IFNs. In cells exposed to IFNthe virus titer of a Us3-deficient strain of H3Ms
dramatically reduced, and accompanied by significagiuctions in the number and size of
plagues formed by the mutant strain, as comparétbid-1 WT (297). These results demonstrate
that Us3 functions to overcome an IFNnduced antiviral state, likely by interfering Withe
activities of IFN-induced antiviral effectors. Hoer research is needed to examine if other Us3
orthologues are also involved in counteracting IRtlliced antiviral state, and to determine
potential mechanisms.

While the above study by Piroozmand and colleageesonstrated the role of Us3 in
overcoming an already-established antiviral std&8 orthologues also interfere with the
processes that occur prior to the establishmeantiiral state. For example, HSV-1 Us3 blocks
the expression of IFN-inducible genes, even when it is expressed alatieut other viral
proteins, by phosphorylating IFNreceptor alpha (48). This Us3-mediated phosphtoyiaf

IFN- receptors is proposed to down-regulate IFf¢ceptors from the cell surface, rendering the
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Figure 2-12.Interferon receptors and activation of classiéddJSTAT pathways by type | and type I
interferons. All type | interferons (IFNs) bind amamon receptor at the surface of human cells, wisich
known as the type | IFN receptor. The type | IFNetor is composed of two subunits, IFNAR1 and
IFNAR2, which are associated with the Janus aaiv&inases (JAKS) tyrosine kinase 2 (TYK2) and
JAK1, respectively. Type Il IFN binds the type BN receptor, composed of two subunits, IFNGR1 and
IFNGR2, which are associated with JAK1 and JAK2pestively. Activation of the JAKs that are
associated with the type | IFN receptor resulttyinsine phosphorylation of STAT2 and STAT1; this
leads to the formation of STAT1-STAT2-IRF9 complexehich are known as ISGF3 complexes.
These complexes translocate to the nucleus andi8REs in DNA to initiate gene transcription. Both
type | and type Il IFNs also induce the formatidr8d AT1-STAT1 homodimers that translocate to the
nucleus and bind GAS elements that are preseheiptomoter of certain ISGs, thereby initiating the
transcription of these genes. The consensus GAfegleand ISRE sequences are shown. Figure and
caption are adapted from (15). N, any nucleotide.

56



cell unresponsive to IFN- Moreover, the VZV orthologue of Us3 is able thilmit the IFN-
signal transduction by decreasing STAT1 phosphtioylaimportant for the transcriptional

activation of IFN--inducible antiviral effectors (298).

2.8 PML-NBs Mediate Antiviral Defense againstHerpesviridaelnfection

As PML-NBs emerged as the central organizer ofggses that occur in the
nucleus, the possible interaction between PML-NM$rauclear-replicating viruses sparked
interest in many investigators, subsequently imitganumerous studies on the role of PML-NBs
in antiviral defense. Soon studies using diffef2NA viruses, such as adenoviruses, the
polyomavirus simian virus 40 (SV40), papillomavegsand representative members of all
subfamilies of théderpesviridag demonstrated that DNA genomes of these viruses ar
preferentially positioned in close proximity to PMNBs (202, 203, 206, 299). This preferential
positioning of viral genomes to PML-NBs does najuiee any viral gene transcription or protein
expression, as this process occurs in the presdri@nscription and translation inhibitors (202).
As to a possible outcome of the association betwleeriral genome and PML-NBs, early
studies suggested that the positioning of virabges close to PML-NBs would assist in
initiating viral gene transcription, by providingahscription factors concentrated in PML-NBs.
This argument was supported by the characterizecofd®ML-NBs in transcriptional activation,
and detection of nascent RNA in the immediate igiof PML-NBs (124). Furthermore, at early
times in HSV-1 infection, the essential viral tracvator ICP4 forms punctate foci juxtaposed to

PML-NBs, and these ICP4 foci develop into replisatcompartments as infection progresses
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(300, 301). These ICP4 foci were also found to @&ioniCP27, which functions in processing and
export of viral MRNAs, suggesting that PML-NBs regent a site of active viral gene
transcription (300). Overall, the early model dkiraction between viral DNA and PML-NBs
suggested that, upon entry into the nucleus, NW was deposited close to PML-NBs, where
virus replication was initiated with an assist fr@wiL-NBs.

However, this pro-viral role of PML-NBs was lat#rallenged by studies that utilized
cells depleted of PML-NB resident proteins (Figf&3). Although knocking down PML, Sp100
or Daxx by stable transfection with shRNA doesafect the replication of HSV-1 WT, it
dramatically recovers viral gene expression antdoatpon of an ICPO-null mutant of HSV-1,
indicating that, in the absence of the potent PMR.iNhibitor ICPO, HSV-1 replication is
impaired by PML-NB resident proteins (209, 302, BE3MVL, Sp100 and Daxx appear to repress
viral gene expression in a co-operative manneindapendent pathways, as knocking down
these three main PML-NB resident proteins simulbaséy in double- and triple-combinations
additively increases the gene expression and sgfait of the ICPO-null mutant of HSV-1 (304).
Furthermore, PML-NBs are associated with the \gemlome during latency or quiescence, both
of which are characterized by lack of lytic vir@rge expression. In cells infected with a HSV-1
mutant lacking multiple viral tansactivators, sashICPO, ICP4 and VP16, initiation of viral
gene expression fails, and the viral genome rengonmant, or “quiescent,” for extended periods
of time until it is reactivated by complementing tactivities of missing transactivators, similar to
latency occurring during natural infection. In thells, association of the quiescent viral
genome with PML-NBs appears to exert transcripliogression on the viral genome, as the
reporter gene expression from the quiescent veabme is increased in cells depleted of PML

(305). This association between the viral genomeRML-NBs is also observed in neurons from
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Figure 2-13 During the initial stages of infection viral genes enter the nucleus of infected
cells. PML-NB resident proteins are recruited @ ithcoming HSV-1 genomes. The activity
of viral proteins, such as HSV ICP0, HCMV |IE1 anB\EEBNAL, promotes disruption of
PML-NBs and their restriction factors, leading lte efficient onset of viral replication. In the
absence of these viral proteins, PML-NBs mediagettlinscriptional repression of viral gene
expression leading to the establishment of viriésgence and latendyigure and caption a
modified from (10).
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latently-infected mice, and PML-NBs exert activanscriptional repression on the latent viral
genome, inhibiting the expression of LAT (306). Hi#ciency of silencing LAT expression is
increased as the copy number of latent viral gesaheereases, further supporting the inhibitory
interaction between PML-NBs and the viral genon@6§30f the seven main PML isoforms,
PML I and PML Il have been shown to mediate argivitefense against HSV-1, as expression of
PML I or PML Il alone in the absence of endogenBML isoforms inhibited the replication of a
ICPO-null mutant of HSV-1 (307). The exact mechamis/ which these two isoforms restrict the
replication of HSV-1 remains to be determined.

Transcriptional repression of the viral genome MLMNBSs is not limited to HSV-1.
During HCMV infection, over-expression of exogen®ML, followed by an increased number
of PML-NBs, results in impaired development of feglion compartments and decreased
expression of E and L genes, due to a delay in RBLdisruption (308). In the same context, in
cells depleted of PML, Sp100 or Daxx, viral genpression is augmented, leading to a
significant increase in HCMV replication, and sitameous depletion in double- or triple-
combinations results in an additive effect in viraplication (304, 309-313). Furthermore, if
HCMYV fails to dissociate Daxx from PML-NBs or dedeaSp100 at early times in infection,
Daxx and Sp100 induce alterations in chromatincstine around the major immediate-early
promoter (MIEP) of HCMV, likely through HDAC actities, resulting in the positioning of
transcriptional repressive chromatin at the MIEE)(314, 315). Additionally, in cells
guiescently-infected with HCMV, depletion of Dayealds to initiation of lytic virus replication
(316). A similar role for PML-NBs in suppressingaligene expression has been demonstrated
during EBV infection (286, 317-320). Overall, thedeservations support that it is a general

feature ofHerpesviridadanfections that, PML-NBs and their component pirigdunction to
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block the initiation of viral gene expression amdductive viral replication, representing
important mediators of intrinsic antiviral deferagainst these viruses.

Passive deposition of the viral genome to PML-NBypsed in the early model was also
challenged, as recent studies demonstrated thit,ieanfection, PML-NB components are
actively recruited to the incoming viral genome &oin new PML-NBs in immediate proximity
to the viral genome. In a developing HSV-1 plaquegeny virus from an infected cell spread
into neighboring uninfected cells at sites of @@l contact, resulting in spatially asymmetrical
infection (321). Once virus particles have entahednewly infected cell, the viral genome enters
the nucleus, preferentially on the side of the eusladjacent to the cell from which the virus
originated. If the viral genome migrated toward tlearest PML-NBs, then virus infection would
not be predicted to change the overall distribubbPML-NBs. However, in a developing plaque,
PML-NBs form an arc along the edge of the nuclei@ily infected cells adjacent to the cell
from which the virus originated, which co-localiaggh the distribution of viral genomes (321).
This arc-like distribution of PML-NBs is not obsed/in uninfected cells, indicating that virus
infection induces re-distribution of PML-NBs (32Eurthermore, in cells depleted of PML, other
PML-NB components, such as Sp100, Daxx and ATR& diffused throughout the nucleus, and
do not form nuclear bodies together (97, 209, 3@&Wwever, upon HSV-1linfection, Sp100, Daxx,
and ATRX re-locate and form PML-NB-like structuisthe sites of viral genomes, strongly
suggesting that entry of viral genome triggers e of novel PML-NBs around the incoming
viral genome (305, 321). Similar observations waeale in cells simultaneously depleted of
PML and Sp100 (302). The model of novel PML-NB asisky is further supported by the
restricted mobility of PML-NBs; since at least dgtoup of PML-NBs are immobile, it seems

less likely that pre-existing PML-NBs move towathe incoming viral DNA (321, 323). It is
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noteworthy that, in the absence of PML, Sp100 aaxixDnitially co-localize in PML-NB-like
structures with the viral genome, but do not renaaisociated with it for extended periods of time
after infection, indicating an important role of BMs an assembly platform for PML-NBs (305).

How the entry of the viral genome triggers the agsg of new PML-NBs is a question
yet to be answered. However, a clue has come frstudy by Tsukamoto and colleagues (324).
The authors stably integrated a plasmid contairgpgats of théac operator and tetracycline-
responsive element into cellular chromosomes. Wéerepressor and tetracycline receptor
fusion proteins were expressed and bound to tlegiated repeats of thac operator and
tetracycline-responsive element respectively, mbegration sites became associated with PML-
NBs (324). This artificial tethering of chromosonmtePML-NBs suggests that the recognition of
foreign nucleoprotein complexes may serve as abtgrstimulate their association with PML-
NBs. In the context of virus infection, when theatigenome has entered the nucleus, the viral
genome likely never exists as naked DNA, as thad genome becomes loaded with histones,
and VP16 accumulates on the viral genome, along @at-1 and HCF, to form transcription
initiation complexes. Moreover, the presence dahgenome also stimulates the DNA damage
response, and results in the recruitment of celjulateins involved DNA repair, such as 53BP1
and -H2AX, to the viral genome, likely allowing the foation of nucleoprotein complex
between the viral genome and DNA repair proteis)3Further research is necessary to
identify the nature of nucleoprotein complexes #tmhulates the association of PML-NBs with
the viral genome.

PML-NBs are also capable of inhibiting virus reption by physically entrapping viral
components. In cells infected with VZV, PML-NBs fioispherical cages that enclose mature and

immature VZV nucleocapsids, through the interacbhetween PML IV and ORF23, the VZV
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homologue of the smallest capsid protein VP26 (328). This entrapment within PML-NBs
prevents further cytoplasmic maturation procesdrépped viral capsids, resulting in a
significant inhibition in virus replication (327).

Finally, PML and PML-NBs act as important mediatof$FN-induced antiviral
defenses. In cells exposed to IFN, enhanced expressad activity of ISGs limiHerpesviridae
replication through multiple pathways. One pathuwglyy inhibiting expression of viral IE genes.
Type | or Il IFN inhibits accumulation of viral I§enes of HSV-1, HSV-2, PRV and HCMV,
without affecting viral absorption, penetrationcoating, and nuclear entry of the viral genome
(328-332). These results suggest that IFN treatméitiits transcription of viral IE genes. It has
been proposed that the transcriptional repressitivityg of PML and PML-NBs are attributable
to IFN-mediated silencing of the viral genome. Poten regions of the genes encoding PML and
many of other PML-NB resident proteins, includingl80, contain an ISRE and/or a GAS, and
their expression is induced in cells exposed te tyand/or Il IFN (333-338). As a consequence,
the number and size of PML-NBs increase in respam#eN, likely leading to enhanced
transcriptional suppression of the viral genomé&ML-NBs (338). Supporting a role for PML in
mediating IFN-induced antiviral effects, mutanagis of HSV-1 and PRV that lack ICPO
orthologues replicate poorly in cells pre-exposetFN (339-342). Furthermore, the inhibitory
effect of IFN treatment on viral gene expressioatislished in cells frol®ML knock-out mice
(18). Taken together, PML is an important IFN efifechat establishes an antiviral state in
response to IFN treatment, likely in the form of BMBs. ThereforeHerpesviridaedegrade or

dissociate PML to disrupt PML-NBs and disarm thN4iRduced antiviral state.
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2.9 Strategies ofHerpesviridaeto Counteract PML-NBs

During herpesvirus infection, viral proteins haweehb shown to disrupt PML-NBs via
two main pathways, degradation or dispersal. Ifdhmer pathway, PML, the essential protein
for PML-NB formation, becomes degraded throughatigons of a viral protein, generally via a
proteasome-dependent mechanism. The second paitmvedyes dispersal of PML, in which
PML-NBs are disrupted without any change in thaltlavel of PML. In the latter pathway, PML
molecules are unable to interact with each othetlwer resident proteins to form PML-NBs,

generally due to inhibition of PML SUMOylation.

2.9.1HSV-1 and HSV-2

During the first four hours of infection, HSV-1 digpts PML-NBs, but a HSV-1 mutant
deficient for ICPO cannot (19, 206). ICPO is a Nyr@ncoded E3 ubiquitin ligase containing a
RING domain, and interacts with the host E2 ubiguibnjugating enzymes to conjugate poly-
ubiquitin chains on its substratesvitro andin vivo, including PML and Sp100 (19-25). Initially,
ICPO localizes to PML-NBs, where it mediates pabyeuitylation and proteasome-dependent
degradation of PML and other PML-NB resident prugeiThe degradation and dispersal of PML-
NB resident proteins correlates with the ability@PO to counteract transcriptional silencing of
incoming virus and initiate efficient viral repligan (13, 209, 302, 343). Furthermore, ICPO-
mediated degradation of PML is important for reating quiescent viral genomes and initiating
lytic infection in latently infected cells (305, 3¢ ICPO-mediated PML degradation occurs by
SUMO-dependent and SUMO-independent mechanismssuyskquently leads to disruption of

PML-NBs.
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In the SUMO-dependent pathway, ICPO mediates Ititeajproteasome-dependent
degradation of SUMO-conjugated proteins, includdtgMOylated PML (10). ICPO harbors
seven putative SIM motifs, and a few of them haserbshown to interact with SUMO molecules
(10). Through its functional SIM, ICPO induces palyiquitylation of SUMO chainm vitro, and
global degradation of SUMO-conjugated protemsivo (10). In other words, ICPO recognizes
SUMOylated proteins, including PML and Sp100, ¥&SIM, and drives poly-ubiquitylation of
the SUMOylated proteins, which are subsequentlyatégd by proteasome. Degradation of
SUMOylated PML by ICPO eventually results in digiap of PML-NBs. This ability of ICPO to
target SUMO-conjugates underlies ICPO-mediatedatidion of SUMOylated PML isoforms in
cells expressing endogenous PML isoforms or indizidPML isoforms in isolation from stably-
transfected constructs (10, 20, 25, 307, 344-F6)vever, despite ICPQ’s ability to target
SUMOylated proteins on a global scale, it seems3khiMOylated forms of PML are a preferred
target for ICP0O, as SUMOylated PML seems to beatbap by ICPO more rapidly than other
SUMOylated proteins (286).

Supporting the importance of SIM-SUMO interactionCP0’s engagement with its
substrates, the non-SUMOylated forms of PML isoforemain relatively resistant to ICPO-
mediated degradation, with the exception of non-&yldted PML | (10). Moreover, the ICPO
SIM is important for the biological activities d€PO0, as the ICP0O SIM mutants are less active in
complementing the replication of ICPO-null mutamtis compared to WT ICPO, and, to a lesser
extent, in reactivating quiescent HSV-1 viral geesn(iL0).

In the SUMO-independent pathway, ICPO targets 80iMOylated forms of PML | for
degradation. While ICPO is equally capable of ddigigra SUMO-deficient mutant of PML |,

compared to the WT PML |, it fails to degrade SUMEficient mutants of PML Il and PML IV
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(10, 347). Moreover, ICPO directly interacts withlP| via a PML I-specific region within the
C-terminus of PML |, demonstrating that it does remjuire PML | SUMOylation to induce
degradation of PML | (10, 347). This is contraryotber PML isoforms, as ICPO recognizes PML
Il'and PML IV as its substrates for degradatioa iBUMOYylation-dependent manner (10, 347).
A clear reason as to why ICPO specifically targ®¥4 | by two distinct mechanisms remains to
be answered.

It is noteworthy that the ability to induce thelghl degradation of SUMOylated proteins
is conserved amonyiphaherpesvirinadCPO0 orthologues. Just like HSV-1 ICPO, ICPO
orthologues from PRV, BHV-1, EHV-1 and VZV contarRING domain, which allows these
orthologues to function as an E3 ubiquitin ligaseitro (20). They also target SUMOylated
proteins for degradation in a manner dependentein §IMs (10). However, these ICPO
orthologues are not as competent as HSV-1 ICP@;ititice minimal to no degradation of PML
and Sp100, resulting in limited disruption of PMIBSI(20, 348).

In light of the finding that the activities of ICROthologues from several HSV-1-related
herpesviruses display variability in their abilitydegrade PML and disrupt PML-NBs,
functional redundancy in an alternate viral protnld be a plausible means by which the
viruses ensure that PML-NB disruption continueedour (20). Indeed, it is noteworthy that
ICPO is not the only viral protein of HSV-1 thatgsesses the capacity to disrupt PML-NBs. A
large screen for HSV-1 proteins that disrupt PMLa\Bvealed that, in addition to ICPO, the
products of the three other viral genes also sthéseability (349). These viral proteins include
UL14; a tegument protein involved in inhibition @poptosis and nuclear transport of VP16 and

incoming viral capsids (350, 351), Us10; a tegurassociated phosphoprotein with unknown
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function (352), and UL8.5; a viral protein with urdwn function. Whether these viral proteins
disrupt PML-NBs during virus infection, and if dmw, has not been reported.

Finally, HSV-2 infection alters the expressiontpat of PML isoforms. HSV-2 ICP27
switches PML Il to PML V by inhibiting the eliminan of PML exon 7a during splicing of PML
pre-mRNA (353). However, as it seems that PML drpotes HSV-2 infection rather than

inhibits it, the reason why ICP27 induces switchifig?ML 1l to PML V remains unclear (353).

2.9.2HCMV

During HCMV infection, it is the immediate-earlygtein IE1 that induces disruption of
PML-NBs (354-356). As seen with ICPO, IE1 initialp-localizes with PML-NBs through its
physical interaction with PML (354-357). SubseqlernEl induces the loss of SUMOylated
forms of PML, which in turn disrupts PML-NBs (34358). This IE1-mediated PML-NB
disruption correlates with transcriptional actieatiof viral genes by IE1 (357). Furthermore,
expression of IE1 is able to complement the inghdf a ICPO-null mutant of HSV-1to disrupt
PML-NBs, and partially recover defective replicatiof the mutant virus, suggesting that IE1 and
HSV-1 ICPO serve the same function to some de@®@)( However, unlike ICPO, IE1 does not
reduce the amount of non-SUMOylated PML isofornmg the IE1-induced loss of SUMOylated
PML does not involve proteasomal activity (358).pA¢sent, how IE1 is able to abrogate
SUMOylation of PML to disrupt PML-NBs remains to 8etermined.

Another HCMV protein that has been shown to be ol#paf disrupting PML-NBs is the
viral kinase UL97 (360). However, an independemtlgty different laboratory failed to see any
significant effect of UL97 on PML-NBs (361).
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2.9.3EBV

At the onset of lytic EBV infection, disruption BIML-NBs starts with the dispersal of
Sp100 and Daxx, which is then followed by dispeddd@ML (286, 317, 319). Two proteins have
been shown to mediate disruption of PML-NBs: BZLErd EBNAL.

BZLF-1 is the principal activator of lytic gene egpsion and is modified with SUMO
(286). It has been shown that BZLF-1 competes RNt for a limited pool of SUMO, which
abrogates PML SUMOylation and induces disruptioRi_-NBs (286).

On the other hand, the viral transcriptional adbv&BNAL induces degradation of all
PML isoforms to disrupt PML-NBs (362). To inducegdedation of PML, EBNAL needs to form
a ternary complex with CK2 and USP7 (12, 362). Tigtoits direct interaction with CK2,
EBNAL1 increases association between CK2 and PML;dBd subsequently promotes PML
phosphorylation by CK2, triggering degradation MLPand disruption of PML-NBs (362).
EBNAZ1 also binds to USP7 and increases localizasfddSP7 in PML-NBs, together indicating
that EBNAL utilizes two independent pathways taujps PML-NBs (362).

In addition, the EBV kinase BGLF4 has been showdigcupt PML-NBs (361).
However, this activity of BGLF4 remains controvafsas an independent study failed to

duplicate this observation (349).

2.10Us3 Disrupts PML-NBs

Due to the antiviral activity of PML-NBs, represatite members of all three subfamilies
of theHerpesviridaeencode at least one viral protein to disrupt PMRsNby distinct

mechanisms introduced in Section 2.9. In additmtinese viral proteins, we determined that Us3
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also possesses the ability to disrupt PML-NBs (R6hur study, we demonstrated that transient
expression of Us3 orthologues from HSV-2 and PRIu@es a dramatic diminishment in the
number of PML-NBs (26). The kinase activity of UsZritical, as kinase-dead mutants of HSV-
2 and PRV Us3 fail to disrupt PML-NBs (26). Basedoar intriguing discovery, works
described in this thesis propose that Us3 disrepmk-NBs as a viral strategy against IFN-

mediated antiviral defense, possibly through iteriction with the cellular protein KLHL21.

2.11Kelch-like Protein Family Member 21 (KLHL21)

Us3 has drawn extensive attention and interestlyhre to the wide spectrum of
activities it plays during virus replication. Howey despite extensive investigation, the
mechanisms by which Us3 mediates its diverse fanstare not fully understood. To help gain a
better understanding of these mechanisms, ourdédrgrdesigned a screen to identify potential
interaction partners for Us3 (51). From this screemidentified KLHL21, a cellular protein
involved in the ubiquitylation pathway, as a Ustmacting protein (51).

In eukaryotic cells, the post-translational madifion by covalent addition of ubiquitin,
ubiquitylation, requires a cascade of three enzymaéactions, which involves an E1 ubiquitin
activating protein, an E2 ubiquitin-conjugating t@a, and an E3 ubiquin ligase. Ubiquitylation
can influence the functional diversity and concatiins of modified substrates, for example by
altering protein trafficking and sorting, or indngiproteasome-dependent degradation (9, 363,
364). Hence, tight regulation with high substratedcificity is critical. E3 determines substrate
specificity in part by forming multiprotein comples, which include E3, an adaptor that links E3

to E2, and a substrate-specific adaptor that lE&$o a specific substrate (9, 363, 364).
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Among the multiprotein E3 ligase complexes areGRaJLs (cullin really interesting
new gene (RING) ubiquitin ligases). In humans, CRWdhntain one of seven cullin ubiquitin
ligase families, which interacts with the RING-damprotein called ROC-1. The C-terminal
globular domain of cullin binds to ROC-1, whichturn recruits E2 enzyme to cullin. The
substrate recruitment to cullin is mediated bydpecific substrate adaptor. One example of these
adaptors is the members of the kelch-like (KLHL)tpin family, which specifically bind to
cullin-3 (Cul3) (9).

The 42 members of the KLHL protein family havdregke copy of the broad complex,
tramtrack and bric-a-brac (BTB) domain at the Nriius, 3-7 copies of Kelch domains at the C-
terminus, and a single copy of the BTB and C-teahi¢elch (BACK) domain in between
(Figure 2-14A). The BTB domain forms an interfaceface not only for protein-protein
interaction with non-BTB proteins, but also witthet BTB domain-containing proteins to allow
oligomerization (365). The Kelch domains are foimtandem repeats, and, when present in 5-7
repeats, form a-propeller structure, which in some cases interadts actin filaments (366-368).
Lastly, because the BACK domain is predominantlyniibin proteins with both BTB and Kelch
domains, it is postulated that the BACK domain fiorts to position the Kelch domain and its
bound substrate within a protein complex (369).

A number of the KLHL proteins have been shownutaction as adaptor proteins for the
Cul3 ligase complex (Figure 2-14B). To functioraasadaptor protein in the Cul3 ligase complex,
the BTB domain binds to the N-terminus of Cul3, #melKelch domain interacts with substrates
(370-379). Thus substrates are brought into th& Coamplex and ubiquitin conjugation to
substrates is enabled. A well-known example is KRBllthat is involved in angiogenesis. Under

hypoxic conditions, expression of KLHL20 is indudadthe transcriptional factor HIF-1and
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748 aa
593 aa
587 aa
718 aa
755 aa
621 aa
586 aa

KLHL1
KLHL2
KLHL3

KLHL4
KLHLS5
KLHL6
KLHL7
KLHLS 620 aa
KLHL9 617 aa
KLHL10 [T BIB DT BACK J (Kx K)( KJ( Kx KJ ] 608 aa
KLHLI11 [ [ BTB JC BACK D) CKXC K) CKD ] 708 aa
KLHL12 X 568 aa
KLHL13 655 aa
KLHL14 628 aa
KLHLI15 604 aa
KLHL16 597 aa
KLHL17 642 aa
KLHL18 574 aa
KLHL19 624 aa
KLHL20 609 aa
KLHL21 597 aa
KLHL22 634 aa
KLHL23 558 aa

Figure 2-14.(A) Schematic representation of domain structundsLiHL family members
BTB, BACK, K indicate the BTB, BACK and Kelch donmai. KLHL20 and KLHL21 are
shown with arrows. Figure is modified from (6). (B¢veral members of the KLHL prote
family interact with Cul3 via their BTB domains, iéthey recruit substrates via their
Kelch domains to allow ubiquitylation of the sulagérs by Cul3. The RING protein ROC1
is also a component of the Cul3 ubiquitin ligasmptex, and brings the E2 ubiquitin
conjugating enzyme to the complex. Cul3 activityagulated by neddylation, an addition
of ubiquitin-like protein, Nedd (9).
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KLHL20 recruits the Cul3 ligase complex to PML-N&sdegrade PML and promote
angiogenesis (Section 2.3.3) (117).

The finding of KLHL21 as a potential interactingrpeer for Us3 is particularly
interesting, since Us3 could disrupt PML-NBs vaiitteraction with KLHL21. The role of
KLHL?20, a relative of KLHL21, in the regulation &ML-NBs supports the feasibility of this
hypothesis. KLHL21 is one of the KLHL proteins tlaat as substrate adaptor proteins for Cul3,
with its BTB domain interacting specifically withut3 (370). The only cellular substrate for
KLHL21 reported to date is Aurora B, a cellulardée that functions in mitosis (52). By
phosphorylating substrates like the intermedidéenfent desmin and vimentin, Aurora B plays an
essential role in the regulation of cytokinesis.evkaand colleagues demonstrated that KLHL21
recruits Cul3 and Aurora B to the spindle midzamanaphase, where non-kinetochore
microtubules are bundled midway between segregdibexnatids, and facilitates mono-
ubiquitylation of Aurora B (52). This KLHL21-meded ubiquitylation of Aurora B is crucial
for the proper localization of Aurora B to midzomérotubules, and is also necessary for

completion of cytokinesis (52).

2.12Scope of the Thesis

Work done in our laboratory determined that UsBaldgues from HSV-2 and PRV are
capable of disrupting PML-NBs in a kinase-dependesminer. Based on this finding, the studies
described in this thesis were aimed to fulfill fieljectives to understand the mechanism and
physiological function of Us3-mediated PML-NB diption: 1) To examine if Us3 contributes to

PML-NB disruption during virus replication, 2) test if Us3 disrupts PML-NBs by inducing
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degradation of PML or altering SUMOylation statdi$?®IL, 3) to address if Us3 recognizes and
targets a specific PML isoform to disrupt PML-NB$ to determine if Us3 contributes to viral
resistance to IFN by disrupting PML-NBs, and 5yatidate the interaction between Us3 and

KLHL21 and examine if Us3 requires KLHL21 to distigML-NB.
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Chapter 3

Materials and Methods

3.1Cells

African green monkey kidney cells (Vero), porcindriey cells (PK15), HEK 293T,
life-extended human foreskin fibroblast cells (T&2)ls were all maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented witdftal calf serum (FCS) in a 5% €O
environment. Human liver hepatocellular carcinoriésqHepG2) cells were maintained in
minimum essential medium (MEM) supplemented witPelleCS in a 5% C@environment.
Human nasopharyngeal carcinoma cells (CNE-2Z) werimtained in MEM alpha supplemented
with 10% FCS in a 5% CCenvironment. CNE-2Z PML knock-down (K/D) cells tisgably
expressed shRNA against PML to knock down all isofoof PML were maintained in MEM
alpha supplemented with 10% FCS and §/BL puromycin in a 5% CgQenvironment (12). Cell
lines expressing individual PML isoforms taggedhaY FP, generated in the background of
CNE-2Z PML K/D cells, were maintained in MEM alpbapplemented with 10% FCS and 0.5
mg/mL G418 in a 5% CQenvironment (12). PK15 and T12 cells were kindsgifom Drs. L. W.
Enquist (Princeton University, USA) and W. Bresnalidniversity of Minnesota, USA),
respectively. CNE-2Z cells and cell lines deriveahi CNE-2Z cells were kind gifts from Dr. L.

Frappier (University of Toronto, Canada).

3.2Viruses

HSV-1 strain 17+ was propagated and titered on ¢elis. HSV-2 strain HG52 was
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propagated and titered on Vero cells. HSV-2 sti&@ and its Us3-null (Us3) and Us3-repaired
(Us3-R) derivatives were propagated and titeredfeno cells. In the Us3 strain, the third and
fourth codons in th&Js3 open reading frame are mutated to stop codonghvare mutated back
to the original codons in the Us3-R strain. Theorebinant 186 strains were all constructed by a
former post-doctoral fellow of the Banfield labarat, Dr. Valerie Le Sage. The Bartha strain of
PRV and its Us3-null (PRV611) and Us3-repaired (BRYR) derivatives were propagated and
titered on PK15 cells (265). Thés3locus in PRV611 is replaced by an EGFP expression
cassette. For virus infection, the specified hqguast infection refers to the time elapsed following

addition of virus and includes a one-hour inocolafperiod.

3.3Immunological Reagents

Rat polyclonal antiserum against HSV-2 Us3 was tisethdirect immunofluorescence
microscopy at a dilution of 1:1,000 and for westelatting at a dilution of 1:500 (380). Rat
polyclonal antiserum against HSV-2 ICP0O was produmnea former Banfield laboratory
technician, Susan M. Johnston, and used for indimemunofluorescence microscopy at a
dilution of 1:200. Mouse monoclonal anti-FLAG amtiy (Sigma Aldrich, St. Louise, MO, USA)
was used for indirect immunofluorescence microsapy dilution of 1:500. Rabbit polyclonal
antiserum H-238 against human PML (Santa Cruz Bimtelogy, Santa Cruz, CA, USA) was
used for indirect immunofluorescence microscopy dilution of 1:50. Mouse polyclonal
antiserum against PRV major capsid protein (MCRjnd gift from Dr. L. W. Enquist
(Princeton University, USA) was used for indireamunofluorescence microscopy at a dilution

of 1:100; Mouse monoclonal antiserum against HIZR0 (Santa Cruz Biotechnology, Santa
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Cruz, CA, USA) was used for indirect immunofluoresce microscopy at a dilution of 1:50, and
for western blotting at a dilution of 1:200. Mousenoclonal antiserum against HSV ICP8
(Virusys, Taneytown, MD, USA) was used for indireatmunofluorescence microscopy at a
dilution of 1:10,000, and for western blotting arsas at a dilution of 1:1,000. Mouse monoclonal
antiserum against HSV ICP27 (Virusys, Taneytown,,MISA) was used for indirect
immunofluorescence microscopy at a dilution of 0;28nd for western blotting analyses at a
dilution of 1:1,000. Mouse monoclonal antiserumiagaHSV ICP5 (Virusys, Taneytown, MD,
USA) was used for western blotting analyses atwidin of 1:1,000. Rabbit monoclonal
antiserum against cleaved caspase-3 (Cell Siggallechnology, Beverly, MA, USA) was used
for indirect immunofluorescence microscopy at atitin of 1:200. Alexa Fluor 488-conjugated
donkey anti-rat IgG, Alexa Fluor 488-conjugatedtgaati-rabbit IgG, Alexa Fluor 568-
conjugated donkey anti-rat IgG, Alexa Fluor 568jagated donkey anti-mouse 1gG, Alexa
Fluor 568-conjugated goat anti-rabbit IgG, Alexadfl647-conjugated donkey anti-mouse 1gG
(Invitrogen, Burlington, ON, Canada) were all usedindirect immunofluorescence microscopy
at a dilution of 1:500. Rabbit polyclonal anti-FLAgBitibody (Sigma Aldrich, St. Louise, MO,
USA) was used for western blotting at 1:1000. Rafiginoclonal antibody against
phosphorylated human elF-2Epitomics, Burlingame, CA, USA) was used for veestblotting

at a dilution of 1:1,000. Rabbit polyclonal antig@ragainst human elF-ZSanta Cruz
Biotechnology, Santa Cruz, CA, USA) was used foster blotting at a dilution of 1:500.
Antisera against PRV Us3 and EPO, gifts from DML.Enquist (Princeton University, USA)
were used for western blotting at dilutions of @00 and 1:500, respectively. Mouse monoclonal
antiserum against GFP (Clontech, Mountain View, O8A) was used for western blotting at a

dilution of 1:1,000. Rabbit polyclonal antiserunaatst human KLHL21 was a kind gift from
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Drs. S. Maerki and |. Sumara (Institute of Biochstnyi, Zurich, Switzerland), and used for
western blotting at a dilution of 1:1000. Mouse mclional antiserum against c-myc (Roche,
Laval, QC, Canada) was used for western blottirmditution of 1:2,000. Mouse monoclonal
antiserum against HA peptide (Roche, Laval, QCadahwas used for western blotting at a
dilution of 1:1,000. Mouse monoclonal antiserumiagfa -actin (Sigma, St. Louis, MO, USA)
was used for western blotting at a dilution of Q@®). Rabbit polyclonal antiserum A301-167A
against human PML that recognizes all PML isofo(Bethyl Laboratories Inc., Montgomery,
TX, USA) was used for western blotting at a dilatif 1:2,000. Horseradish peroxidase-
conjugated goat anti-mouse (Sigma, St. Louis, MGAYand goat anti-rabbit secondary antisera
(Sigma, St. Louis, MO, USA) were used at a dilutidri:10,000, and rabbit anti-rat secondary

antiserum (Sigma, St. Louis, MO, USA) was useddituion of 1:50,000.

3.4 Mammalian Expression Plasmids

The construction of expression plasmids encoding2%s3 and HSV-2 Us3 fused to
mCherry red fluorescent protein (mCherry) was dbedrpreviously (380). The construction of
plasmids expressing catalytically-inactive (kinaead; KD) versions of HSV-2 Us3,
KD/K220M and KD/D305A, was described previously @38The construction of expression
plasmids encoding PRV Us3a and PRV Us3b fused teFE@as described previously (2). The
constructs encoding HSV-1 ICPO and EGFP-tagged Rigfiorms (EGFP-PML | -VI) were kind
gifts from Drs. K. Mossman (McMaster University,agala) and P. Hemmerich (Friedrich-
Loeffler-Institut, Germany), respectively. Plasmegressing FLAG-tagged KLHL21 was

constructed by amplifying KLHL21 from cDNA clone§mouse KLHL21 (mKLHL21,
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Catalogue #EMM1002-99864196) and human KLHL21 (hKPH, Catalogue # MHS1010-
7295193), purchased from Open Biosystems (Therrrengfic), by PCR. Briefly KLHL21 from
cDNA clones were amplified from the cDNA clonesusingPfx polymerase (Invitrogen,
Burlington, ON, Canada) with the following primesgecified in Appendix B: mKL21-FLAG
BG2F, mKL21-FLAG BH1R, hKL21-FLAG BG2F and hKL21-KRG BH1R. These primers
introduced Bglll and BamHI restriction sites intet5’ and 3’ ends of the PCR product
respectively, and placed KLHL21 sequences in-fratle the FLAG peptide tag. The PCR
product was cloned into pCR-Blunt 1I-TOPO vectaing a Zero Blunt TOPO PCR cloning kit
(Invitrogen, Burlington, ON, Canada) accordingtie manufacturer’s protocol. For subsequent
sub-cloning, the TOPO clones were digested withlBgld BamHI, and the inserts were ligated
in-frame intopFLAG-CMV-2 (Sigma Aldrich, St. Louis, MO, USA), &b had been similarly
digested. All of the clonesere sequenced to verify that they were in thesobmeading frame
and did not contain any unexpected mutations. peGERector expressing EGFP tag was
purchased from Clontech (Palo Alto, CA, USALI-neo was obtained from Promega (Madison,

WI, USA).

3.5 Yeast Expression Plasmids

The construction of plasmids expressing PRV Us3&KR3A (pCC43) and Us3b
KD/D169A (pML27) fused to the Gal4 DNA binding domavas described previously (51).
Plasmids expressing C-terminal truncation fragmehBRV Us3a fused to the Gal4 DNA
binding domain were constructed by a former tedhniof the Banfield laboratory, Jessica

Randall. Plasmids expressing a truncation fragriaeking C-terminal 32 residues€32) and
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N-terminal truncation fragments of PRV Us3a fusethe Gal4 DNA binding domain were
constructed by amplifyingls3afrom pCC43 by PCR. Briefly, PCR reactions werdqaned
usingPfx polymerase (Invitrogen, Burlington, ON, Canadawthe primers specified in
Appendix B. These primers introduced EcoRI and BamaHtriction sites into the 5’ and 3’ ends
of the PCR products, respectively, and placedrthecaition fragments in-frame with the Gal4
DNA binding domain in the yeast expression vec®BRT7 (Clontech, Palo Alto, CA, USA).
The PCR products were cloned into pCR-Blunt II-TOR®tor, using a Zero Blunt TOPO PCR
cloning kit. For subsequent sub-cloning, the pCRABII-TOPO clones were digested with
EcoRI and BamH]I, and the inserts were ligated g@®KT7, that had been similarly digested.
All of the clones were sequenced to verify thaytivere in the correct reading frame and did not
contain any unexpected mutations. The constructigiasmids expressing mouse Eps8 and
mouse KLHL21 fused to the Gal4 activation domairs wascribed previously (51).

To construct plasmids expressing the Gal4 DNA ibipgdlomain-fused PRV Us3a and
PRV Us3b harboring the amino acids 85-90 mutatedanines (DEDDDD
Ala and Us3b Ala respectively), was constructeBE-ing PCR (381), using pCC43 as the
template with Pfx polymerase. Briefly, for the ctvostion of Us3a Ala, two separate PCR
reactions were performed with the primers specifiefippendix B. In the first reaction, the
primers Us3Ctrunc-1F and Us3a 85-90 AlaR were tsggnerate the 5’ fragment of Us3a Ala,
from the start codon to codon 90, with codons 8%r@@ated to alanines. The primers introduced
an EcoRI restriction site into the 5’ end of theRPftagment, and the alanine mutations into the 3’
end of the PCR fragment. In the second reacti@ptimers Us3a 85-90 AlaF and Us3 Bam-R

were used to generate the 3’ fragment of Us3afAday codon 85 to the stop codon, with codons
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85-90 mutated to alanines. The primers introdubedatanine mutations into the 5’ end of the
PCR fragment, and a BamHI restriction site into3hend of the PCR fragment. To note, the
primers Us3a 85-90 AlaF and Us3a 85-90 AlaR wesigthed to introduce a unique Notl
restriction site within the alanine mutation steallow screening for successful mutants. The 5’
and 3’ fragments of Us3a Ala were purified by gafraction (QIAquick Gel Extraction Kit,
Qiagen). In the final round of PCR, equal amoufitged-purified 5’ and 3’ fragments of Us3a
Ala were mixed with the primers Us3Ctrunc-1F an® Bsim-R, to reconstitute full-length Us3a
containing the alanine mutations. In this reactDNA double-strands of the 5’ and 3’ fragments
of Us3a Ala were separated during the denaturatiem, and cross-annealed at the alanine
mutation site to produce the 5’ and 3’ hybrid dadbtrands during the subsequent steps of PCR
reaction. The primers Us3Ctrunc-1F and Us3 Bam-Reween used to reconstitute full-length
Us3a Ala from the hybrid double-strands, with EcaR#l BamHI restriction sites introduced into
the 5" and 3’ ends of Us3a Ala. The final full-léhd®CR product was cloned into pCR-Blunt II-
TOPO, using a Zero Blunt TOPO cloning kit. For sliming, the pCR-Blunt 1I-TOPO clone
was digested with EcoRI and BamHI, and the insex ligated into pCl-neo, that had been
similarly digested. Positive clones selected fdilaotics resistance were further examined by
Notl digestion, to confirm the presence of alanimgations.

The construction of Us3b Ala was done similanyPICR reactions, the primers Us3b
ER1F and Us3a 85-90 AlaR were used to generatg fnegment of Us3b Ala, and Us3a 85-90
AlaF and Us3 Bam-R were used to generate the §hfest of Us3b Ala. The gel extraction step
was omitted for the construction of Us3b Ala. Tive fragments were then mixed together with

the primers Us3b ER1F and Us3 Bam-R to producddutith Us3b Ala by PCR. The final PCR
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product was digested with EcoRI and BamHI, andéidanto pCl-neo, which had been similarly

digested. Positive clones were further analyzeddty digestion.

3.6 Transfection

Transfection of Vero, HEK 293T and CNE-2Z cells floe purpose of microscopic and
western blotting analyses was carried out usinggrng@® or FuGene HD (Roche, Laval, QC,
Canada), according to the manufacturer's instmstidransfection of HEK 293T cells for the
purpose of co-immunoprecipitation analyses wasazhwut using FuGene 6 or calcium

phosphate precipitation method (382).

3.7MG132 Treatment

To determine if proteasome activity is involvedla3-mediated PML-NB disruption,
5 M MG132 (Sigma, St. Louis, MO, USA) or dimethyl fadide (DMSO; a carrier) was added
to cells at 8 hours post transfection, and cellsewecubated in the presence of MG132 or carrier
for 4 hours. To determine if Us3 induces proteasameéiated degradation of PML I, Bl
MG132 or DMSO was added to cells at 14 hours passfection, and cells were incubated in

the presence of MG132 or carrier for 4 hours.

3.8 Interferon Treatment

Universal type | IFN was purchased from PBL BionoatlLaboratories (Piscataway, NJ,
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USA) and diluted in sterile 0.1% BSA/PBS. IFN waslad to DMEM to a final concentration of
1,000 U/mL, and cells were incubated with IFN f8+20 hours before virus infection. 0.1%
BSA/PBS was used as a carrier control for IFN meit. At the time of infection, DMEM

containing IFN or carrier was replaced with frestEM.

3.9 Arsenite Treatment

As a positive control for elF-2phosphorylation, T12 cells were seeded on 6-watkp
and treated with 0.5 mM arsenite (Sigma, St. Ladi®, USA) for 30 min prior to western

blotting analysis.

3.10Sodium Butyrate (NaBu) Treatment

NaBu was purchased from Sigma (St. Louis, MO, USA}Y dissolved in sterile water to
a concentration of 1M. To inhibit HDACs in IFN-exged T12 cells, T12 cells were exposed to
IEN or carrier for 18 hours, and co-treated wittBNain a final concentration of 5mM, or 10
sterile water (a carrier control) for additionah@urs. At the time of infection, DMEM containing

NaBu or water was replaced with fresh DMEM.

3.11Cell Lysate Preparation and Western Blotting

To prepare cell lysates, cell monolayers were wasinee with room temperature
phosphate-buffered saline (PBS), trypsinized, asdspended in DMEM. Cells were collected in

15-ml conical tubes and centrifuged at 700 rpnbfanin at 4°C, and DMEM was removed. Cell
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pellets were washed, resuspended in ice-cold PBS¢entrifuged at 700 rpm for 5 min at 4°C
twice. Final cell pellets were resuspended inl50rea lysis buffer (9 M urea, 5 mM Tris-HCI;

pH 6.8) and lysed by using a probe sonicator. Appate amounts of 3x SDS-PAGE loading
buffer were added to the samples, and sampleshedssl for 7 min. Samples were resolved by
electrophoresis on SDS-7.2% or 10% polyacrylameleagd transferred to polyvinylidene
difluoride (PVDF) membranes. The membranes wereleld overnight at 4°C in 3% bovine
serum albumin (BSA)-TBS-T (Tris-buffered saline §B-ontaining 0.05% Tween 20) and then
incubated with primary antisera for one hour atmdemperature in 1% BSA-TBS-T. For anti-
PML and anti-KLHL21 western blotting, the membramese blocked at room temperature for
two hours and then incubated with the primary antis) at 4°C overnight. After being washed in
TBS-T, the membranes were incubated with secoratatigera for one hour at room temperature
in TBS-T, and washed in the same buffer. The mendsavere treated with Pierce ECL western

blotting substrate (Thermo Scientific, Rockford, ULSA) and exposed to film.

3.12Indirect Immunofluorescence Microscopy

Cells used for microscopic analyses were growreeibim glass coverslips or on glass-
bottom dishes (MatTek, Ashland, MA, USA). Cells eéixed and stained as described
previously (380). For immunostaining of PML in HR2Mnfected cells, human IgG was added in
a concentration of 1 mg/mL in 1% BSA/PBS, and iratel for 15 min before applying primary
antisera, to prevent non-specific binding of pabyal rabbit PML antiserum to viral
glycoproteins. Images were captured using an OlgiM1000 confocal laser scanning

microscope and FluoView 1.7.3.0 software. Imageewaptured using a 60x (1.42 numerical-
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aperture) oil immersion objective and a digital molactor of 3. For imaging of PML-NBs in
CNE-2Z cellszimage series were acquired with a step size of m4Composites of

representative images were prepared using Adobe§tap CS3 software.

3.13Us3-PML Isoforms Co-Transfection Assay

Us3 and PML isoforms co-transfection assays wangexl out as described by Boutell
et al (346). For western blotting analyses, 50 ng efEGFP-PML I-VI plasmids and 250 ng of
the plasmids encoding HSV-1 ICP0O, HSV-2 Us3 WT @/B305A, or pCl-neo were used to co-
transfect HEK 293T cells plated in 60-mm dishes.daxh transfection mix, 4.4 of pUC19
was added to bring the total amount of DNA togs For indirect immunofluorescence
microscopy, 10 ng of the EGFP-PML I-VI plasmids &ftdng of the plasmids encoding HSV-1
ICPO, HSV-2 Us3 WT or KD/D305A, or pCl-neo were dde co-transfect Vero cells plated on
glass-bottom dishes. For each transfection mix,rgg6f pUC19 was added to bring the total

amount of DNA to 1g.

3.14Measurement of Plaque Size in PML Isoform Cell Lins

To measure the size of plaques formed by HSV-2 18683 and Us3-R strains in
PML isoform-expressing cell lines, 1X1€ells of CNE-2Z parental, PML K/D and individual
PML isoform cell lines were seeded on each web-ofell plates and infected with the HSV-2
186 strains. The titers of input viruses were adjgiso approximately 100 PFU per well. At 48

hours post infection, cells were fixed and stainéth antiserum against ICP8, followed by
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staining with Alexa 488-conjugated donkey anti-nm®lgG. Images of 30 randomly-selected
plagues were captured using a Nikon TE200 epi uoease microscope equipped with a cooled
CCD camera, and a 4X objective. Diameters of edafpe were measured using MetaMorph 6.2.
software. Total areas of each plaque were estinfededits diameters. Relative plaque size was
calculated by dividing total plaque area valuesfONE-2Z parental and PML isoforms cell

lines by plaque area values from PML K/D cells.

3.15Single- and Multi-step Growth Assays

For single-step growth assays in PML IV cells, PNMLcells were seeded on 6-well
plates (~1x10cells/well), and infected with HSV-2 186Us3 or Us3-R strains at a MOI of 0.1
or 1. For the multi-step growth assay in IFN-exmbesells, T12 cells were grown to confluency
on 6-well plates (~5xT0cells/well), and were exposed to carrier or IFNT8 hours. Cells were
then infected with HSV-2 186,Us3 or Us3-R strains at a MOI of 0.1. Followingreedhour
absorption period at 37°C, the cells were rinsezeamith PBS and incubated in low pH citrate
buffer (40mM sodium citrate, 10mM KCI, 135mM Na@H 3.0) at room temperature for three
minutes. The cells were rinsed three times with BB&returned to the incubator in 2mL fresh
DMEM. At various times after infection, cells weseraped into the medium and collected in two
aliquots. Three cycles of freezing at -80 C foll@ey thawing at 37 C were carried out using
one aliquot of each sample. The samples were thanated briefly using a cup-horn sonicator

and titered on Vero cells.
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3.16 Apoptosis Assays

CNE-2Z parental, PML/KD and PML IV cells were seegaa glass-bottom dishes and
infected with HSV-2 186, Us3 and Us3-R strains at a MOI of 3. At 6 hourd jiufection, cells
were treated with 1M staurosporine (Sigma, St. Louis, MO, USA), a pbiaducer of apoptosis.
At 18 hours post infection, cells were fixed arairstd with antisera specific for ICP8, as a
marker for infection, and active caspase-3, asrkendor apoptosis, followed by staining with
Alexa 488-conjugated donkey anti-mouse and Alex&&ghjugated goat anti-rabbit IgG. For
each treatment, images of 10 randomly-selectedsfieere captured by using a confocal
microscope, using a 40X objective. From each imdgenumbers of ICP8+ cells and
ICP8+/caspase-3+ double-positive cells were scamd % apoptotic cells was calculated by

dividing the number of double-positive cells by thenber of ICP8+ cells.

3.17Virus Replication Assay in IFN-Exposed Cells

To examine the role of Us3 in viral resistancéHd, T12 cells were seeded on 6-well
plates, and exposed to carrier or IFN as desciib&ection 3.8. Cells were then infected with
HSV-2 186, Us3 and Us3-R strains at MOI of 0.1, 1 or 3. Athrs post infection, cells were
scraped into the medium and collected in two aligiubhree freeze-thaw cycles were carried out
using one aliquot of each sample. The samples theresonicated briefly and titered on Vero
cells. Relative fold change in virus replicationfiiN-exposed cells was calculated by dividing

the virus titer from cells exposed to carrier bg thirus titer from cells exposed to IFN.

86



3.18siRNA Knock-Down and siRNA Transfection

The siRNA against PML BAGATGCAGCTGTATCCAAG-3 (siPML) was designed to
target the exon 4 of humd@ML, which is expressed in all PML isoforms, and usekinock
down PML in T12 cells (209, 383). siRNA duplexesi aegative control sSiRNA (AllStars
Negative Control siRNA) were synthesized and puselddrom Qiagen (Germantown, MD,
USA). For siRNA transfection, T12 cells were groter80% confluency on 6-well plate or glass
bottom dishes. siRNA transfection was performedgitipofectamine 2000 (Invitrogen,
Burlington, ON, Canada) according to the manufaetsiinstruction. Three rounds of siRNA
transfection were repeated with 24-hour intervedgh time with 100 pmol of siRNA. For IFN
treatment of siRNA-transfected cells, IFN or camigs added at 6 hours after the third round of
transfection, and cells were co-treated with siRéW IFN or carrier for the remaining 18 hours.
At 72 hours post initial transfection, cells wegr\ested for western blotting, processed for
indirect immunofluorescence microscopy or infeatétt the HSV-2 strains at a MOI of 0.1.

The siRNA designed against a Kelch domain of huKiaHL21
5- UAGCACUGCAUCACCAUGGUC-3was used to knock down KLHL21 in CNE-2Z and
T12 cells. siRNA duplexes and negative control siRiere synthesized and purchased from
Qiagen. For siRNA transfection, cells were growi8®% confluency on 6-well plate or glass
bottom dishes. Cells were transfected with 100 pohélLHL21 siRNA or negative control
SiRNA, by using Lipofectamine 2000 according to mh@nufacturer's instruction. At 48 hours
post transfection, siRNA transfection was repedted.plasmid transfection of siRNA-
transfected cells, at 72 hours after tfledund of siRNA transfection, cells were transfdotéth

2 g of indicated plasmids by usingl6 FuGene HD, according to the manufacturer’s irettom.

87



At 24 hours post plasmid transfection, cells warkpssed for indirect immunofluorescence
microscopy. For IFN treatment of siRNA-transfectedls, IFN or carrier was added at 6 hours
after the 2 round of transfection, and cells were co-treatétl siRNA and IFN or carrier for the
remaining 18 hours. At 72 hours post initial traasion, cells were harvested for western blotting

or infected with the HSV-2 186 strains at a MODdE.

3.19RNA Extraction, RT-PCR and Quantitative RT-PCR (qRT-PCR)

T12 cells were exposed to IFN or carrier for 18dspand infected with the HSV-2
strains at a MOI of 0.1. At 24 hours post infectitotal RNA was extracted from cells using TRI
Reagent RNA Isolation Reagent (Molecular Reseamtté? Inc., Cincinnati, OH, USA)
according to the manufacturer’s protocol. 700ntptdl RNA was treated with DNase | (Sigma,
St. Louis, MO, USA) to eliminate remaining cellubard viral DNA, according to the
manufacturer’s protocol. Reverse transcription (R&s performed using Moloney murine
leukemia virus (MMLV) reverse transcriptase (Inegen, Burlington, ON, Canada) and random
hexamer primer (IDT, Coralville, 10, USA). The raomd hexamer primer was reconstituted in
nuclease-free water to a concentration ofM5Each RT reaction mixture contained the
following: 1 L random hexamer primer, I 100mM dNTP mix (Invitrogen, Burlington, ON,
Canada), 4L 5X RT Buffer, 1 L RNase inhibitor (Invitrogen, Burlington, ON, Catsg, 0.5L
MMVL reverse transcriptase, and nuclease-free watadjust the final volume to 20. To
amplify ICPO, ICP8, Us3, gC and 18S rRNA from tlBNA samples, recombinant Taq DNA
polymerase (Invitrogen, Burlington, ON, Canada) wsead with the forward and reverse primers

indicated in Appendix C, according to the manufeats protocol. PCR cycling was performed
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with Mastercycler Gradient (Eppendorf) with a pragrof initial denaturation at 95°C for 10 min;
35 cycles of 95°C denaturation for 45s, 55°C anngdbr 1 min, and 72°C extension for 1 min;
and final extension at 72°C for 10 min. PCR prodwetre resolved on 0.8% agarose gels
containing ethidium bromide. An Alphalnnotech HDB2alger (Fisher Scientific) was used for
visualization and imaging of the resolved PCR puatsiuTo quantify the levels of ICPO, ICP27,
ICP8, gC and 18S rRNA transcripts, cDNA samplesveiiuted to 1:100 with nuclease-free
water, and gRT-PCR was performed using 6f diluted cDNA, 12pmol of forward primer,
12pmol of reverse primer and 10of SsoFast EvaGreen Supermix (Biorad, MississaOda
Canada). Nuclease-free water was added to eadoreauxture to a final volume of 2Q. The
forward and reverse primers used are indicatedpjpefidix C. PCR cycling was performed with
the CFX96 Real-time PCR Detection System (Biorathsidsauga, ON, Canada) with a program
of initial denaturation at 95°C for 3 min; 40 cyslef 95°C denaturation for 10s and 60.9°C (for
ICPO, ICP27 and 18S rRNA) or 56°C (for ICP8 and g@)ealing for 15s. The amount of each
viral mRNA relative to 18S rRNA was calculated bg t Ct method: relative ratio = 2*(18S

rRNA C; — Viral transcript ).

3.20Yeast Two-Hybrid Analyses

The PRV Us3 C-terminal and N-terminal truncaticagfinents were cloned into pGBKT7
(Clontech, Palo Alto, CA, USAwhich expresses a tryptophan (Trp)-coding cassetiea c-
Myc epitope tag. Mouse Eps8 and mouse KLHL21 whreed into pACT2 (Clontech, Palo Alto,
CA, USA), which expresses a leucine (Leu)-coding cassetteaahA epitope tag. Plasmids

expressing full-length and truncation fragment®BV Us3, and empty-vector pGBKT7 were
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transformed int&accharomyces cerevisibaploid strain y187 (mating typé by using the

lithium acetate transformation method (384). Susitgsransformants were selected for growth
on medium lacking Trp. Plasmids expressing mousSEnd mouse KLHL21, and empty-vector
pACT2 were transformed int®accharomyces cerevisiaaploid strain yCH1 (mating type a) by
using the lithium acetate transformation methodt{38uccessful transformants were selected for
growth on medium lacking Leu. To produce diploiésecells by mating, single colonies (3-
5mm diameter/colony) of y187 and yCH1 transformavese picked and incubated together in
500 pL YPD medium overnight at 30°C, shaking at 850. After mating, 100-500 uL of the
culture was plated on Trp-/Leu- drop-out mediuntggdgo select for diploid cells containing both
Trp- and Leu-expressing plasmids. In diploid yeadls, interaction between Us3, and Eps8 and
KLHL21 brings the Gal4 DNA binding domain and thal&Gactivation domain in proximity,
resulting in the expression of histidine (His)- auknine (Ade)-coding genes, which
subsequently allows growth on medium lacking Hid Ade, respectively. Single colonies of
diploid yeast were then picked and streaked on/Mlep-/His- drop-out medium (medium
stringency) and Trp-/Leu-/His-/Ade- drop-out medi(imigh stringency) to test for yeast two-
hybrid interaction. Only the yeast cells showimpisg yeast two-hybrid interactions will grow on

the high stringency medium.

3.21 Co-Immunoprecipitation (Co-IP) Assays

To determine if Us3 interacts with KLHL21 in co4tisfected mammalian cells, HEK
293T cells were grown to 80% confluence on 150-mituce dishes, and co-transfected with

plasmids expressing HSV-2 Us3, catalytically-ineetHSV-2 Us3 K220M and D305A, EGFP-
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tagged PRV Us3a, EGFP-tagged PRV Us3b, and EGF&ldag, and plasmids expressing
FLAG-tagged mKLHL21, FLAG-tagged hKLHL21, and FLA&g alone, by using the calcium
phosphate co-precipitation method (382). For abh& IP, at 48 hours post transfection, cell
monolayers were washed with PBS and incubated Inl¢sis buffer (50mM Tris-HCI pH 7.4,
150mM NacCl, 1mM EDTA, 1% Triton X-100) containinggbease inhibitors (Roche, Laval, QC,
Canada) at 4°C for 30 minutes. Cells were therpedhacollected and centrifuged at 13,000 rpm
for 10 minutes. Supernatants were transferredetshfmicrocentrifuge tubes and incubated with
50 L anti-FLAG M2 affinity gel (Sigma, St. Louis, MQJSA) at 4°C overnight. Next, the
samples were centrifuged at 8,000 rpm for 30 sectm@ellet anti-FLAG beads, and
supernatants were discarded. Anti-FLAG beads wehed with ice-cold 1mL TBS three times,
and re-suspended in 30 SDS-PAGE loading buffer. After boiling for 5 mitas, the samples
were centrifuged at 8000 rpm for 30 seconds at r@enperature. Supernatants were collected,
and transferred to new microcentrifuge tubes. Hmepdes were resolved by electrophoresis on
SDS-10% polyacrylamide gels, and analyzed by weditatting. For anti-EGFP IPs, cell lysis
was performed as described for anti-FLAG IP at d@rs post transfection. 20 of rabbit
polyclonal anti-GFP antibody (Clontech, Palo ABA, USA) was added to the lysates, and
incubated at 4°C overnight. After overnight incub@aj re-suspended protein G agarose resin
(Pierce, Rockford, IL, USAyas added and incubated at 4°C for 2 hours. Thelsanwere
centrifuged at 8000 rpm for 30 seconds at 4°C,thacdupernatants discarded. Pellets were
washed twice with cold lysis buffer, and re-susmehith 50 L SDS-PAGE loading buffer. After
boiling for 5 minutes, the samples were centrifuge8000 rpm for 30 seconds at room

temperature. Supernatants were collected, andéraed to new microcentrifuge tubes. The
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samples were resolved by electrophoresis on SDSgd9acrylamide gels and analyzed by
western blotting.

To determine if Us3 interacts with KLHL21 duringus replication, HEK 293T cells
were grown to 50% confluence on 100-mm culturealsland transfected with plasmids
expressing FLAG-tagged mKLHL21, FLAG-tagged hKLHL2hd FLAG tag alone, by using
FuGene 6 (Roche, Laval, QC, Canada). At 24 howsstpansfection, cells were infected with
HSV-2 HG52 or PRV Bartha at a MOI of 10. At 6 hopost infection, cells lysates were

prepared and used in anti-FLAG IPs as describedeabo

3.22Virus Replication Assay in KLHL21 Knock-Down Cells

To examine the effects of KLHL21 knock-down onugi replication, T12 cells were
seeded on 6-well plates, transfected with negativerol sSiRNA or siRNA against KLHL21, and
exposed to carrier or IFN as described in Secti@B.3At 72 hours post transfection, cells were
infected with HSV-2 186, Us3 and Us3-R strains at a MOI of 0.1. At 24 hqast infection,
cells were scraped into the medium and collectddiinaliquots. Three freeze-thaw cycles were
carried out using one aliquot of each sample. Hmepdes were then sonicated briefly and titered
on Vero cells. Relative fold change in virus reglion after KLHL21 knock-down was calculated
by dividing the titer from cells transfected withgative control siRNA by the titer from cells

transfected with siRNA against KLHL21.

92



Chapter 4

Results

4.1 Us3 Disrupts PML-NBs without Inducing Degradation d PML

Studies in our laboratory determined that, in tremiy transfected cells, PRV and HSV-
2 Us3 disrupted PML-NBs in a kinase-dependent maf#&). Based on these observations, | set
out to investigate the mechanism underlying Us3iated PML-NB disruption. One well-
documented mechanism for PML-NB disruption involpesteasome-dependent degradation of
PML (Section 2.2, Figure 2-3). Thus, | hypothesitteat Us3 disrupts PML-NBs by inducing
proteasome-dependent degradation of PML. To teshifpothesis, | examined if PRV infection
caused a decrease in the total level of PML in &dpendent manner by western blotting.
Moreover, the effect of proteasome inhibition or8isediated PML-NB disruption was

addressed by utilizing MG132, a proteasome inhibito

4.1.1Us3 Disrupts PML-NBs in a Proteasome-Dependent Maram

To test whether proteasome-dependent protein datpadvas involved in Us3-
mediated disruption of PML-NBs, MG132 (at B1) or dimethyl sulfoxide (DMSO; vehicle) was
added to Vero cells transfected with a plasmid dimgpthe HSV-2 Us3 WT, KD/D305A, or
empty pCl-neo vector at 8 hours post transfectrmur hours later, PML-NBs in 150 transfected
cells were counted alongside those in 150 nonfeated cells in the same dish (Table 4-1,
Figure 4-1). In cells transfected with pCl-neo wecthe average number of PML-NBs increased

from 15 to 24 in the presence of MG132, consistétit a physiological role for the proteasome
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Us3 PML Hoechst Merge

EV + MG132

EV + DMSO

Us3 + MG132

Us3 + DMSO

Us3KD + MG132

Us3KD + DMSO

Figure 4-1. Proteasome activity is required for HSV-2 Us3-mastidPML-NB disruption. Vero cells
were transfected with plasmids encoding HSV-2 UsSB WD/D305A or empty pCl-neo vector (EV).
At 8 hours post transfection, 5uM MG132, a prote@asanhibitor, or DMSO, carrier, waslded to th
cells. Four hours later, cells were fixed and gdiwith rabbit polyclonal antiserum specific for EM
protein, along with rat polyclonal antiserum agaiiSV-2 Us3. Nuclei were stained with Hoechst
33342. Stained cells were examined by confocalesapy and representative images are shown. In
all specimens, MG132 treatment increased the nuwfieML-NBs. However, the extent of increase
was substantially greater in cells transfected Wi8YV-2 Us3 WT, indicating the involvement of
proteasome activity in HSV-2 Us3-mediated PMB-disruption. Quantitative analysis is summari

in Table 4-1. Note that MG132 treatment did notralhe expression level and localization of Us3 WT
and KD/D305A.
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Table 4-1 Inhibitory effect of MG132 on Us3-mediated distiop of PML-NB$

, Cell Average number of
Kinase/Vector Typ & Treatment PML-NB< MG132/DMSJ
WT Us3+ MG132 13.35+0.50
HSV-2 Us3 DMSO 3.87+0.19 3.45
Us3- MG132 22.71+0.49
DMSO 15.91+0.39 1.43
KD/D305A Us3+ MG132 21.35+0.51
HSV-2 Us3 DMSO 14.62+0.52 1.46
Us3- MG132 24.01+0.51
DMSO 14.95+0.44 1.61
pCl-neo N/A MG132 24.12+0.50 161
DMSO 15.01+0.44 '

®See Materials and Methods and Results for details.

®Us3+, transfected cells expressing Us3; Us3-, namstected cells on the same dish; N/A, not
applicable.

‘Data are presented as means + standard errors ofghns, with 150 cells evaluated per

treatment.
“The ratios of the number of PML-NBs in MG132-trehtells to that in DMSO-treated cells.

95



in PML-NB turnover. This represents a 1.61-foldréese in the number of PML-NBs in the
presence of MG132. For cells transfected with WIVF2SUs3, the average number of PML-NBs
in Us3-positive cells increased from 3.87 to 13r8&e presence of MG132, representing a 3.45-
fold increase. This increase is substantially gnetitan that seen in the cells transfected with pCl
neo vector. Therefore, in addition to increasirggeneral stability of PML-NBs, MG132 also
prevents Us3-mediated PML-NB disruption. Cells sfanted with the HSV-2 Us3 KD/D305A
showed an extent of PML-NB increase similar to tifatie cells transfected with pCl-neo vector,
consistent with the previous observation that gtallly-inactive Us3 does not induce the
disruption of PML-NBs (Table 4-1) (26). Hence, masome activity is required for HSV-2 Us3-

mediated PML-NB disruption.

4.1.2A PRV Us3 Strain Shows a Defect in PML-NB Disruption in hfected Cells

To assess whether Us3-mediated disruption of PMIs-Bi&urs in virally infected
cells, PML-NBs were examined in Vero cells infectéth the parental PRV strain, Bartha,
alongside PML-NBs examined in those infected wigHJs3-deleted (PRV611) and -repaired
(PRV611R) derivatives (265). At 4 hours post inif@ct infected cells were stained for PML and
PRV VP5, the major capsid protein (MCP). As showkigure 4-2, Bartha infection
substantially diminished the number of PML-NBs pelt to an average of 0.80. By contrast, in
cells infected with the Us3-deleted mutant, theas an average of 3.32 PML-NBs. Similar to
what was observed in Bartha-infected cells, inéettvith the repaired strain showed an average

of 0.96 PML-NBs per cell. Overall, the loss of Usgression protected PML-NBs from

96



Bartha

PRV611

PRV611R [

Number of PML Nuclear Bodies
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Bartha PRV611 PRVB11R Mock

Figure 4-2. Disruption of PML-NBs in PRV-infected cells is Ud8pendent. (A) Vero cells were
infected with PRV Bartha, PRV611 (Us3-null), or PRMR (Us3-repaired) at a multiplicity of infection
of 10. At 4 hours post infection, cells were fixad stained with mouse monoclonal antiserum against
PRV major capsid protein (MCP) along with rabbityetonal antiserum against PML, followed by
staining with Alexa Fluor 568-conjugated goat aatibit IgG and Alexa Fluor 647-conjugated donkey
anti-mouse IgG secondary antibodies. Stained wedte examined by confocal microscopy, and
representative images are shown. Arrows indicatéRIds in PRV611- and mock-infected cells. (B)
Vero cells were infected with the Bartha strairgi¢ated on the axis. At 4 hours post infection, cells
were fixed and stained as described above for par®tained cells were examined by confocal
microscopy, and PML-NBwere counted. The total numbers of cells score@asrfollows: Bartha, 19
PRV611, 185; PRV611R, 200; and mock, 185. Averadees are shown. Error bars indicate the
standard error of the mean.
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disruption, suggesting that Us3 induces disrupbioRML-NBs during viral infection. However,
it is noteworthy that mock-infected cells contairsedaverage of 9.69 PML-NBs. Because
PRV611 infection did not restore the numbers of PNR&s to those observed in mock-infected
cells, these findings suggest that PML-NBs ardyikargeted by other PRV proteins in addition

to Us3.

4.1.3Us3-Mediated Disruption of PML-NBs Does Not InvolveDegradation of PML

Having determined that Us3 contributes to disruptbPML-NBs in virally infected
cells, | decided to determine if Us3 disrupts PMBs\by inducing degradation of PML, as seen
with ICPO orthologues (20). HepG2 cells were matdkdated or infected with PRV Bartha,
PRV611, PRV611R, or HSV-1 17+. At 4 hours postatifen, cell lysates were collected and
analyzed by western blotting with antisera for PRV Us3, PRV EPO, HSV-1 ICPO, and
actin. EPO is an ICPO orthologue encoded by PRVishexpressed early in infection. The
analysis of cell lysates revealed that infectiothwaill three PRV strains did not alter the levdls o
endogenous PML (Figure 4-3), suggesting that PRY di¢ees not influence the degradation of
endogenous PML. Notably, this lack of PML degramtain PRV-infected cells, even in the
presence of EPO expression, is consistent witlptidous observation that ICPO orthologues
from non-HSV alphaherpesviruses are less competdiL degradation than ICPO (20). As
expected, HSV-1 infection of HepG2 cells resulted isubstantial decrease in the amount of
PML detected. Thus, while Us3 from PRV disrupts PNIBs in a proteasome-dependent manner,

it does not lead to detectable degradation of PML.
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Figure 4-3 Us3-dependent decrease in the total level of galous PML is not observed
during PRV infection. HepG2 cells were mock infelcte infected with parental (Bartha),
Us3-null (PRV611), or Us3-repaired (PRV611R) stsaaha MOI of 10. As a positive control
for PML degradation, cells were infected with HS\i-2+ at a MOI of 10. At 4 h post
infection, cell lysates were collected and analyizgavestern blotting using antisera against
PML, PRV Us3, EPO, ICPO, andactin. EPO was probed as a control for PRV infectiGP(
was probed as a control for HSV-1 infection, arattin was used as a loading control.
Arrowheads indicate the positions of the PML isoferdegraded after HSV-1 infection.
anti.
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4.2 Us3 Shows PML Isoform Specificity for PML-NB Disruption

The studies described in Sections 4.1.2 and 4dn®dstrated that PRV Us3 disrupts
PML-NBs in infected cells, but does not induce duction in the overall level of PML. However,
as some PML isoforms have similar molecular weigtisy are detected as a single band on
western blots with a PML antibody that recognizZé®&IL isoforms (e.g., PML | and PML II;
Figure 2-1). For example, Us3 might have differ@raiffects on PM L | and PML Il by inducing
degradation of PML | and up-regulation of PML llitlout being detected on western blots.
Whether Us3 degrades or disperses a specific imaddPML is an important question to address
for two reasons. First, it suggests the existem@m asoform-specific interaction between Us3
and PML, thus providing an indication of the medkanby which Us3 disrupts PML-NBs.
Second, determining the identity of the PML isoferspecifically targeted by Us3 would assist
in understanding the physiological consequencéss8fmediated PML-NB disruption, since the
PML isoforms are implicated in unique cellular pgeses due to their ability to interact with
distinct interacting partners through their isofespecific C-terminus. Based on the role of PML
IV for the regulation of apoptosis (Table 2-1, $@tL.3.2), | hypothesized that Us3 induces
dispersal or degradation of PML IV to disrupt PMIB#| and prevent PML IV-mediated
apoptosis in infected cells. This section descrthesexamination of the PML isoform-specific
activity of Us3 by co-transfection of Us3 with inttlual PML isoforms. Furthermore, the
antiviral and apoptotic effect of PML IV on HSV-8plication was examined by utilization of

stable cell lines expressing individual PML isofaerm
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4.2.1Us3 Induces Proteasome-Independent Degradation oM. |

To test if Us3 targets certain isoforms during Ws&diated disruption of PML-NBs, |
transfected Vero or HEK 293T cells with a plasmigressing individual PML isoforms tagged
with EGFP (EGFP-PML I-VI) and a plasmid expresdifgV-2 Us3 WT or KD/D305A. A
plasmid expressing HSV-1 ICPO was used as a pesitntrol for PML degradation, and empty
pCl-neo vector as a negative control. At 24 hoast fransfection, Vero cells were analyzed by
confocal microscopy, while HEK 293T cell lysatesrgvanalyzed by western blotting. In the first
set of co-transfection assays, PML | was choseariafysis. As shown in Figure 4-4A, co-
expression with ICP0O caused a reduction in the amoluPML I, indicating that HSV-1 ICPO
targets PML | for degradation. Interestingly, auetibn in the amount of PML | was also
observed in the presence of Us3 WT, but not irptesence of Us3 KD/D305A (Figure 4-4A).
This reduction of PML | by Us3 WT correlated withoss of PML-NBs formed by PML |
(Figure 4-4B). Co-expression of Us3 KD/D305A faikedshow loss of PML-NBs formed by
PML I, consistent with the previous observatiort tinase activity is required for Us3-mediated
disruption of PML-NBs. Therefore, these resultsgagg that Us3 induces disruption of PML I-
NBs by inducing degradation of PML |. Notably, Ustediated reduction of PML | was
consistently observed in three independent expeatsnedicating that these results could not be

explained by technical variations, such as vanmtio transfection efficiency.
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Figure 4-4.Us3 disrupts PML-NBs formed by PML | through degroin of PML 1. (A)
Plasmids encoding WT HSV-2 Us3 (Us3) or KD/D305A8KD) were co-transfected inkkEK
293T cells with a plasmid encoding EGFP-tagged Rédform | (EGFP-PML 1). As a positive
control, a plasmid encoding HSV-1 ICPO was alsaransfected with EGFP-PML 1. The pClI-
neo vector was used as a negative control. At 2dshpost transfection, cell lysates were
collected and analyzed by western blotting, usimgsara reactive against EGFP, Us3, ICPO, and

-actin. -actin was used as a loading control. For the BGi~P blota short exposure and a ¢
exposure are shown. The asterisk likely represgdtdOylated forms of PML I. (B) Vero cells
were transfected with the plasmids described ingfend to panel A. At 24 hours post
transfection, cells were fixed and stained withpaliclonal antiserum against HSV-2 Us3.
Stained cells were examined by confocal microscapy, PML | was detected by EGFP
fluorescence. Representative images are shovanti.
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To examine if proteasome activity was requireddeB-mediated degradation of PML |,
HEK 293T cells were co-transfected with the plasnab described previously. At 14 hours post
transfection, cells were treated withNd MG132 or DMSO (vehicle). After 4 hours of inculmat
with MG132 or DMSO (ie. at 18 hours post transfat)j cell lysates were analyzed by western
blotting. As shown in Figure 4-5, MG132 treatmerdreased the levels of both non-
SUMOylated and SUMOylated forms of PML | in cellgeessing ICPO, indicating that MG132
successfully blocked proteasome activity and inbatbiCP0-mediated degradation of PML I. In
cells expressing Us3 WT and treated with DMSO a@meunt of PML | was much lower than any
other condition, demonstrating that Us3-mediategtaidation of PML | was a reproducible
observation. However, MG132 failed to recover #heel of PML | in cells expressing Us3 WT,
when compared to DMSO-treated counterpart. Thesdtsesuggest that proteasome activity is
not involved in the degradation of PML | inducedWs3 WT, and thus, Us3 disrupts PML-NBs
formed by PML | through proteasome-independent atdagion of PML I. As expected, in cells
transfected with Us3 KD/D305A or empty vector p@enthe levels of PML | were
indistinguishable upon MG132 treatment, suggedtiag the proteasome may not be responsible

for the turnover of exogenously-expressed PML |.
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Figure 4-5. Proteasome activity is not required for Us3-mextiadegradation of PML |.
Plasmids encoding WT HSV-2 Us3 (Us3) or KD/D305A8KD) were co-transfected into
HEK 293T cells with a plasmid encoding EGFP-tagB&tL isoform | (EGFPPML I). As &
positive control, a plasmid encoding HSV-1 ICPO wks® co-transfected with EGFP-PML
I. The pCl-neo vector was used as a negative doitrd4 hours post transfection, cells
were treated with SV MG132 (M) or DMSO (vehicle; D) for 4 hours. At I®urs post
transfection, cell lysates were collected and a®lyby western blotting, using antisera
reactive against EGFP anehctin. -actin was used as a loading control. For the BG#P
blot, a short exposure and a long exposure arershibwe asterisk likely represents
SUMOylated forms of PML I., anti.

104



4.2.2Us3 Disrupts PML-NBs Formed by PML Ill, IV, V and V |, but Not Through

Degradation of the PML Isoforms

To examine if Us3 is capable of inducing disruptadriPML-NBs formed solely by PML
I, IV, V and VI, | performed co-transfection agsawith plasmids expressing EGFP-tagged
versions of PML Ill, IV, V and VI, as described@ection 4.2.1. In the western blotting analyses,
co-expression with Us3 WT did not cause a redugtidhe level of PML Ill, IV, V and VI, as
compared to Us3 KD and empty vector, pCl-neo, wititelevels of the four PML isoforms were
decreased in the presence of ICPO (Figure 4-6AC 4467 A, 4-7C). However, co-expression with
Us3 WT decreased the number of PML-NBs formed bgéhsoforms (Figure 4-6B, 4-6D, 4-7B,
4-7D), indicating that Us3 targets these isofororsdispersal, without affecting the total amount
of proteins. Notably, co-expression with Us3 WTreased the amount of PML Il and PML IV
in Figure 4-6A and 4-6C. However, this result wasneproducible; when co-transfection and
western blotting analysis were repeated, the leBIML IV in the presence of Us3 WT was
indistinguishable from PML IV with Us3 KD (AppendD). Therefore, this Us3-dependent effect
on the levels of PML Il and IV is likely caused byvariation in transfection efficiency, which
may likewise explain the decreased levels of PMand VI in cells expressing Us3 KD as

compared to the pCl-neo empty vector control (FRgiH7A, 4-7C).
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Figure 4-6. Us3 disrupts PML-NBs formed by PML Il and IV, thiout affecting the stability of the
isoforms. (A, C) Plasmids encoding WT HSV-2 Us33Wsr KD/D305A (Us3 KD) were co-transfected
into HEK 293T cells with a plasmid encoding EGFBegtad PML isoform Il (EGFP-PML III) or IV
(EGFP-PML IV). As a positive control, a plasmid eding HSV-1 ICP0 was also co-transfected with
EGFP-PML Il and IV. The pCl-neo vector was usedasegative control. At 24 hours post transfection,
cell lysates were analyzed by western blottingagisintisera reactive against EGFP, Us3, ICPO, and
actin. -actin was used as a loading control. For the BGit-P blot a short exposure and a long exposure
are shown. The asterisk likely represents SUMOgll&ems of PML IIl and IV. (B, D) Vero cells were
transfected with the plasmids described in theridge panel A. At 24 hours post transfection, cefkse
fixed and stained with rat polyclonal antiserumiageHSV-2 Us3, followed by staining with an Alexa
568-conjugated goat anti-rat IgG. Stained cellssvexamined by confocal microscopy, and PML Il and
IV were detected by EGFP fluorescence. Represeatatiages are shown, anti.
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Figure 4-7. Us3 disrupts PML-NBs formed by PML V and VI, withaffecting the amounts of the
isoforms. (A, C) Plasmids encoding WT HSV-2 Us33Wsr KD/D305A (Us3 KD) were co-transfected
into HEK 293T cells with a plasmid encoding EGFBegtad PML isoform V (EGFP-PML V) or VI (EGFP-
PML VI). As a positive control, a plasmid encodid§V-1 ICP0 was also co-transfected with EGFP-PML
V and VI. The pCl-neo vector was used as a negatiwgrol. At 24 hours post transfection, cell lesat
were analyzed by western blotting, using antisee&tive against EGFP, Us3, ICPO, araktin. -actin

was used as a loading control. For the anti-EGBPabthort exposure and a long exposure are shovn. T
asterisk likely represents SUMOylated forms of PMand VI. (B, D)Vero cells were transfected with |
plasmids described in the legend to panel A. Ah@drs post transfection, cells were fixed and sthin
with rat polyclonal antiserum against HSV-2 Us3ldiwed by staining with an Alexa 568-conjugated tgoa
anti-rat 1lgG. Stained cells were examined by coalffotgicroscopy, and PMLV and VI were detected by
EGFP fluorescence. Representative images are shoanti.
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4.2.3Us3 Does Not Disrupt PML-NBs Formed by PML I

The last PML isoform to be tested was PML Il. Whiea co-transfection assay was
carried out with a plasmid expressing EGFP-PMla lteduction in the level of PML Il was
observed when co-expressed with ICPO, suggestatgdtierall, ICPO targets all PML isoforms
for degradation. As observed with PML IlI, IV, V@WI, co-expression with Us3 WT did not
significantly change the amount of PML |l detectedwestern blots, as compared to Us3
KD/D305A and the pCl-neo vector control (Figure A}8 Interestingly, when co-transfected
cells were examined by confocal microscopy, expoessf Us3 WT failed to induce loss of
PML-NBs formed by PML Il. Note that, in Figure 4-8&ells expressing Us3 WT and
KD/D305A show similar numbers of PML 1I-NBs. Thessults indicate that Us3 does not target
PML 1l for either degradation or dispersal. Overtie results from these co-transfection assays
show that 1) HSV-1 ICPO induces degradation oPML isoforms, and 2) Us3 induces

degradation of PML | and dispersal of other isofgyivut fails to degrade or disperse PML II.

4.2 .4PML Isoform-Specific Disruption of PML-NBs by Us3 is Also Seen in Cell Lines

Expressing Individual PML Isoforms

In the experiments described above, the PML isofgpetificity of Us3-mediated
disruption of PML-NBs was analyzed in the presesfoendogenous PML. To examine the
interaction between Us3 and individual PML isoforimssolation, | utilized CNE-2Z (human
nasopharyngeal carcinoma cells) derived cell lthas express EYFP-tagged PML I, II, III, IV, V,
or VI individually. These cell lines were generatedhe laboratory of Dr. L. Frappier

(University of Toronto, Canada), and are exceltents to study the activity of a specific PML
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isoform, since all of the endogenous PML isoformeslkanocked down to undetectable levels.
Western blotting analysis of parental, knock-doWri)) and individual PML isoform expressing
cell lines using PML antiserum reactive againsPaIL isoforms revealed that the K/D cells
failed to express detectable PML and that expradsiels of the EYFP-tagged isoforms were

comparable to the levels of endogenous PML seémeiparental CNE-2Z cells (Figure 4-9).
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Figure 4-8 Us3 does not target PML-NBs formed by PML Il éisruption. (A) Plasmids
encoding WT HSV-2 Us3 (Us3) or KD/D305A (Us3 KD) neeco-transfected into HEK 293T
cells with a plasmid encoding EGFP-tagged PML isoftl (EGFP-PML I1). As a positive
control, a plasmid encoding HSV-1 ICPO was alsaransfected with EGFP-PML IV. The pCI-
neo vector was used as a negative control. At 2dshpost transfection, cell lysates were
collected and analyzed by western blotting, usimgsara reactive against EGFP, Us3, ICPO, and
-actin. -actin was used as a loading control. (B) Veroscetre transfected with the plasmids
described in the legend to panel A. At 24 hourg passfection, cells were fixed and stained
with rat polyclonal antiserum against HSV-2 Us3is¢d cells were examined by confocal
microscopy, and PML Il was detected by EGFP fluoeese. Representative images are shown.
, anti.
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Figure 4-9. Expression of each PML isoform in CNE-2Z-derived liees. CNE-2Z
(human nasopharyngeal carcinoma cells)-derivedinel that fail to express alll
endogenous PML isoforms, or that express EYFP-ch&daL |, Il, IIl, IV, V, or VI
individually, were generated in the laboratory af D. Frappier (University of Toronto)
(12). Cell lysates were prepared as described itrefidds and Methods, and analyzed by
western blotting, using PML antiserum against MILAsoforms. Expression of
endogenous PML isoforms in PML knock-down (K/D)lsé$ reduced to an undetectable
level. In PML isoform-expressing cell lines (PMWVI), the expression levels of the
EYFP-tagged PML isoforms are comparable to thel$evendogenous PML seen in the
parental CNE-2Z cells. For the parental cells,ltards that likely represent SUMOylated
endogenous PML | and PML I, and non-SUMOylatedagshous PML I, II, I, IV and

V are indicated. Asterisk (*) indicates EYFP-tagd®dL IIl, migrating faster than its
expected molecular weight of 95 kD.
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To test if Us3 disrupts PML-NBs in a PML isoformesgiific manner in these cell lines, as
observed in the co-transfection assays, | traresfieefich cell line with a construct expressing
mCherry-tagged Us3 WT (mCherry-Us3) or mCherryatme. At 24 hours post transfection, the
numbers of PML-NBs were measured in 50 transfecédld (Figure 4-10). Consistent with the
data from the co-transfection assays, expressionGiferry-Us3 caused disruption of PML-NBs
in all PML isoform cells, with the exception of PMLcells. Control experiments indicated that
PML-NBs remained intact in non-transfected celts;ells expressing mCherry alone. Notably,
analysis in PML Il cells was not carried out, granly few PML-NBs were found in non-
transfected cells. Due to this reason, it wasdiffito determine if the observed loss of PML-
NBs was attributable to Us3 or cell-to-cell vaati Overall, by using two distinct experimental
approaches, | postulate that Us3 targets certaibh Bbforms when it targets PML-NBs for
disruption, while it spares PML Il. This propergesns unique to Us3, as such isoform specificity

was not observed with HSV-1 ICPO.

4.2.5HSV-2 Us3 Strain Forms Plaques Significantly Reduced ini& on Cells Expressing

PML I, 1ll, IV and VI, but Not in Cells Expressing PML Il and V

Having identified isoform specificity of Us3 durii®ML-NB disruption, | next
determined the effects of interaction between UsBspecific PML isoforms on HSV-2 spread.
| infected PML isoform cells with HSV-2 186 WTUs3, or Us3-R strains, and allowed plaques
to form for 48 hours. Plaques were identified bynamostaining with antisera specific for ICP8,

a viral protein involved in viral DNA replicatiof.o measure plaque size, diameters of
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Figure 4-10 Specificity of Us3 against PML isoforms is confied in PML isoformexpressin
cell lines. CNE-2Z-derived cell lines expressingfP¥tagged PML |, 11, 1, IV, V or VI were
seeded on glass-bottom dishes and transfectedavpidismid expressing mCherry-tagged
HSV-2 Us3 WT or mCherry tag alone (red). At 24 hsopost transfection, cells were fixed and
stained with rabbit polyclonal antiserum specibc PML, followed by staining with Alexa
488-conjugated goat anti-rabbit IgG (green), alaity Hoechst 33342 (blue) to visualize
nuclei. (A) Stained cells were examined by confealroscopy, and representative images
shown. Analysis on CNE-2Z cells expressing PMLwés not performed, since only few
PML-NBs were found in non-transfected PML Il celBue to this reason, it was difficult to
determine if any loss of PML-NBs was attributatddits3 or cell-to-cell variation. (B) 50 Us3-
or mCherry-transfected cells were randomly seletdestore the number of PML-NBs, along
with 50 non-transfected cells from the same disdlrsBepresent the average number of PML-
NBs per cellNote that expression of Us3-mCherry decreaseduh#ar of of PML-NBs, vth
the exception of PML Il cells which is marked by thrrow head. Us3+, Us3-transfected cells;
Us3-, non-transfected cells from the same dishsstdells; mCherry+, mCherry-transfected
cells; mCherry-, non-transfected cells from the salish as mCherry+ cells.
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30 plaques for each condition were measured byostopy, and expressed as area. The average
plague area values from parental and individual Résform cell lines were divided by the
average plaque area from the K/D cell line, to wheiiee the effect of endogenous PML or
individual PML isoforms on virus spread.

The average ratios of plaque size relative to th2 ¢€ll line are summarized in Figure 4-
11. Compared to the WT and Us3-R strains, the giadormed by the Us3 strain were
strikingly smaller in cells that expressed PMLII, IV and VI, whereas PML II- and PML V-
expressing cells displayed no inhibitory effecttba plaque size of theUs3 strain. The most
prominent reduction in the plague size of thés3 strain was observed in PML IV cells: the
relative plagque sizes of the WT and Us3-R strairBNIL IV cells were decreased to 0.69,
whereas that of theUs3 strain was decreased to 0.23. These resuliesutpat Us3 is important
for virus replication or virus spread in PML 1,,lIV, and VI cells, and, thus, Us3 counters the

antiviral activities mediated by these PML isoformspecially PML V.

4.2.6PML IV Does Not Inhibit HSV-2 Replication in Cells Only Expressing PML IV

In the plague assay described above, in the abséhts3, the extent of the decrease in
plague size was greatest in cells expressing PMIBRtause decreased plaque size can be
caused by a defect in viral replication or viralesgd, | tested whether PML IV was capable of
preventing or delaying viral replication and whethis3 could rescue such a defect. To assess
viral replication in PML IV cells, CNE-2Z parent&ML K/D, and PML IV cells were infected
with HSV-2 186 WT, Us3, and Us3-R strains at a MOI of 0.1. Total prygeéirus was titered at
0, 6, 12, and 24 hours post infection.
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Figure 4-11 Relative plaque sizes of HSV-2 186 WTJs3, and Us3-R (Us3-repair) strains in
CNE-2Z (parental), CNE-2Z cells that have been kadadown for all endogenous PML
isoforms (PML K/D) and CNE-2Z cells that expresdiuidual PML isoforms. (A) At 48 hours
post infection, plaques were detected by immunosigiwith antiserum against HSV-2 ICP8.
(B) The surface areas of 30 individual plaquessfxh condition were measured. Relatilagpe
area was calculated by dividing the plaque suréaiea values by the values from PML K/D cells
Bars represent the average of two independent iexpets. Relative plaque area dfls3 strain
was modestly reduced in PML [, Ill, and VI cellgdadramatically reduced in PML IV cells,
indicated by the arrow.
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Figure 4-12 shows that, in contrast to my predigtexpression of PML IV did not cause
a significant inhibition or delay in viral growths compared with viral growth in the parental or
PML K/D cells. Therefore, viral replication seemsatfected in PML IV cells, which suggests
that the reduced plaque size in PML IV cells igljkcaused by a specific defect in viral spread.
Similar results were observed when the single-gtepith assay was repeated at a MOI of 1

(Figure 4-13).

4.2.7PML Isoform IV Does Not Increase Staurosporine-Indced Apoptosis

In the previous experiments, | demonstrated thpatession of PML IV in the absence of
endogenous PML dramatically reduces the size @fugla formed by theUs3 strain, without
affecting virus production. These results sugdest ¢ell-to-cell transmission of theJs3 strain
is affected by PML IV activities. For a clearer enstanding of PML IV-mediated antiviral
activities, | decided to test if the inhibitory ett of PML IV on plaque formation is caused by
increased apoptosis by PML IV expression, since-expression of PML IV in transfected cells
has been shown to stimulate apoptosis through RiMinédiated activation of p53 (68). To test
this hypothesis, CNE-2Z parental, PML K/D and PMLdells were mock-infected or infected
with HSV-2 WT, Us3 and Us3-R at a MOI of 3. At 6 hours post irifactcells were treated
with 1 M staurosporine, a bacterial toxin that inducespapsgs in many mammalian cell lines by
inhibiting PKC. At 18 hours post infection, celleke fixed and stained with antisera specific for
ICP8, as a marker for infection, and active casf3ase identify cells undergoing apoptosis. Cells
were examined by confocal microscopy, and imagd®afindomly-selected fields in each
treatment were collected. From each image, the ewsrdf ICP8-positive cells and
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Figure 4-12.PML IV does not inhibit or delay the replicatioh dJs3 strain. To evaluate viral replication, CNE-2atgnta)] PML K/D, and PML
IV cells were infected with HSV-2 WT,Us3, and Us3-R strains at a MOI of 0.1. Total prggérus was titered at 0, 6, 12, and 24 hours post
infection. The expression of PML IV did not caus&gnificant inhibition or delay in viral growthsaompared with viral growth in CNE-2Z
parental or PML K/D cells. hpi, hours post infeatio
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Figure 4-13.PML IV does not inhibit or delay the replication df/s3 strain. To evaluate viral replication, CNE-2at¢nta] PML K/D, and PML
IV cells were infected with HSV-2 WT,Us3, and Us3-R strains at a MOI of 1.0. Total prggerus was titered at 0, 6, 12, and 24 hours post
infection. The expression of PML IV did not caus&gnificant inhibition or delay in viral growthsaompared with viral growth in CNE-2Z
parental or PML K/D cells. hpi, hours post infeatio
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ICP8/caspase-3 double-positive cells were scoratlffee percentage of infected cells undergoing
apoptosis was calculated by dividing the numbetafble-positive cells by the number of ICP8-
positive cells. The results are summarized in Egli4. In the absence of HSV-2 infection,
parental cells could not resist staurosporine-ieduspoptosis, showing 100% cells undergoing
apoptosis. The average proportions of apoptotis eedre decreased to 33% and 26% when
infected with HSV-2 WT and Us3-R respectively. brgntal cells, infection withUs3 strain
failed to protect the cells from apoptosis and st ®5% cells undergoing apoptosis,
demonstrating that, under these conditions, Us3kisy player in protection of infected cells
from apoptosis. This observation is consistent Withwell-characterized role of Us3 in
inhibiting apoptosis in infected cells (Section.2)7 Knocking down endogenous PML protected
cells from staurosporine-induced apoptosis: in rriabicted PML K/D cells, staurosporine
induced apoptosis in only 23% cells on averagepauimg an important role of PML as a
mediator of apoptotic pathways. In PML K/D cellse fprotective effects of HSV-2 infection was
modest, showing on average 3%, 12% and 13% apoptits after infection with HSV-2 WT,
Us3 and Us3-R strains, respectively. In contraghédiindings in other reports (1, 55, 68, 132),
the extent of staurosporine-induced apoptosis i PK¥cells was similar to that in PML K/D
cells, regardless of infection status, and expoessf PML IV alone failed to recover the
responsiveness to staurosporine. Thus, thesegasigljest that sole expression of PML IV on a
level seen in PML IV cells is not sufficient to nease staurosporine-stimulated apoptosis.
Therefore, the inhibitory effect of PML IV on theibity of the Us3 strain to form plaques may

not be associated with PML IV-mediated apoptosis.
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Figure 4-14 Apoptosis is not increased in PML IV cells infedttwith the Us3 strain, as
compared to their PML K/D counterparts. CNE-2Z péak PML/KD and PML IV cells
were seeded on glass-bottom dishes and infectédi@8i/-2 186 WT, Us3 and Us3-R
strains at a MOI of 3. At 6 hours post infectioallg were treated with 1M
staurosporine, a potent inducer of apoptosis. Atdi#'s post infection, cells were fixed
and stained with antisera specific for ICP8, asagker for infection, and active caspase-
3, as a marker for apoptosis. For each treatmmages of 10 randomly-selected fields
were captured by a confocal microscope, using aclfjEctive. From each image, the
numbers of ICP8+ cells and ICP8+/caspase-3+ dquidéive cells were scored, and %
apoptotic cells was calculated by dividing the nemif double-positive cells by the
number of ICP8+ cells. Bars represent the averagpdptotic cells from 10 fields, and
error bars represent the standard error of the rneaveen fields.
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4.3Us3 Promotes Viral Gene Expression in Interferon-Egosed Cells by Disrupting

PML-NBs

The studies described in Sections 4.1 and 4.2 kedé¢lae mechanistic side of Us3-
mediated disruption of PML-NBs, and that Us3 dissUpML-NBs by a proteasome-dependent
and PML isoform-specific activity. These observasioaise questions regarding the
physiological relevance of Us3-mediated PML-NB djgion. While expressed constitutively, all
IFNs rapidly induce mRNA and protein expressiofPbfL and other PML-NB resident proteins.
This leads to an increase in the number and siBMf-NBs and enhancement of the antiviral
activities mediated by PML-NBs (Section 2.8% PML has been shown to be a fundamental
effector of IFN action against HSV-1 infection (18hypothesized that alphaherpesviruses need
Us3 to ensure continued, maximal disruption of PNBs in order to counteract the IFN-induced
inhibition of viral gene expressioio test this hypothesis, studies described thismsec
addressed: 1) whether th&Js3 strain of HSV-2 shows increased sensitivitiFd, by
examining its progeny virus yield, viral proteinpegssion, and viral gene transcription in IFN-
exposed cells, and 2) whether thds3 strain displays defects in the disruption ofLPNBs in

the presence of IFN.

4.3.1HSV-2 Us3 Strain is Hypersensitive to Interferon

To examine if HSV-2 Us3 contributes to virus resiste to IFN like its orthologue in
HSV-1 (297), and if the absence of Us3 renders R23Wpersensitive to IFN, | measured virus
yield from carrier- or IFN-exposed cells. In thesg@eriments, life-extended human foreskin

fibroblasts (T12) were exposed to carrier (0.1% BHS) or IFN for 18 hours prior to infection,
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and then infected with HSV-2 186 WTUs3 or Us3- R strains at a MOI of 0.1. At 24 hoowst
infection, total virus was harvested from the snp&ant and remaining cells, and virus yield was
determined by titration on Vero cells. To compdre inhibitory effect of IFN, fold inhibition in
virus yield was calculated by dividing the virutifrom carrier-exposed cells by the titer from
IFN-exposed cells (Table 4-2).

When the fold inhibition values fromUs3 and Us3-R were normalized to that of WT, |
noted that the inhibition in virus yield was 22ddligher in cells infected withUs3 than WT
and Us3-R. This result indicates that HSV-2 is hgpssitive to IFN in the absence of Us3, and
thus HSV-2 Us3 contributes to virus resistancd=t¢. ISuch Us3-dependent resistance to IFN
was also observed when infection was performedv®aof 1, but not at a MOI of 3, suggesting
a MOI-dependent effect (Table 4-3). Additionallyet Us3 strain also showed hypersensitivity
to IFN in HeLa cells, but not in CNE-2Z cells, indting that the contribution of Us3 to virus

resistance to IFN varies in extent, depending erctil type (Table 4-3).

4.3.2Hypersensitivity of HSV-2 Us3 to Interferon is Observed at Early Times After

Infection

Having confirmed that HSV-2 requires Us3 for efiaf virus replication in IFN-exposed
cells, multi-step growth analysis was performedetis exposed to carrier or IFN to determine
the kinetics of IFN-mediated inhibition of HSV-2ptecation. Compared to the virus growth in
carrier-exposed cells, all strains exhibited deatayieal growth in IFN-exposed cells,
demonstrating IFN-mediated inhibition of HSV-2 rieption (Figure 4-15). In carrier-exposed
cells, at 12 hours post infection, th&/s3 strain produced a titer approximately 10-faldér
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Table 4-2.Effect of type | interferon on virus yield

Virus Strain Gene -IFN / +IFN -IFN / +IFN Ratio
Inactivated Ratid® Normalized to W
HSV-2 186 WT None 173 1
HSV-2 186 Us3 Us3 5540 22 +/- 6.8
HSV-2 186 Us3-R None 234 1.2 +/-0.43

*The ratio was determined by dividing the virus giebtained at 24 hours post infection from the

carrier-exposed cells by the titers obtained fromIEN-exposed cells. Each ratio represents an
average from four independent experiments.

*The —IFN/+IFN ratios obtained from théJs3 and Us3-R strains were divided by the ratio
obtained from the WT strain. Each normalized regjaresents an average and standard error of
the mean from four independent experiments. —IFbckvireated cells; +IFN: IFN-exposed cells.
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Table 4-3 Effect of type | interferon on virus yield at i@us MOls and cell types

Multiplicit -IFN / +IFN Ratio
Cell Type (F))f. ! Virus Strain -IFg;tierllFN Normaliﬁed to
Infection WT
HSV-2 186 WT 22 1
1 Us3 183 8.5
Us3-R 35 1.6
Ti2 HSV-2 186 WT 7.7 1
3 Us3 8.7 11
Us3-R 4.8 0.6
HSV-2 186 WT 4.6 1
Hela 0.1 Us3 11 2.8 +/-0.9
Us3-R 5.7 1.1+/-0.3
HSV-2 186 WT 13 1
CNE-2Z 0.1 Us3 6.8 0.5
Us3-R 4.2 0.3

®The ratio was determined by dividing the virus giebtained at specified multiplicity of
infection at 24 hours post infection from the caréxposed cells by the titers obtained from the
IFN-exposed cells. The ratios from HelLa cells repre averages from two independent
experiments, while other ratios are acquired framgle experiments.

*The —IFN/+IFN ratios obtained from théJs3 and Us3-R strains were divided by the ratio
obtained from the WT strain. The normalized rafrosn HelLa cells represent averages and
standard errors of the mean from two independeper@xents. —IFN: mock-treated cells; +IFN:
IFN-exposed cells.
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Figure 4-15.Us3 promotes virus growth in IFN-exposed cells. Téls were exposed to 1000
U/mL IFN (right) or carrier (left) for 18 hours, dinfected with HSV-2 WT, Us3 and Us3-R
strains at a MOI of 0.1. Total progeny virus wasv/kated at indicated hours post infection, and
titered on Vero cells as described in Materials iethods. Each data point represents an
average of two independent experiments, with exmef 96 hour post infection. Error bars are
the standard error of the mean between experiméhés0-hour time point represents samples
acquired immediately after the incubation withatiér buffer, following the one-hour inoculation.

than the WT and Us3-R strains, consistent with ndag®ns reported for PRV and HSV-1 Us3
mutants. However, in IFN-exposed cells, this ddfere in virus titer was even larger, 100-fold
lower than the WT and Us3-R strains. Overall, ttengh defect of the Us3 strain was more
prominent in IFN-exposed cells during early timéngs until 24 hours post infection. Beyond
this point, the Us3 strain produced titers similar to those of Wil &s3-R, suggesting that by
48 hours the effects of IFN had dissipated. Theegfihese kinetic studies demonstrate that Us3

may contribute to virus resistance to IFN at etinhes after infection.
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4.3.3HSV-2 Us3 Viral Protein Expression is Dramatically Reducd in Interferon-Exposed

Cells

To identify the basis for the replication defecpesienced by the Us3 strain in IFN-
exposed cells and to probe the mechanism by whihpdomotes resistance to IFN, | examined
steady state levels of viral proteins belongingdoh kinetic class in infected T12 cells (Figure 4-
16). In these experiments, T12 cells were expaseditrier (0.1% BSA/PBS) or IFN for 18 hours
prior to infection, and infected with the HSV-2atrs at a MOI of 0.1. At 24 hours post infection,
cell lysates were prepared as described in Maseaiadl Methods, and probed for representative
viral proteins of each kinetic class: ICP27 for IEP8 for E, and ICP5 for L. Without exposure
to IFN, cells infected with WT, Us3 and Us3-R strains produced equivalent amoudnts o
representative viral proteins. In IFN-exposed Tésanfected with WT and Us3-R strains,
reduced levels of all proteins examined were olekrdemonstrating the antiviral effects of IFN.
Strikingly, expression of ICP27, ICP8 and ICP5 wedeereased to undetectable levels in IFN-
exposed, Us3-infected cells. These findings indicate thaB PPsomotes expression of all kinetic

classes of viral proteins in cells exposed to IFN.

Figure 4-16 Us3 promotes viral protein
expression in IFN-exposed cells. T12
cells were exposed to 1000 U/mL IFN or
carrier for 18 hours, and infected with
infected with HSV-2 WT, Us3 and
Us3-R strains at a MOI of 0.1. At 24
hours post infection, cell lysates were
prepared, and probed for Us3, ICP27,
ICP8 and ICP5 expression as described
in Materials and Methods-actin was
used as a loading control. IE: immediate-
early; E: early; L: late.
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4.3.4Us3 Does Not Impact Phosphorylation of elF-2

One of the best characterized IFN-inducible ardheffectors is double-stranded RNA
(dsRNA)-activated protein kinase (PKR), which pHuspylates elF-2, resulting in global shut-
down in the host translation machinery to preverat yrotein synthesis (15). To counteract the
activity of PKR, the viral protein ICP34.5, whicklbngs to the L kinetic class, forms a complex
with protein phosphatase 1PP1) to de-phosphorylate elF-Znd alleviate the shut-down of
protein synthesis mediated by PKR (385).

Based on the antiviral activity of PKR, the defiectiral protein expression in IFN-
exposed, Us3-infected cells might be caused by IFN-induck®RRctivity, and Us3 might
function to counteract enhanced PKR activity tonpote viral protein expression. To test this
hypothesis, exposure to IFN or carrier, and intectith the HSV-2 strains were repeated as
described previously, and cell lysates were exathfoetheir level of phosphorylated elF-By
western blotting (Figure 4-17). As a positive cohfor elF-2 phosphorylation, uninfected,
carrier-exposed T12 cells were treated with 0.5nolliam arsenite for 30 minutes prior to
analysis. Arsenite causes translational arrestlis by promoting phosphorylation of elF-ih a
heme-regulated inhibitor kinase (HRI)-dependentmeari386, 387). As expected, increased
levels of phosphorylated elF-2vere observed in arsenite-exposed T12 cells aNdekposure
alone failed to enhance the phosphorylation of21H-lowever, the level of phosphorylated elF-
2 was dramatically decreased in cells infected With, Us3 or Us3-R strains that had not
been exposed to IFN, suggesting that the actifit¢B34.5 is not affected by the absence of Us3.

In cells exposed to IFN, levels of phosphorylatéé2 increased to a similar level for all
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viruses tested. Overall, the data indicate that dég3 not promote viral protein expression by

facilitating elF-2 dephosphorylation.

Figure 4-17. Us3 does not impact phosphorylation of elF--R12 cells were exposed to
1000 U/mL IFN or carrier for 18 hours, and infecteith HSV-2 WT, Us3 and Us3-R
at a MOI of 0.1. At 24 hours post infection, cgbdtes were prepared, and probed for
ICP27, ICP5, total elF-2and phosphorylated elF-Z(P)elF-2 ), as described in
Materials and Methods. As a positive control fdf-81 phosphorylation, uninfected,
carrier-exposed T12 cells were treated with 0.5mollitam arsenite for 30 minutes prior
to analysis. -actin was used as a loading control.
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4.3.5Viral Gene Transcription of HSV-2 Us3 Strain is Significantly Reduced in

Interferon-Exposed Cells

To test if the defect in viral protein expressiniFN-exposed, Us3-infected cells occurs
at the level of transcription, | performed a RT-P&mlysis of RNA isolated from infected T12
cells (Figure 4-18A). T12 cells were exposed to Biltarrier and infected with the HSV-2
strains as described previously. At 24 hours pdsttion, total RNA was isolated from infected
cells and the levels of ICPO, ICP8 and gC transeriere analyzed by RT-PCR. In cells exposed
to carrier, the WT, Us3, and Us3-R strains produced similar levelhefiral transcripts. By
contrast, reduced levels of ICPO transcripts wetealed in IFN treated T12 cells infected with
the Us3 strain, and ICP8 and gC transcripts were dsetttb undetectable levels, suggesting
that IFN also inhibits transcription of viral genaghe absence of Us3.

The reduction in viral transcript levels was quiied by gRT-PCR (Figure 4-18B).
Relative amounts of the viral transcripts to 188IARvere calculated for each treatment, and
fold change in expression was calculated by digdhe relative amounts of transcript from
carrier-exposed cells by the relative amounts fleexposed cells. The fold-change values
from the Us3 and Us3-R strains were normalized to the Wdirs&nd plotted in Figure 4-18B.
Compared to cells infected with the WT or Us3-Riisis, a 6-fold higher inhibition in the
expression of ICPO was observed in IFN-exposed a#kcted with the Us3 strain. ICP27 and
gC showed a similar extent of inhibition of expieasapproximately 7-fold higher than WT and
Us3-R. Inhibition in the expression of ICP8 wasslaffected by the lack of Us3 in IFN-exposed
cells, resulting in a 3-fold higher inhibition th&4T and Us3-R. Overall, the results from the RT-

PCR and gRT-PCR analyses indicate that Us3 promotdsgene transcription in IFN-exposed
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Figure 4-18 Us3 promotes viral gene transcription in IFN-exmbsells. T12 cells were exposed to
1000 U/mL IFN or carrier for 18 hours, and mockeicted or infected with HSV-2 WT,Us3 and Us3-
R at a MOI of 0.1. At 24 hours post infection, td&NA was extracted analyzed by RT-PCR and
guantitative RT-PCR (gRT-PCR) to determine the eggpion levels of viral immediate-early (ICPO and
ICP27), early (ICP8) and late (gC) transcripts. Migalysis of viral transcripts by RT-PCR. For the
NORT control, reverse transcriptase was omittethfeoduplicate of IFN+UsR sample during the
cDNA synthesis step. 18S rRNA was used as a cofurabtal RNA. (B) The expression levels of
ICPO, ICP27, ICP8 and gC transcripts were quaudtifig gRT-PCR. The relative ratio of each viral
MRNA to 18S rRNA was calculated as described ingvlals and Methods. Fold-change in expression
for each viral transcript was determined by divigdthe relative ratio obtained from the carrier-esgub
cells by the relative ratio obtained from the IFipesed cells. For normalization, the fold-change
values obtained fromUs3 or Us3-R were divided by those values from \Ré&ported values represent
the average and standard error of the mean of Hioésgical replicates. RT: reverse transcriptitir;
immediate-early; E: early; L: late.
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cells. Notably, the transcriptional defect of thds3 strain in IFN-exposed cells was observed as

early as 3 hours post infection (Appendix E).

4.3.6Us3 is Necessary for Efficient PML-NB Disruption ininterferon-Exposed Cells

In previous experiments, | demonstrated that thie3 strain has a replication defect in
IFN-exposed cells, due to suppression of viral gearscription. These findings are consistent
with a model that, after IFN exposure, Us3-mediatisduption of PML-NB prevents the
transcriptional silencing of viral genomes. To Ilmewi test if this failure in viral gene
transcription is due to the lack of Us3s abilitydierupt PML-NBs, the number of PML-NBs in
IFN-exposed and HSV-2-infected cells was examineth@irect immunofluorescence
microscopy, along with the expression of ICPO asaaker for virus infection. In cells exposed to
IFN and infected with WT or Us3-R strains, 75% &3d6 of WT and Us3-R infected cells
lacked PML-NBs, respectively (Figure 4-19A, uppawy). For cells infected with Us3, the
proportion of cells showing complete disruptiorPdfiL-NBs was decreased to 43%. Strikingly,
while 9% of cells infected with WT or Us3-R show®dl or more PML-NBs, the proportion was
increased to 28% in cells infected witkls3 (Figure 4-19A, bottom row). This increase was
correlated with an increase in the overall averagabers of PML-NBs per cell in cells exposed
to IFN and infected with theUs3 strain. In the absence of infection, T12 aafponded to IFN
by producing twice as many PML-NBs than carrierased cells (Figure 4-19B). Infection of
IFN-exposed cells with WT or Us3-R strains reduttexlaverage number of PML-NB from 32 to
2 per cell. By contrast, approximately 8 PML-NBg pell were detected in cells infected with
the Us3 strain, representing a 4-fold increase in tmalver of PML-NBs in the absence of Us3.
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Figure 4-19.Us3 is necessary for efficient disruption of PML-NB IFN-exposed cells. T12
cells were seeded on glass-bottom dish and exposEaD0 U/mL IFN or carrier for 18 hours.
Cells were then mock-infected or infected with H8WT, Us3 and Us3-R at a MOl of 1, and
at 8 hours post infection, cells were fixed and imstained with antisera specific for ICPO and
PML. 100 mock-infected or infected cells were ramfloselected and scored for ICPO
localization and PML-NBs by confocal microscopy) (For each infection, cells showing the
following patterns were counted from the select@d dells, and the numbers are shown in
percentages: pan-nuclear localization of ICPO withnplete disruption of PML-NBs (top row)
and punctate localization of ICPO with relativeiyact PML-NBs ( >10 PML-NBs per cell)
(bottom row). (B) PML-NBs were counted in 100 manfected or infected cells randomly
selected. Average numbers of PML-NBs per cell v with error bars indicating the
standard error of the mean.
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Thus, these results indicate that Us3 plays aniitaporole in disrupting PML-NBs in cells

exposed to IFN.

4.3.7Knocking Down PML Partially Recovers Replication ofHSV-2 Us3 Strain in

Interferon-Exposed Cells

If Us3 promotes virus replication in IFN-exposedls by disrupting PML-NBs, then
replication of Us3 should be recovered in cells lacking PML. Tat this hypothesis, | utilized
an siRNA to knock down PML. To validate that PMLsnenocked down in cells transfected with
siRNA against PML (siPML), siRNA-transfected cellsre analyzed by indirect
immunofluorescence microscopy and western blotlim¢ghhe microscopy analysis, exposure to
IFN increased the average number of PML-NBs fronbo120 in cells transfected with the
negative control siRNA (Figure 4-20A and 4-20B)isTtesult was expected because
transcription of the PML gene is stimulated by 1@84, 335). Interestingly, a few PML-NBs
persisted in siPML-transfected cells, showing agrage of 2 PML-NBs per cell in the absence of
IFN exposure. Nonetheless, siPML inhibited the IiaRdiated increase in PML-NBs, as siPML-
transfected and IFN-exposed cells contained oragee8 PML-NBs, showing an increase of only
one PML-NB compared to the carrier-exposed countéspThis decrease in PML-NBs in
siPML-transfected cells was associated with a @geseaén the level of PML protein. As shown in
Figure 4-20C, in siPML-transfected cells, the leviehll PML isoforms were dramatically
decreased compared to cells transfected with thative control siRNA, indicating that siPML
successfully knocked down PML (Figure 4-20C, “aatii. Moreover, in cells transfected with
negative control siRNA, cells exposed to IFN pragtlia higher level of PML than cells exposed
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Figure 4-20 siRNA designed against PML successfully knocks d&®ML in T12 cells. (A)
T12 cells were transfected with 100 pmol of siRNgaiast PML (siPML) or negative conti
SiRNA (Neg Ctrl siRNA) for three times with 24-homtervals. 1000 U/mL IFN or carrier
was added to siRNAansfected cells during the last 18 hours of iatalm. At total 72 hout
post transfection, cells were fixed and immunogdiwith antiserum specific for PML, alo
with Hoechst 33342. Stained cells were examineddnjocal microscopy and representative
images are shown. (B) PML-NBs in 50 randomly-seldaells were scored. Average
numbers of PML-NBs per cell are shown with errarsliadicating the standard error of the
mean. (C) siRNA transfection and IFN exposure vperdormed as described in (A). At total
72 hours post transfection, cells were infectethWEV-2 WT, Us3 and UsR at a MOI o
0.1. At 24 hours post infection, cell lysates wenected and analyzed by western blotting
using antisera reactive against PML aralctin. -actin was used as a loading control. For
the anti-PML blot, a short exposure and a long sypware shown.
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to carrier, consistent with the IFN-induced inceeasPML-NBs (Figure 4-20C, “carrier” and
“IFN"™). However, the level of PML remained unchadga siPML-transfected and IFN-exposed
cells, compared to the carrier-exposed counterpsutgyesting that siPML transfection is
sufficient to reverse the IFN-mediated inductiorPML expression. Therefore, both western
blotting and microscopy analyses validated the giRildsed approach to knock down PML and
PML-NBs even in IFN-exposed cells.

In cells infected with HSV-2, IFN exposure prevehtiee loss of PML induced by virus
infection (Figure 4-20C). In carrier-exposed andatare siRNA-transfected cells, infection with
all three HSV-2 strains resulted in degradatioRMiL to an undetectable level. By contrast, in
IFN-exposed and negative siRNA-transfected cel®V#2 infection failed to induce degradation
of PML, and the level of PML was similar to IFN-exq®d uninfected cells. Conversely, in
siPML-transfected cells, the level of PML was dasetl to an undetectable level in all samples,
including those exposed to IFN.

To quantify the effect of PML knock-down and deterenif PML knock-down
recovered the replication of HSV-2 in a Us3-spedifianner, siRNA-transfected cells were
exposed to IFN and infected with the HSV-2 strakt24 hours post infection, total progeny
virus was harvested from the supernatant and eeltsyirus yield was determined by titration on
Vero cells. Fold inhibition was calculated and nalized as described in Table 4-2. In cells
transfected with the negative control siRNA, tHds3 strain showed approximately 17-fold
higher inhibition in virus yield in IFN-exposed tglthan WT or Us3-R strains (Table 4-4). By
contrast, in cells transfected with siPML, the lesfeinhibition of the Us3 strain was only 5-

fold higher than WT and Us3-R, a remarkable regpeempared to cells transfected with the
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Table 4-4.Effects of siRNA against PML on virus sensitivitytype | interferon

. . Gene -IFN / +IFN -IFN / +IFN Ratio
SIRNA Virus Strain Inactivated Ratid Normalized to W
HSV-2 186 WT None 142 1
Negative
Control HSV-2 186 Us3 Us3 1912 17 +/- 8
siRNA
HSV-2 186 Us3-R None 99 0.83 +/- 0.26
HSV-2 186 WT None 9.9 1
siPML HSV-2 186 Us3 Us3 41 54+/-2.2
HSV-2 186 Us3-R None 9.8 1.3 +/-0.47

*The ratio was determined by dividing the virus giebtained at 24 hours post infection from the

carrier-exposed cells by the titers obtained fromIEN-exposed cells. Each ratio represents an
average from three independent experiments.

*The —IFN/+IFN ratios obtained from théJs3 and Us3-R strains were divided by the ratio
obtained from the WT strain. Each normalized regjaresents an average and standard error of

the mean from three independent experiments. —fkdtk-treated cells; +IFN: IFN-exposed
cells.
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negative control sSiRNA (Table 4-4). Thus, theseadaltggest that Us3 counteracts PML-mediated

antiviral activities in IFN-exposed cells.

4.3.8Inhibition of HDACs Does Not Reverse the Transcripbnal Delay of HSV-2 Us3

Strain in Interferon-Exposed Cells

A number of studies have reported that Us3 orthadsgphosphorylate HDACs to
relieve transcriptional silencing of the viral gemm Thus, | examined if Us3 inactivates HDACs
to promote viral gene transcription in IFN-exposetls, by using sodium butyrate (NaBu), a
global HDAC inhibitor. In these experiments, T12<were exposed to IFN or carrier for 18
hours and co-treated with 10 of 1M NaBu, in a final concentration of 5mM, od 1. water
(H,O) for an additional 6 hours. Cells were then itéddawvith the HSV-2 strains at a MOI of 0.1,
and, at 24 hours after infection, viral proteing sranscripts were analyzed by western blotting
and qRT-PCR as described in Sections 4.3.3 anfl. A8.shown in Figure 4-21A, NaBu
treatment increased the level of viral proteind-iN-exposed, WT or Us3-R-infected cells.
However, it failed to recover protein expression Ws3-infected cells. Consistent with this
observation, NaBu did not reverse the impaired geae transcription in IFN-exposed and

Us3-infected cells (Figure 4-21B). These data ssigthat Us3-mediated promotion of viral

gene transcription in IFN-exposed cells does natlire inactivation of HDACSs.
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Figure 4-21 Inactivation of HDACs does not promot&Js3 virus gene expression in
IFN-exposed cells. T12 cells were exposed to IFNarrier for 18 hours, and co-treated
with 10 L of 1M sodium butyrate (NaBu), in a final concextion of 5mM, or 10L

water (HO) for additional 6 hours. NaBu is a global inhibbifor HDACs. Cells were
then infected with HSV-2 WT, Us3 and Us3-R at a MOI of 0.1. At 24 hours after
infection, viral proteins and transcripts were gnad by (A) western blotting and (B)
gRT-PCR. Fold change values were calculated andalaed as described in Figure 4-
18B. The bars represent average of three biologégdicates, and error bars are the
standard error of the mean between experimentmti.
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4.4 Us3 Disrupts PML-NBs through Its Interaction with KLHL21

The previous sections described the novel actofitys3 in the disruption of
PML-NBs, which is associated with Us3’s contribuatio viral gene transcription in cells
exposed to IFN. However, the molecular mechanismwligh Us3 interacts with PML-NBs,
induces the degradation and dispersal of the Pldloims, and eventually leads to the
disassembly of PML-NBs remains unclear. Given girateasome activity is important for Us3-
mediated disruption of PML-NBs, this involvementpobteasome activity is, in turn, indicative
of possible involvement of the host cell ubiquitida machinery during Us3-mediated disruption
of PML-NBs. Based on the identification of KLHL2% a potential interaction partner of PRV
Us3b (51), | hypothesized that Us3 disrupts PML-NBsits interaction with KLHL21. In this
section, the interaction between Us3 and KLHL21 eferacterized by yeast two-hybrid assays
and co-IP assays, and the co-localization of UsBKdrHL21 to PML-NBs by
immunofluorescence assay. Furthermore, the reqaimenf KLHL21 for Us3-mediated PML-
NB disruption was examined by knocking down KLHL&ith siRNA. Having also been
identified as a candidate interaction partner feV/RJs3b (51), EGFR Pathway Substrate 8
(Eps8), a cellular protein involved in the remordglof actin cytoskeleton via the GTPase Rac,

was included in the yeast two-hybrid assays as3abirgling control.

4.4.1Mapping the Eps8 and KLHL21 Interaction Sites in PR/ Us3

To further characterize the Us3-KLHL21 interactibmapped the KLHL21 interaction
site in PRV Us3a and Us3b using a yeast two-hydsihy. Yeast expression plasmids for full-

length PRV Us3a KD/D223A and PRV Us3b KD/D169A lséidady been constructed by former
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members of our laboratory, Dr. Mathew Lyman andigaesRandall. C-terminal and N-terminal
truncation fragments of PRV Us3a were construct{eB®R and cloned into the yeast expression
vector pGBKT7. Full-length and Us3 truncation musanere used as the bait for yeast two-
hybrid interactions. For the prey, the yeast exgossvector pACT2, and Eps8 and KLHL21
cloned into pACT2 were used. Eps8 was includetiénassay as a binding control to speculate if
the intrinsic structure of Us3 was relatively irttacthe truncation fragments. To assess yeast
two-hybrid interactions, diploid yeast cells contag both bait and prey plasmids, were grown
on Trp-/Leu-/His- (medium stringency) and Trp-/L&tis-/Ade- (high stringency) drop-out
media. Only the bait and prey pairs showing strormgein-protein interactions would allow the
yeast cells grow on high stringency drop-out media.

The results from the yeast two-hybrid assays amnsarized in Figure 4-22. Full-length
PRV Us3a and Us3b interacted with Eps8 and KLHIEXwever, while Us3b showed strong
interaction with Eps8 and KLHL21, Us3a formed @8t interaction only with Eps8, and an
interaction of intermediate strength with KLHL21.

For the Us3 N-terminal truncation mutants, intacactvith Eps8 was lost after deletion
of the N-terminal 101 residues of Us3N101), while the interaction with KLHL21 remained
intact. However, deletion of additional 36 resid(eN147) resulted in a loss of interaction
between KLHL21 and Us3b. These results indicatettiearegion between the residues 101 and
147 is necessary for Us3 to interact with KLHL2Addhe region between the residues 55 and

101 interacts with Eps8.
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Figure 4-22 Mapping of the Us3-KLHL21 interactions using agetwo-hybrid assay. Truncation fragments of PR\8dwere generated by
PCR and cloned into the yeast expression vecto{I@Bcontaining the Gal4 DNA binding domain. Theplwad yeast strain y187 was then
transformed with plasmids expressing full-lengthrancation fragments of PRV Us3a and Us3b or pGBEmpty-vector, and mated with
another haploid strain of yeast, yCH1, which hadaay been transformed with plasmid expressing Bpe&LHL21, fused to the Gal4
activation domain, or pACT2 empty-vector. Yeast4wdrid interaction between Us3 and Eps8 or KLHk2is assessed by growing diploid
yeast cells othe Trp-/Leu-/His- (medium stringency) and Trp-/bélis-/Ade- (high stringency) drop-out medium. Nugnb in the names of
truncation fragments indicate the numbers of anaitids deleted from the N- or C-terminus of PRV Us3alor domain legends for the
truncation fragments are omitted (shown in beigd} the exception of the kinase catalytic domaimofvn in purple). +, yeast two-hybrid
interaction only on the medium stringency medium; #iteraction on the high stringency medium; -jmeraction; KD, kinase-dead.
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Regarding the C-terminal truncation fragments o¥/Ri&3, none of the mating pairs
showed yeast two-hybrid interaction with KLHL21 apls8. As the western blots indicated that
all the proteins were present in the yeast celtsan be argued that the C-terminal fragments
cannot interact with KLHL21 due to the loss of theinsic structure of Us3 as suggested by the
lack of yeast two-hybrid interaction with Eps8. égected, interaction was not observed in the
pairs including pGBKT7 or pACT2 empty vector, vaithg that observed interactions were
driven by Us3 and KLHL21. Importantly, similar expaents performed in our laboratory, by Dr.
Renée Finnen, demonstrated an interaction betw&f2HUs3 and KLHL21, suggesting that

interaction with KLHL21 is a feature conserved aggtriJs3 orthologues (388).

4.4.2 Acidic Residues within the Region A.A. 55-101 ImpadJs3-KLHL21 Interaction

The results from the yeast two-hybrid assays perorbetween PRV Us3 fragments and
KLHL21 and Eps8 suggest that the N-terminal regilatys a role in mediating the interaction
between Us3 and its potential substrates. As sliowigure 4-23A, protein alignments revealed
that the region between A.A. 85 and 90 of PRV Ugi#ains six acidic residues that are highly
conserved between PRV, HSV-1, BHV-1 and EHV-1 UdBalogues. | hypothesized that these
well-conserved acidic residues may be importantHerinteraction between Us3 and KLHL21.
To test this hypothesis, the six acidic residueseva@rgeted for substitution to alanine by site-
directed mutagenesis, and yeast two-hybrid intenadtetween the alanine mutants of Us3a
(Us3a Ala) and Us3b (Us3b Ala) and KLHL21 and Epss examined as described previously.

The results are shown in Figure 4-23B. The intéwadietween Us3a and Eps8 was lost
after the substitution of the six acidic residugalainine, while the interaction with KLHL21
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Figure 4-23.Acidic residues within the amino acids 85-90 in PBS3a are involved in the
interaction between Us3a and its partners. (A) Anginid sequence of the potential interaction
site in PRV, and sequence alignment with homologaggiences in HSV-1, BHV-1 and EHV-
1. The residues are numbered with respect to PR3&,Umd acidic residues 85-90 were
substituted to alanine. (B) Yeast two-hybrid intti@n of PRV Us3a KD/D223A, Us3b
KD/D169A and the mutants with residues 85-90 sulgstil to alanine (Us3a Ala and Us3b

Ala) on a high-stringency plate.
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was significantly enhanced. This was not the cas&/$§3b; the alanine substitutions in Us3b did
not affect the ability of Us3b to interact with Bpsnd KLHL21. These results suggest that, in the
presence of the first N-terminal 50 residues oalynd in Us3a, the acidic residues 85-90, or the
conservation of overall acidity in this region niag critical for Us3-Eps8 interaction, whereas

inhibitory for Us3-KLHL21 interaction.

4.4.3PRV and HSV-2 Us3 Interact with KLHL21 in Mammalian Cells

To examine if Us3 interacts with KLHL21 in mammalieells, | performed a series of
co-IP assays. In the first set of co-IP experimadEK 293T cells were co-transfected with
plasmids expressing PRV Us3a or Us3b fused to E@rPmouse KLHL21 (mKLHL21) fused
to a FLAG tag (Figure 4-24A). Empty vector plasmidpressing EGFP and FLAG tags alone
were included as negative controls. At 48 hours paasfection, cell lysates were harvested, and
Us3 and mKLHL21 were immunoprecipitated with an&EP antibody and anti-FLAG affinity
gel respectively. The top row of Figure 4-24A shalet all proteins were expressed at
detectable levels. Immunoprecipitation for KLHL21shown in the middle row of Figure 4-24A;
anti-FLAG affinity gel successfully pulled down bdts3a and Us3b along with mKLHL21, but
not EGFP alone. In the reciprocal co-IP, as shawthé bottom row of Figure 4-24A, anti-EGFP
antibody immunoprecipitated Us3a, Us3b and EGFm fitee cell lysates. However, mKLHL21
was pulled down only with Us3a and Us3b. | als@did the interaction between PRV Us3 and
KLHL21 during PRV infection; PRV Us3b was succefigfpulled down with mKLHL21 from
cells transfected with plasmid expressing mKLHLA4dd to a FLAG tag, and infected with PRV

Bartha strain at a MOI of 10 for 6 hours (Figurg4B).
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Figure 4-24.PRV Us3a and Us3b interact with mouse KLHL21 (mKLH) in co-transfected
cells and during PRV replication.

(A) HEK 293T cells were transfected with the indezhcombinations of plasmids. At 48 hours
post transfection, cells were harvested and cgdltBs were immunoprecipitated with antiserum
specific for GFP or anti-FLAG affinity gel. Lane EGFP-PRV Us3b + FLAG-mKLHL21;

Lane 2: EGFP-PRV Us3a + FLAG-mKLHL21; Lane 3: EG#Rpty-vector + FLAG-

mKLHL21; Lane 4: EGFP-PRV Us3b + FLAG empty-vector.

(B) HEK 293T cells were transfected with plasmidating FLAG-mKLHL21 or FLAG
empty-vector. At 24 hours post transfection, cese mock-infected or infected with PRV
Bartha at a MOI of 10 for 6 hours. Cell lysatesevenmunoprecipitated using anti-FLAG
affinity gel. Lane 1: FLAG-mKLHL21 only; Lane 2: AG-mKLHL21 + PRV Bartha; Lane 3:
FLAG empty-vector + PRV Bartha. Positions of molecwveight markers in kDa are shown on
the left side of each blot, anti.
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To examine the interaction between HSV-2 Us3 amdadnuKLHL21 (hKLHL21), | used
HEK?293T cells co-transfected with plasmids expreg$iLAG-tagged hKLHL21 and HSV-2
Us3 WT or two kinase-dead mutants, KD/K220M and BIBO5A. As shown in Figure 4-25A,
immunoprecipitation of hKLHL21 with anti-FLAG affity gel pulled down all three species of
Us3, suggesting that kinase activity is not neggdsa Us3 to interact with KLHL21. Interaction
between HSV-2 Us3 and hKLHL21 was also detecteddayP from cells transfected with
plasmid expressing FLAG-tagged hKLHL21 and infeatatth HSV-2 HG52 at a MOI of 10 for
6 hours (Figure 4-25B). Overall, the co-IP expenitsédndicate that Us3 orthologues from HSV-
2 and PRV interact with KLHL21 in mammalian celsd this interaction occurs during an early

stage of virus replication, by 6 hours post infewati

4.4.4PRV Us3 and KLHL21 are Co-Localized to PML-NBs

Having demonstrated that Us3 interacts with KLHI2inammalian cells, | set out to
define the subcellular localization of PRV Us3 didHL21. Vero cells were co-transfected with
plasmids expressing FLAG-tagged mKLHL21 and EGKjg¢al PRV Us3a and Us3b, in kinase-
active and kinase-dead forms. At 24 hours possteation, cells were immunostained with
antisera specific for the FLAG peptide and PML, ardmined by confocal microscopy. When
expressed alone, Us3a was localized primarily toghgsm and plasma membrane, consistent
with previous observation (2). In a sub-populatidrells, Us3a was reproducibly observed to
form nuclear speckles (Figure 4-26, “Us3a”). Onabieer hand, Us3b was localized primarily to

the nucleus, and did not form nuclear structuresndxpressed alone (Figure 4-26, “Us3b”).
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Figure 4-25.HSV-2 Us3 interacts with human KLHL21 (hKLHL21) do-transfected cells
and during HSV-2 replication.

(A) HEK 293T cells were transfected with the ddsed combinations of plasmids. At 48
hours post transfection, cells were harvested atidysates were immunoprecipitated with
anti-FLAG affinity gel. Lane 1: HSV-2 Us3 wild-typ@®VT) + FLAG-hKLHL21 (Human
KLHL21); Lane 2: HSV-2 KD/K220M + FLAG-hKLHL21; La@ 3: HSV-2 Us3 KD/D305A
+ FLAG-hKLHL21; Lane 4: pCI-NEO empty-vector + FLARKLHL21; Lane 5: HSV2 Us:&
WT + FLAG empty-vector.

(B) HEK 293T cells were transfected with plasmid¢@ting FLAG-hKLHL21 or FLAG
empty-vector. At 24 hours post transfection, ce#se mock-infected or infected with HSV-2
HG52 at a MOI of 10 for 6 hours. Cell lysates wienenunoprecipitated using anti-FLAG
affinity gel. Lane 1: FLAG-hKLHL21 + HSV-2 HG52; Ine 2: FLAG empty-vector + HSYZ-
HG52. Positions of molecular weight markers in kida shown on the left side of each
blot. , anti.
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Figure 4-26 PRV Us3 and KLHL21 interaction recruits Us3 to BMBs. To investigate whether
Us3-KLHL21 nuclear structures were themselves PMBsNor in close association with PML-NBs,
Vero cells were co-transfected in combinationslagmids expressing EGFP-tagged PRV Us38blJs
Us3a KD/D223A, Us3b KD/D169A, and EGFP tag alonighWwLAG-tagged mouse KLHL21 or
FLAG empty-vector. At 24 hours post transfectiosl]scwere fixed andstained with mouse
monoclonal antiserum against FLAG peptide and taiddi/clonal antiserum against PML, followed
by staining with an Alexa 647-conjugated donkey-arguse IgG, and an Alexa 568-conjugated goat
anti-rabbit 1IgG. Stained cells were examined byfeoal microscopy, and representative images are
shown. All species of PRV Us3 were localized toleacstructures in the presence of KLHL21. These
structures were often found adjacent to PML-NBsl, smme of the structures showed co-localization
with PML-NBs. Note that Us3b KD localized more piioently with PML-NBs in the presence of
KLHL21. This is likely due to the inability of Us3KD to cause disruption of PML-NBs. For cells
transfected with the pair of EGFP-tagged Us3a dniiG~tagged KLHL21, the cell showing the
majority of Us3a in cytoplasm was chosen to sho®-KIEHL21 nuclear structures more clearly.
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Interestingly, co-transfected cells expressing Us3ds3b with mKLHL21 showed
formation of nuclear speckles, reminiscent of PMBINFigure 4-26, “Us3a + KLHL21” and
“Us3b + KLHL21"). Due to the abilities of Us3a ahi$3b to disrupt PML-NBs, it was difficult
to assess whether these Us3-KLHL21 nuclear speuldes localized to PML-NBs in cells
expressing kinase-active forms of Us3a and Us3lkweder, in cells expressing kinase-dead
forms, co-localization of Us3a, Us3b and KLHL21RbIL-NBs was readily observed; some
Us3-KLHL21 nuclear speckles showed complete ovesldlp PML-NBs, while others showed
partial overlap, positioned in close proximity (&ig 4-26, “Us3aKD + KLHL21"” and “Us3bKD
+ KLHL21"). The formation of nuclear speckles anddlization to PML-NBs was not observed
when mKLHL21 was co-expressed with EGFP (Figuré4“EGFP + KLHL21"). Overall, these
results suggest that PRV Us3a and Us3b are redgnaitBML-NBs through their interaction with

KLHL21.

4.4 5HSV-2 Us3 and KLHL21 Co-Localize to PML-NBs

To test if HSV-2 Us3 localizes to PML-NBs in theepence of human KLHL21, |
repeated the immunofluorescence microscopy assag Wero cells transfected with plasmids
expressing HSV-2 Us3 WT or KD/D305A, and FLAG-taddeKLHL21. Unlike its relative in
PRV, HSV-2 Us3 WT did not show clear re-localizatto PML-NBs when co-expressed with
hKLHL21 (Figure 4-27, “Us3 + KLHL21"). However, whethe kinase-dead mutant of Us3 was

co-expressed with hKLHL21, the formation of nuclepeckles containing both Us3 and
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Figure 4-27. HSV-2 Us3 and KLHL21 interaction recruits Us3RbIL-NBs. Vero cells were co-
transfected in combinations of plasmids expreskiBY-2 Us3 and Us3 KD/D305A or pCl-neo empty
vector with FLAG-tagged human KLHL21 or FLAG emptgetor. At 24 hours post transfection, cells
were fixed and stained with rat polyclonal antiseragainst HSV-2 Us3, mouse monoclonal antiserum
against FLAG peptide and rabbit polyclonal antiseagainst PML, followed by staining with Alexa 488-
conjugated donkey anti-rat IgG, Alexa 647-conjudatenkey anti-mouse 1gG, and Alexa 568-conjugated
goat anti-rabbit IgG. Stained cells were examimngddnfocal microscopy, and representative images ar
shown. Only HSV-2 Us3 KD/D305A was observed to lzeato nuclear structures in the presence of
KLHL21. These structures were often found adjate®ML-NBs, and some of the structures showed co-
localization with PML-NBs. This is likely due todteffect of substrate trapping by kinase-dead ntutan
where the structures formed by Us3 KD/D305A and KPH were held much strongly. The structures
formed by kinase-active Us3 and KLHL21 are possiblsnuch fewer numbers and masked by the
majority of Us3 not in complex with KLHL21. Lastlyor cells transfected with the pair of HSV-2 Us3
KD/D305A and FLAGtagged KLHL21, the cell showing the majority of UsB in cytoplasm was chos

to show Us3-KLHL21 nuclear structures more clearly.
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hKLHL21 was observed reproducibly in a sub-popolawf cells (Figure 4-27, “Us3KD +
KLHL21"). As previously seen with PRV Us3 and mKLBEL, these nuclear speckles showed
complete or partial overlap with PML-NBs. When H8\Js3 KD/D305A was expressed alone,
Us3 was primarily localized to the nucleus, withfarmation of nuclear speckles (Figure 4-27,
“Us3KD"). Interestingly, when hKLHL21 was expressaidne, hKLHL21 was frequently
observed to form nuclear speckles localized to RBs (Figure 4-27, “KLHL21"), which
supports our hypothesis that interaction with KLHLeghables Us3 to localize to PML-NBs.
Lastly, despite the absence of co-localization 82 WT Us3 and hKLHL21 to PML-NBs in
co-transfected cells, in a sub-population of HSM@52-infected cells expressing FLAG-tagged
hKLHL21 where PML-NBs remained intact, Us3 co-lézedl to PML-NBs along with

hKLHL21, suggesting that HSV-2 Us3 is localizedfdL-NBs in infected cells likely through

its interaction with KLHL21 (Figure 4-28).

4.4.6Us3 Cannot Disrupt PML-NBs in KLHL21 Knock-Down Cells

We determined that Us3 orthologues from HSV-2 aRY Rre capable of disrupting
PML-NBs in transfected and infected cells (26).vitimg a clue to the underlying mechanism, it
was demonstrated in Section 4.1.1 that proteasathdtyis involved in this process.
Considering that KLHL21 has been shown to act sigbstrate adaptor protein for the Cul3
ubiquitin ligase complex, my previous observatioattinteraction with KLHL21 recruits Us3 to
PML-NBs, thus, seems linked to the involvementhef proteasome during Us3-mediated
disruption of PML-NBs. Accordingly, | hypothesiz#tht KLHL21 is necessary for Us3 to
localize to PML-NBs and subsequently induce disampof PML-NBs.
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Figure 4-28 HSV-2 Us3 and KLHL21 interaction recruits Us3AbIL-NBs during HSV-2
replication. Vero cells were transfected with plasexpressing FLAG-tagged human KLHL21
or FLAG empty-vector. At 24 hours post transfectioglls were infected with HSV-2 HG52 at a
MOI of 10. At 6 hours post infection, cells wergdd and incubated with 1mg/mL human IgC
1% BSA/PBS to block viral glycoproteins from bindito rabbit antiserum. Cells were then
immunostained with rat polyclonal antiserum agaihS¥-2 Us3, mouse monoclonal antiserum
against FLAG peptide and rabbit polyclonal antiseagainst PML, followed by staining with
an Alexa 488-conjugated donkey anti-rat 1I9G, arxal647-conjugated donkey anti-mouse 1gG,
and an Alexa 568-conjugated goat anti-rabbit Ig@ired cells were examined by confocal
microscopy. For cells transfected with FLAG-taggddHL21 and infected with HSV-2 HG52,
the cell showing the majority of Us3 in cytoplasrasachosen to show Us3-KLHL21 nuclear
structures more clearly.
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To test this hypothesis, an siRNA-based approachusad to knock down KLHL21 in
CNE-2Z cells. CNE-2Z cells were chosen, since KLHISIRNA was designed specifically for
human KLHL21, and therefore, we could not use \&its for these particular experiments. To
validate siRNA-based knock-down of KLHL21 in CNE-2&lls, cells were transfected with 100
pmol of negative control SIRNA or siRNA against KLBIL. At 48 and 72 hours post transfection,
cell lysates were analyzed by western blottingsswn in Figure 4-29A, in cells transfected
with siRNA against KLHL21, the level of KLHL21 wasgnificantly decreased compared to cells
transfected with the negative control siRNA, indiieg that sSiRNA against KLHL21 successfully
knocked down KLHL21 in CNE-2Z cells. Notably, trevél of PML remained unchanged in
KLHL21 siRNA-transfected cells, as compared tosathnsfected with negative control siRNA.

After the validation of the KLHL21 siRNA, we exanaid if Us3 could disrupt PML-NBs
in KLHL21 knock-down cells. siRNA transfection weepeated in CNE-2Z cells, and, at 72
hours post transfection, cells were transfectetl pldasmids encoding HSV-2 Us3 WT, EGFP or
HSV-1 ICPO. Plasmids encoding EGFP and ICPO wesd as negative and positive controls for
PML-NB disruption, respectively. At 24 hours afthe transfection with plasmids, cells were
immunostained with antisera specific for PML, ameBldr ICP0O, and PML-NBs were examined
by confocal microscopy. As shown in Figure 4-298 d4r29C, cells that did not express Us3,
EGFP or ICPO showed an average of 15 PML-NBs perregardless of the siRNA used.
However, in cells expressing Us3, the fate of PMBsNvas dependent on availability of
KLHL21. While cells expressing Us3 that had beangfected with negative control SIRNA
showed a significant decrease in the number of P\BIs-compared to untransfected counterparts

(9.9 PML-NBs/cell vs. 17.4 PML-NBs/cell), those tihad been transfected with SIRNA against
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Figure 4-29 Us3 is unable to disrupt PML-NBs after KLHL21 kikedown. (A) To validate
that siRNA against KLHL21 knocks down KLHL21 in CNEZ cells, cells were transfected
with 100 pmol of KLHL21 siRNA or negative contrdR&NA. At 48 and 72 hours post
transfection, cell lysates were harvested and aedlypy western blotting-actin was used as
loading control. (B) CNE-2Z cells were seeded asgbottom dishes and transfected with
pmol of KLHL21 siRNA or negative control siRNA. A8 hours post transfection, siRNA
transfection was repeated. At 72 hours post tratiefe cells were transfected with plasmids
encoding HSV-2 Us3, HSV-1 ICPO and EGFP. HSV-1 I@GRAG EGFP were used as positive
and negative controls for PML-NB disruption, regpegy. At 24 hours after plasmid
transfection, cells were fixed and stained withbiapolyclonal antiserum specific for PML
along with rat polyclonal antiserum against HSV-£3br mouse monoclonal antiserum
against HSV-1 ICPO, followed by staining with AleX@8-conjugated goat antkbbit 1gG, ant
Alexa 488-conjugated donkey anti-rat IgG or Aleg84onjugated donkey anti-mouse IgG.
Stained cells were examined by confocal microscapyz series of cells were acquired witl
step size of 0.4m. Representativeprojectile images are shown. (C) CNE-2Z cells were
transfected with siRNA and plasmids encoding tlatgins indicated on theaxis, and stained
as described above for panel B. Stained cells wegimined by confocal microscopy, and
PML-NBs were counted in 40 transfected cells (dpdy bars) as well as in 40 ntiansfecte
cells (light gray bars) in the same dish. The bepsesent average of three independent
experiments for no-siRNA, Us3- and EGEBnsfected cells, and two independent experin
for ICPO-transfected cells. Error bars are thedstesh error of the mean between cells.
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KLHL21 contained a similar number of PML-NBs to ithentransfected counterparts (15.5 PML-
NBs/cell vs. 17.1 PML-NBs/cell). KLHL21-dependenmsmaiption of PML-NBs was only
observed in Us3-expressing cells; the average nigndfid®ML-NBs in ICPO- and EGFP-
expressing cells were not significantly affecteckbpck-down of KLHL21. Therefore, these

results strongly suggest that KLHL21 is necessaryJs3 to disrupt PML-NBs.

4.4 .7Interferon Sensitivity of HSV-2 Strains is Increasé in KLHL21 Knock-Down Cells

If Us3 requires KLHL21 to disrupt PML-NBSs, then laking down KLHL21 will
compromise virus growth in IFN-exposed cells dubbss of Us3's ability to disrupt PML-NBs.
To test this hypothesis, it was necessary tovastlate that SiRNA against KLHL21 also works
in T12 cells, whose responsiveness to IFN and IFddliated inhibition of virus replication have
been characterized (Section 4.3). T12 cells warstected with 100pmol of siRNA against
KLHL21 or negative control sSiRNA. At 48 hours pastnsfection, siRNA transfection was
repeated, and IFN or carrier was added to siRNAsfiected cells during the last 18 hours of
incubation. At a total of 72 hours post transfetticell lysates were collected and analyzed by
western blotting.

As shown in Figure 4-30A, in T12 cells transfectath siRNA against KLHL21, the
level of KLHL21 was significantly decreased compuhie cells transfected with the negative
control siRNA, indicating that siRNA against KLHL2ulccessfully knocked down KLHL21 in
T12 cells. IFN exposure did not alter the leveKaHL21 as compared to the carrier-exposed
counterparts, suggesting that expression of KLHir2} not be inducible by IFN stimulation.

To examine if virus replication becomes compromiaftdr KLHL21 knock-down,
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Figure 4-30 KLHL21 is necessary for optimal growth of HSV(2&) T12 cells were transfected
with 100 pmol of KLHL21 siRNA or negative contrdRINA. siRNA transfected was repeatec
48 hours post transfection. At 54 hours after tret found of siRNA transfection, 1000 U/ml
universal type | IFN or 0.1% BSA/PBS (carrier) veakled to siRNA-transfected cells. At 72
hours after the first round of siRNA transfectidgam @fter 18 hour-incubation with IFN), cells
were harvested and analyzed by western blottirag:tin was used as a loading control. (B)
SiRNA transfection and IFN treatment were perforrasalescribed for panel A. At 72 hours ¢
the first round of siRNA transfection, cells wenéeicted with HSV-2 186 WT, Us3 or Us3-R
strains at a MOI of 0.1. At 24 hours post infectitwtal progeny virus was harvested and titered
on Vero cells. To assess the effect of KLHL21 krdokvn on virus growth, the fold-change in
virus yield was calculated by dividing the viru®tifrom cells transfected with negative control
siRNA by the virus titer from cells transfected wiKLHL21 siRNA. The bars represent average
of three independent experiments, and error bartharstandard error of the mean between
experiments. , anti.
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siRNA transfection and IFN exposure were repeatedl cells, and cells were infected with
HSV-2 186 WT, Us3, and Us3-R strains at a MOI of 0.1. At 24 hquost infection, total
progeny virus was harvested, and virus yield wasrdéned by titration on Vero cells. To assess
the effect of KLHL21 knock-down, fold change inwsryield was calculated by dividing the
virus titer from cells transfected with negativantol sSiRNA by the virus titer from cells
transfected with siRNA against KLHL21. As showrFigure 4-30B, in cells exposed to carrier,
all virus strains experienced a 3-fold decreasarirs yield in KLHL21 knock-down cells. The
extent of decrease in virus yield after KLHL21 kkaitown was greater in IFN-exposed cells;
WT, Us3, and Us3-R strains showed 6.9-, 13.6- and fhitd8decreases in IFN-exposed,
KLHL21 knock-down cells, respectively. Thus, thessults suggest that KLHL21 is necessary
for optimal levels of HSV-2 replication, especiallylFN-exposed cells to counteract IFN-

induced antiviral effects.
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Chapter 5

Discussion

5.1Us3 Disrupts PML-NBs

PML-NBs are discrete, dynamic nuclear bodies nafoeBML, their main structural
component and one that plays a key role in diveeflalar processes, including the DNA damage
response, apoptosis, senescence and cellularrahtefenses (55-57, 59). Aside from
performing these diverse functions in the nucleygplasmic PML has been found to regulate
apoptosis by modulating calcium release from thdoplasmic reticulum (389). Representative
members of all three herpesvirus subfamilies engodieins that disrupt PML-NBs. In the case
of alphaherpesviruses, ICPO orthologues have adeellmented ability to disrupt PML-NBs
through the targeted degradation of PML via ICPQBjuitin ligase activity (59, 390).

Recently, a large screen for HSV-1 proteins tistupt PML-NBs revealed that, in
addition to ICPO, the products of th.8.5, UL14, andUs10genes also share this ability (349).
While this screen did not identify Us3, work doneour laboratory demonstrated that PML-NBs
were disrupted in cells expressing catalyticallyivcUs3 from HSV-2 and PRV, but not in cells
expressing catalytically-inactive Us3 orthologu28)( These findings indicate that the ability of
Us3 to disrupt PML-NBs is conserved between divatphaherpesviruses, and that Us3-
mediated phosphorylation of an as yet unknown tasgequired for this activity. Furthermore,
based on the findings that infection with the UsB-RRV strain resulted in an increase in the
number of PML-NBs as compared to cells infectedhwthie WT or Us3-repaired PRV strains, this
Us3 activity occurs not only in transfected cells is also relevant during virus infection (Figure

4-2). The proteasome inhibitor, MG132, dramaticadigfuced Us3-mediated PML-NB disruption,
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suggesting that the degradation of one or moreleelproteins is required for this Us3 activity
(Figure 4-1, Table 4-1). The target of this proteas activity is not likely PML protein, as Us3
expression did not lead to detectable PML protegrddation in infected cells (Figure 4-3).
Nonetheless, the involvement of proteasome actstiygests that Us3 may utilize the host
ubiquitylation pathway to disrupt PML-NBs.

Due to the dynamic nature of PML-NBs, which undergorganization in response to
various external and internal stimuli, any appacisituption of PML-NBs requires careful
inspection and analysis. For example, in the erpenits described in this study, PML-NB
disruption could be the result of cytotoxicity frahre over-expression of Us3 in transfected cells.
However, the reorganization of PML-NBs observethinstudies is seemingly different from the
processes occurring in cells undergoing apoptbsishtave been described in the literature. A
number of studies have demonstrated an initiabaee in the number of PML- and Sp100-
positive nuclear bodies in cells undergoing apapt(b, 89). This apparent increase is due to the
formation of microbodies composed of small PML-NBdgments that have broken away from
unstable PML-NBs during the restructuring of thelaus and fragmentation of chromatin.
However, even at very early times post-transfectidren Us3 expression was barely detectable,
formation of microbodies was not observed in celgressing Us3 (Appendix F). Indeed, many
studies have indicated that Us3 actively preveptp#osis (Section 2.7.1). Thus, it is not likely
that Us3-induced PML-NB disruption is a seconddfgat of apoptosis.

Another possibility is that PML-NB disruption che elicited by changes in nuclear
structure. It is well known that Us3 modifies a raenof nuclear proteins including those that
influence the structural integrity of the nucleamina. Several laboratories have reported that

Us3 induces solublization of the nuclear laminghbgsphorylating lamin A/C and emerin (37,
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290). Thus, it is possible that PML-NB disruptierai downstream effect of Us3-elicited
disturbance of nuclear architecture. While formalbgssible, my data and those of others argue
that this is not the case. First, | have observdt-RB disruption as early as 6 hours post-
transfection, when the level of Us3 is barely detlele and nuclear structure appears to be intact
(Appendix F). Second, Bjerke and Roller reporteat ioth WT and a kinase-dead mutant of
HSV-1 Us3 were able to induce disruption of lamiaml lamin A/C in transfected Vero cells
(391). By contrast, our analysis indicated thatkerdead forms of Us3 do not induce PML-NB
disruption, suggesting that the loss of nuclearcstiral integrity following degradation of lamin
proteins is not related to Us3-induced PML-NB dudion. Furthermore, a recent study
demonstrated that disassembly of the nuclear lafoli@ving the elimination of lamin A/C
enhanced the mobility of PML-NBs, but did not chanige number and size of PML-NBs,
providing another line of evidence for the actigéerof Us3 in disruption of PML-NBs (392).

It is curious that alphaherpesviruses encode pheltictivities directed at disrupting
PML-NBs. In light of the recent finding that thetiaities of ICPO orthologues from several
different alphaherpesviruses display variabilityhrir ability to disrupt PML-NBs (20),
functional redundancy in an alternate viral protnld be a plausible means by which the
viruses ensure that PML-NB disruption continueedour. Clearly, the elimination of these
structures is key to successful virus replicatigthmile ICPO targets PML protein for degradation,
Us3 appears to disrupt PML-NBs without degradingPM the case of HSV-1 infection, PML-
NB disruption occurs during the first 4 hours dkiction (206, 208, 344). As HSV-1 Us3 is an
early-late protein, it could be argued that PML-NBs disrupted prior to Us3 synthesis.
However, the kinetics of Us3 expression in othphaherpesviruses can be much earlier. Indeed,

the HSV-2 and PRV Us3 orthologues can be deteg@ddy as 2 hours post-infection (46).
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These findings suggest that, for at least HSV-2RRW, both Us3 and ICPO are available prior
to complete dissolution of PML-NBs. Moreover, besaboth Us3 (238, 264-266) and ICPO
(174-181) are virion tegument proteins, these metare also delivered to the infected cell upon
virus entry. It will be important to examine thela of Us3 to disrupt PML-NB in the absence

of ICPO and vice versa in order to sort out thatre¢ contributions of each protein in this process
At this time is not clear how the products of thie8.5, UL14 andUs10genes target PML-NBs.
Additionally, how these multiple activities are cdmated during virus infection remains

unknown.

5.2 Us3 Targets Specific PML Isoforms for Disruption

To further characterize the mechanism by which ks8iates PML-NB disruption,
a series of co-transfection assays was performegamine the PML isoform specificity of Us3.
Unlike HSV-1 ICPO, which caused degradation oPMIL isoforms tested, Us3 was found to
target PML | for proteasome-independent degraddfagure 4-4 and 4-5) and PML 111, IV, V,
and VI for dispersal (Figure 4-6 and 4-7). Inteiregy, PML Il was refractory to Us3-mediated
degradation or dispersal (Figure 4-8). These resuiggest that although ICPO disrupts PML-
NBs through degradation of all PML isoforms, Us8piiays specificity for certain PML isoforms.
Additionally, in contrast to ICPO, which prefereaily degrades SUMOylated PML, Us3 induced
degradation of both the non-SUMOylated and SUM@gldbrms of PML I, and did not alter the
SUMOylation status of other PML isoforms, suggestimat Us3 does not interfere with PML
SUMOylation to disrupt PML-NBs. Furthermore, basedthe isoform-specific activities of Us3,

it is possible that the ability of Us3 to disrupP®L-NB depends on the relative composition of
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PML isoforms. In other words, Us3 may be able syujit only a sub-population of PML-NBs,
likely those mainly composed of PML |, Ill, IV, Vhd/or VI, but not PML Il. This may partially
explain why a few PML-NBs were frequently foundiséant to Us3-mediated disruption in most
experiments. The isoform specificity of Us3 ideietifin the co-transfection assays was also
demonstrated in the alternative transfection asgetautilized stable cell lines expressing
individual PML isoforms in the virtual absence odegenous PML (Figure 4-10).

As an alternative mechanism to Us3-mediated degjadof PML |, the Us3-induced
loss of PML | observed in the Us3 and PML | co-sfaation assay could be explained by Us3
inhibition of PML | expression at the transcriptedrand/or translational levels in a kinase-
dependent manner, thereby reducing the amount &f IPMowever, considering that all the
plasmids used for the Us3 and PML isoform co-tractsfn assays were cloned in a similar
fashion, and that PML isoforms were expressed utidecontrol of the same promoter, it is
unlikely that Us3 specifically blocks the expressad PML | from the plasmid. Furthermore, Us3
has been shown to act as a transcriptional andlatgonal activator rather than a repressor (39,
43-45). Therefore, the most likely scenario apptaimsvolve Us3-mediated degradation of PML
I. To identify the potential element in PML | th@gtermines degradation in the presence of Us3,
the structure of PML | may be considered. PML uimggue among all PML isoforms in that it
contains sequences expressed fronPikie exon 9, which may confer susceptibility to Us3-
mediated degradation. It would be interesting tanexe whether adding tH&ML exon 9
sequences to the C-termini of PML II, I, VI, Vi ¥l could lead to degradation of these PML
isoforms in the presence of Us3.

The PML isoform specificity of Us3 was found totedevant to viral replication. When

the size of plaques formed by HSV-2 186&)s3, and Us3-R strains was examined in the PML
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isoform cell lines, the Us3 strain produced smaller plaques in PML I,IW, and VI cells, in
which Us3 is capable of degrading or dispersing?hi isoforms (Figure 4-11). These defects
could be due to antiviral activities mediated bgsth PML isoforms that the virus can overcome
in the presence of Us3. Consistent with this hygsi) in PML Il cells where PML Il was not
targeted by Us3 for degradation or dispersal, bseace of Us3 did not lead to a significant
reduction in plague size. To my surprise, thés3 strain did not show defects in plaque size in
PML V cells, despite that Us3 was previously foeagable of dispersing PML V. It is likely that
other viral proteins participate in counteractihg antiviral effect of PML V. Alternatively, PML
V may not have an antiviral effect against HSV-2saggested by previous observation that
over-expression of PML V in cells knocked down émdogenous PML did not affect HSV-2
replication (353).

The physiological explanations as to why PML Itasistant to Us3-mediated disruption
could be two-fold. First, the inability of Us3 target PML Il for disruption is consistent with the
previously-reported pro-viral role of PML Il. Stedi have shown that the effect of PML Il on
virus replication is distinct between HSV-1 and H3Vas PML Il has been shown to restrict
HSV-1 replication, but facilitate HSV-2 replicati¢B07, 353). Therefore, it seems feasible that
the inability of Us3 to target PML Il for disruptichas not been subjected to selective pressures
in the course of HSV-2 evolution, since it is nss@ciated with a fitness cost to HSV-2
replication. Second, the finding is also consisteiti the shift of PML mRNA balance by HSV-
2 ICP27. Within 3 hours post infection, HSV-2 ICH#Ads to PML pre-mRNA, and switches
the splicing of PML Il transcripts to PML V (353)herefore, Us3 may not target PML II, since
the expression of PML Il is down-regulated by ICR24 very early stage of virus infection, and

thus, PML 1l would not impose a significant antalibarrier, if any, in infected cells. It would be
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interesting to examine if the same isoform spéeitifis exhibited by PRV Us3. With respect to
the molecular basis for PML Il resistance to Ub®, sequences expressed fromRML exon 7b,
which are only found in PML Il, may render PML #fractory to Us3-mediated dispersal. Since
PML 1l, which contains sequences from frame-sliféxon 7b, is dispersed by Us3, expression
from thePML exon 7b in the correct reading frame seems es$éntiresistance to Us3-
mediated disruption.

Of all the cell lines examined, théJs3 strain showed the greatest reduction in plaque
size in PML IV cells (Figure 4-11). This finding wé&oth interesting and surprising, because the
extent of reduction was very significant, desphie presence of ICP0O. Many studies have
reported that, by recruiting p53 and factors inrghaf p53 regulation, including Mdm2, PML IV
executes apoptosis in response to apoptotic stii@8J)i93, 111, 134, 136-139). Perhaps it is no
coincidence that PML IV has been implicated in d@psis, and that Us3 has been implicated in
the prevention of virus-induced apoptosis as wekhpoptosisrduced by many agents and
environmental stimuli (30, 268, 269, 273-276)lightof my findings, it was reasonable to
consider that Us3-mediatdispersal of PML IV contributes to Us3 anti-apojitactivities.
However, in contrast to my prediction, complemdotabf the PML K/D cells with PML IV did
not increase staurosporine-induced apoptosis, stiggehat the observed reduction in plaque
size by the Us3 strain is not attributable to the apoptoticatality of PML IV (Figure 4-14).
Furthermore, the replication of HSV-2 strains wassignificantly affected in PML IV cells,
compared to their replication in parental and PMDKells (Figure 4-12 and 4-13). Therefore, it
is likely that the reduced plaque size of thds3 strain in PML IV cells is caused by inhibited
virus cell-to-cell transmission through unknown PMLactivities. However, the possibility that

PML IV inhibits viral replication of the Us3 strain independently of its apoptotic actitiand
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that this inhibition is only detectable at a vaswIMOI, should be considered. For the plaque size
assay, the virus inputs were controlled to be apprately 100 PFU, resulting in an average MOI
of 0.0001, whereas at least 100,000 PFU of eacis girain were inoculated for the virus growth
assay to an average MOI of 0.1. This differenceasgnts a 1000-fold higher viral input used for
the virus growth assays, which might have provisigdificantly more viral proteins to

compensate for the absence of Us3 and overcomBhylV-mediated antiviral effects.

5.3 Us3 Interacts with KLHL21 to Disrupt PML-NBs

The involvement of the proteasome during Us3-ntedidisruption of endogenous PML-
NBs suggests that Us3 may utilize the host ubitatign machinery to disrupt PML-NBs. Indeed,
a possible role of Us3 in the modulation of hosgultylation pathway was reported by Setral,
where Us3 reduced poly-ubiquitylation of TRAF6 ikinase-dependent manner to block the
TLR2 signaling pathway (50). In agreement with typothesis, specific interactions between
PRV and HSV-2 Us3 orthologues and KLHL21 were destrated in transfected and infected
cells by a series of yeast two-hybrid and co-IRgssindicating that the interaction between Us3
and KLHL21 is a conserved feature of Us3 ortholegwem diverse alphaherpesviruses (Figure
4-22 to 4-25). Interaction with KLHL21 recruited 88 PML-NBs, and KLHL21 was found to
be crucial for Us3’s ability to disrupt PML-NBs (ftire 4-26 to 4-29). This requirement for
KLHL21 in Us3-mediated disruption of PML-NBs wadleeted in the necessity of KLHL21 for
optimal levels of virus replication (Figure 4-30).

The results of yeast two-hybrid assays indicaaé dmino acid residues 101-147 may be

the KLHL21 interaction sites within PRV Us3 (Figute22). However, it should be noted that the
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interaction between Us3 and its target may not iositaply by sequence recognition, since
several of the PRV Us3 truncation mutants, suddsss C32, failed to show yeast two-hybrid
interactions, despite the presence of potential K2Hinteraction site. This indicates that the
potential interaction site alone is not sufficiemimediate protein-protein interaction between Us3
and its interaction partner. Thus, a model to erdlEs3-KLHL21 interaction can be derived such
that protein-protein interaction between thesegingtis achieved by recognition of structure,
rather than linear amino acid sequence. To aclggeeg protein-protein interaction, Us3 and its
partner(s) not only require an interaction siteddab other external residues to maintain the
interaction site in its intrinsic secondary or igan structure. It appears that residues both
proximal and distal to the interaction site areassary to maintain the structural integrity of the
interaction site, although it remains unclear whiesidues are required and how they are
involved. For PRV Us3, one possible explanatiohas deletion of C-terminal 32 residues is
sufficient to disrupt the overall structure andtattate interaction with Eps8 and KLHL21,
whereas the N-terminal truncation fragments susththeir interactions with Eps8 and KLHL21
even after deletion of N-terminal 100 residues.réfare, C-terminal residues approximately 200
residues distant from the interaction site maydpiired for the proper folding of the interaction
site.

Us3-KLHL21 interactions via structural recognitioray also explain the differing effects
of Us3 alanine substitution mutations on Us3-Eps8las3-KLHL21 interactions (Figure 4-23).
In previous work, our laboratory determined that Myterminal 54 amino acids only present in
Us3a contain the mitochondrial localization sigtalt allows Us3a to localize to mitochondria,
but not Us3b (2). However, it remains unclear hbe/mitochondria localization signal in the N-

terminus of Us3a functions dominantly over the racllocalization signal that was determined to
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be present between the residues 55-156. The awthggested that the basic residues 10-20 in
the N-terminus of Us3a form an intramolecular iatéion with the acidic residues 71-92. This
interaction may mask the nuclear localization digridJs3a, and results in the predominant
localization of Us3a in the cytoplasm and plasmanim@&nes (2). This folding in the N-terminus
of Us3a may be critical for Us3a—Eps8 interactemthe mutation of acidic residues 85-90 to
alanines abolished the interaction between Us3d&as8 (Figure 4-23). By contrast, the N-
terminal folding of Us3a may block the interactioetween Us3a and KLHL21, since the Us3a-
KLHL21 interaction was enhanced after the mutatmalanine (Figure 4-23).

Considering that KLHL21 acts as an adaptor prdi@inhe Cul3 ubiquitin ligase complex,
it seems feasible that the involvement of proteasdoring Us3-mediated disruption of PML-
NBs is linked to the co-localization of Us3 and KL to PML-NBs. Supporting this
speculation, Us3 lost its ability to disrupt PML-BlB1 KLHL21 knock-down cells (Figure 4-29).
Thus, | propose the following model for Us3 mediadésruption of PML-NB: Us3 interacts with
KLHL21, which may have already formed a complexwatul3 ubiquitin ligase, and this
interaction, in turn, recruits the entire proteomplex to PML-NBs, allowing ubiquitylation and
degradation of unidentified target(s) residing witbr proximal to PML-NBs, and subsequently
leading to disassembly of PML-NBs.

The role of Us3 kinase activity remains unclearcdntrast to our previous observation
that only catalytically-active Us3 leads to distaptof PML-NBs, the kinase activity of Us3 does
not seem to alter Us3 interaction with KLHL21. Qwiaally-inactive Us3 showed the formation
of nuclear speckles with KLHL21 in immunofluorescemmicroscopy assays, and was able to
pull down KLHL21 in the co-IP experiments in ther&amanner as catalytically-active Us3

(Figure 4-24 to 4-27). Therefore, it is possiblatttalthough not required for physical interaction
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with KLHL21, Us3-mediated phosphorylation may bedal in inducing ubiquitylation of the
unknown substrate by KLHL21 and Cul3. Indeed, s&hv&udies have reported that
phosphorylation of ubiquitylation substrates or poments of ubiquitin ligase complex, such as
substrate adaptors, enhances ubiquitylation ansesuient degradation of the substrate (393-395).
These findings suggest that Us3 may target Cul&ratomponents of the Cul3 ligase complex,
such as ROC-1; or the unknown substrate for phagtatmn, and that this Us3-mediated
phosphorylation is essential in driving Cul3-meddatbiquitylation of the substrate.
Alternatively, Us3 may phosphorylate KLHL21, anisthhosphorylation may mimic the signal
necessary to activate KLHL21 as a substrate ad&pt@ul3. Hence, it will be important for
future investigation to determine which compondrthe KLHL21-Cul3 ubiquitin ligase
complex is phosphorylated by Us3.

This model suggests a novel biological functionkeHL21. As a substrate adaptor
protein for the Cul3 ubiquitin ligase complex, KLBL recruits Aurora B, a cellular kinase
involved in mitosis, to the Cul3 ubiquitin ligasenaplex, and to induce subsequent ubiquitylation
of Aurora B by Cul3 (52). Our model suggests thaHK21 may have an additional role as a
modulator of PML-NBs. This is not too surprisin@ce one of its relatives, KLHL20, has been
shown to induce poly-ubiquitylation and proteasategendent degradation of PML by the Cul3
ubiquitin ligase complex, and lead to disruptiolP®L-NBs under hypoxic conditions (117).
Thus, it is possible that KLHL21 recruits the Cul3quitin ligase complex to an unknown
cellular protein that affects the integrity of PNNBs, as discussed in more detail below.
KLHL21-induced ubiquitylation and subsequent degtamh of this target protein results in
disruption of PML-NBs. Our observation that KLHL2lbne can localize to PML-NBs supports

a possible role for KLHL21 in the integrity of PMWBs (Figure 4-27). However, since the over-
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expression of KLHL21 did not seem to alter PML-NBgrd the KLHL21 knock-down showed
that the average number of PML-NBs and the levélML protein were not significantly
changed in cells transfected with siRNA against KRH, KLHL21-mediated disruption of
PML-NBs may only occur under certain conditionswas observed with KLHL20, and
interaction with Us3 may allow KLHL21 to by-pasdiaation by an upstream signaling cascade

(117).

5.4 Proposed Model: Us3-KLHL21 Interaction Recruits theCul3 Ubiquitin Ligase
Complex to PML-NBs

The proposed mechanism by which Us3 disrupts PMIs-MB its interaction with
KLHL21 shows similarities and differences from thechanisms employed by other herpesvirus
proteins to disassemble PML-NBs early in their @tiftn. The common theme shared between
Us3, ICPO and EBNAL is that all three viral protettepend on the host ubiquitylation machinery
and proteasomal activity to disrupt PML-NBs. Howewe contrast to ICPO and EBNA1, Us3
achieves its goal by inducing degradation of autadlprotein that is not PML protein itself.
Furthermore, unlike IE1 and BZLF-1, Us3 does ntarahe SUMOylation status of PML
(Figures 4-3, 4-4, 4-6, 4-7, 4-8, 4-20). Rathee, ML-NB disruption mechanism of Us3 most
resembles that of ORF61, an ICPO ortholgue exptdsg&/ZV. Similar to ICPO, VZV ORF61
contains a RING domain and a SIM, and its RING darhas been shown to mediate the
ubiquitin ligase activity of ORF6ih vitro (20, 396). However, unlike its HSV-1 relative, C&F
disrupts PML-NBs without inducing degradation of PlF altering the SUMOylation status of

PML, and does not show a strong localization to PNBs when expressed alone or during VZV
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infection, analogous to what has been observedWdh (348, 396, 397). For VZV ORF61, its
RING and SIM domains are required for its abiliydisrupt PML-NBs (348). Based on these
findings, the authors suggested that ORF61 loatizé®ML-NBs via interaction between its
SIM and SUMOylated PML in PML-NBs, and recruitswarknown cellular protein through its
RING domain to dislodge SUMOylated PML from PML-NBesulting in disassembly of PML-
NBs (348).

Based on this potential mechanism by which ORF6dugis PML-NBs, it may be
speculated that yet-unknown cellular proteins ageable of disturbing the integrity of PML-NBs
without altering the level and modification statd$*ML. Perhaps, the opposite scenario may
exist as well, in which yet-unknown cellular prateistabilize the interactions between PML and
other PML-NB resident proteins into PML-NBs to sigéhen the structural integrity of PML-
NBs, in assistance to the nucleation mediated tgyantions between the RBCC motifs of PML
and between SUMO moieties and SIMs of PML-NB resiigeoteins. Considering the diverse
structures of PML-NB resident proteins, along wiite possible presence of at least six different
isoforms of PML with unique C-termini in a singl&B-NB, an additional level of stabilization
by cellular proteins, that act as molecular staflesecure PML-NB resident proteins together,
may be important in assembling and maintainingsthectural integrity of PML-NBs. The
existence of these “staple” proteins could pastiaktplain as to how PML VI, when expressed
alone, forms into PML-NBs that are seemingly indigtiishable from NBs formed by other SIM-
containing PML isoforms, despite its lack of SIMowkever, if the strength of interaction between
the resident proteins, assisted by the “stapletemms, is too strong, dynamic exchange of
resident proteins in and out of PML-NBs will beabied. Thus, to allow some extent of

structural flexibility and modulate the rate of baage of the resident proteins, especially when
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cells are under stress, regulatory mechanismstmtol the addition and elimination of the
“staple” proteins to and from PML-NBs, for exampledegradation, would be necessary.

The above scenario may also explain the recruitmieldt HL21 and possibly the Cul3
ligase complex to PML-NBs by Us3. Although KLHL2&shbeen shown to induce mono-
ubiquitylation of Aurora B kinase, the possibilityat it is also capable of inducing poly-
ubiquitylation and proteasome-dependent degradafiomcharacterized substrates cannot be
excluded. The structural and functional similagtéhared among the members of the KLHL
protein family as substrate adaptors for Cul3-mtedigoly-ubiquitylation and protein
degradation support this possibility (6). Aftermatment to PML-NBs, KLHL21 and the Cul3
ubiquitin ligase complex may induce degradatioomd or more cellular proteins that function as
“staple” proteins, resulting in the loss of staiplieeraction between the resident proteins and the
eventual disassembly of PML-NBs (Figure 5-1).

To incorporate the PML isoform-specific activitieUs3 into this scenario is more
challenging, since Us3 leads PML isoforms to thtisénct fates: degradation, dispersal and
resistance. As Us3 induces dispersal in the mgjofiPML isoforms, the target protein for
KLHL21-mediated degradation is most likely a ungadr‘staple” protein that is capable of
stabilizing interactions between all PML isofornkggure 5-1A). The only exception would be
PML Il, which may not be supported by the “stapbedtein, possibly due to its exon 7b-derived
C-terminal tail that may inhibit the interactiontiween the “staple” protein and PML I, or favor
interactions with other PML-NB resident proteingeT'staple” protein may protect PML | from
a proteasome-independent mechanism, for examplegbysis by proteases. Alternatively, the
“staple” protein may stabilize the interaction beém PML | and PML-NB resident proteins in

the same manner as other non-PML Il isoforms. lctbe that, after the degradation of the
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Figure 5-1 (A) “Staple” proteins act as molecular staplesd¢oure PML-NB resident proteins together. “Stapieteins targeted by Us3-mediated
degradation (white) may function as a universaapi” protein that is capable of stabilizing intgians between all PML isoforms, with the exceptidn
PML 1I. The “staple (white)” protein may also protd®ML | from a proteasome-independent degradat@rexample proteolysis by proteases (pink).
Alternatively, each “staple (white)” protein may beique in that each strengthens the associati®if I, IIl, IV, V or VI with PML-NB resident protms,
while others could prevent PML | degradation. Theisg#eins may share a common structural featuregrézed by the Kelch domain of KLHL21. The
association of PML Il with PML-NB resident proteimay by stabilized by a separate set of “staplan@e)” proteins that are not targeted by Us3. (B3 U
interacts with KLHL21, which may have already fodrecomplex with Cul3 ubiquitin ligase, and thitehaction, in turn, recruits the entire protein qbex
to PML-NBs, allowing ubiquitylation (solid arrowand degradation of “staple (white)” proteins. Us8yrtarget Cul3; other components of the Cul3 ligase
complex, such as ROC-1; KLHL21or the “staple (WHiifotein for phosphorylation (P). (C) Degradatioit'staple (white)” proteins subsequently leads to
disassembly of PML-NBs. PML Il may remain assoaatéth PML-NB resident proteins, as the “stapleafage)”proteins are not targeted for degradatiol
SUMO moieties; ub, ubiquitin moieties.
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“staple” protein by KLHL21, the dispersed PML | raolles may be recognized by their exon 9-
derived sequences, and become subjected to deigraditewhere in the nucleus or cytoplasm.
In this alternative case, the degradation of PM¢presents a downstream effect of Us3-mediated
disruption of PML-NBs, rather than a cause.

On the other hand, multiple proteins may be taybteKLHL21 for degradation. In
other words, some of these target proteins coutthgthen the association of PML I, 111, IV, V
and VI with PML-NB resident proteins, while othesuld stabilize PML | to prevent PML |
degradation. These proteins might share a commnoctstal feature recognized by the Kelch

domain of KLHL21.

5.5Us3 May Disrupt PML-NBs to Promote Viral Gene Trangription in IFN-
Exposed Cells

What might be the physiological consequences Gftdediated disruption of PML-NBs?
One possibility is that Us3 targets PML-NBs forrdistion in order to access HDACs, which are
known to be PML-NB resident proteins (398). The WdsBologues encoded by several members
of the Alphaherpesvirinadave been shown to phosphorylate and inhibit HDA@sch has been
postulated to relieve transcriptional silencingrd viral genome (44, 45, 289, 294, 399). It may
be that PML-NB disruption is a pre-requisite fdii@ént HDAC phosphorylation by Us3.
Alternatively, Us3 may disrupt PML-NBs to prevemius-induced apoptosis. Although the
mechanism by which Us3 functions in this capadtgat fully understood, it has been suggested

that Us3 modification of multiple cellular targessrequired because Us3 protects cells from
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apoptosis induced by diverse stimuli. In light of dindings, it is reasonable to consider that
Us3-mediated PML-NB disruption contributes to aevapectrum of Us3 anti-apoptotic activities.

A third possibility, which was examined in my steslj is that Us3-mediated PML-NB
disruption contributes to viral resistance to IFNdiated antiviral effects. The coordinated
activities of ISG direct the first line of antivirdefenses by limiting virus replication and spread
and enhancing the adaptive immune response. Thrigkility of virus to evade and blunt the
IFN response is a determining factor for viral ience and persistence in hosts. Compared to
other viruses, such as vesicular stomatitis viamsiRNA virus often used to study the antiviral
effects of IFNs, herpesviruses have a relativedjn liesistance to IFN, partially owing to their
large genome capacities to encode multiple IFNgntists. These factors are capable of
interfering with various components of the host IfelSponse system, which would otherwise
detect viral invasion, trigger the production oNIFelay signals from activated IFN receptors,
and activate the expression of ISG. This multifaddilockade in the host IFN response system,
conferred by multiple IFN antagonists, ensuresvthes to counteract the IFN-mediated
immunity in a variety of cell types that the vinwsuld encounter during the course of natural
infection, from the initial site of infection todestination for latency. Indeed, in cultured cells,
most IFN-sensitive HSV mutants can reverse théir $Ensitivity and undergo replication to
extents similar to their WT counterparts dependindhe cell type and MOI, demonstrating that
HSV is well equipped with multiple back-up straegi

Section 4.3 describes an additional componenteoH®&Y-2 anti-IFN strategy. It was
found that the growth of a HSV-2 strain deficiamthie expression of Us3 is sensitive to IFN to a
much greater extent than the WT and repaired straimd that this hypersensitivity is due to IFN-

induced suppression of viral gene transcriptiorb{@d-2, Figure 4-18). The finding that the
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absence of Us3 affected the transcription of IEegewhich are expressed before dienovo
synthesis of Us3, strongly suggests the contributictegument-associated Us3. This IFN-
induced silencing of theUs3 strain is associated with deficient disruptié®ML-NBs by the
virus in IFN-exposed cells (Figure 4-19). AccordingiRNA knock-down of PML demonstrated
that Us3 counteracts PML-mediated antiviral efféct$-N-exposed cells (Table 4-4). These
results support and extend the argument raisedrbgZzPand and colleagues that HSV-1 Us3
contributes to viral resistance to IFN as well@R0, ICP34.5, Usl11 and UL13, the four viral
proteins that have already been characterizedrforpeanti-IFN activities in HSV-1 infection

(297).

5.6 Proposed Model: Tegument Us3 Disrupts PML-NBs viat$ Interaction with
KLHL21 and Promotes Viral Gene Transcription in IFN -Exposed Cells

Based on the necessity of Us3 for the expressidb wiral transcripts in IFN-exposed
cells and evasion from the IFN-induced, PML-medlaativiral barrier, | propose the following
model (Figure 5-2). In IFN-exposed cells, the mRal#dl protein expression levels of PML and
other PML-NB resident proteins, such as Sp100ijraheced, resulting in growth of PML-NBs in
size and number. Upon infection and delivery ofuinial genome into the nucleus, this IFN-
induced growth enhances PML-NB-mediated silencingp® viral genome, efficiently preventing
viral gene expression. In return, Us3 brought thiocell via the tegument induces disruption of
PML-NBs, which leads to alleviation of this trangtional silencing and promotion of

expression of immediate-early genes, including IGB€0 and Us3 then work by distinct
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Figure 5-2. (A) In IFN-exposed cells, the mRNA and protein exp@s$evels of PML and other PMNB
resident proteins, such as Sp100, are inducedfirgsin growth of PML-NBs in size and number. Upon
infection and delivery of the viral genome into thecleus, this IFN-induced growth enhances PML-NB-
mediated silencing of the viral genome, efficierghgventing viral gene expression. (B) Us3 brougtat
the cell via the tegument interacts with KLHL21,iglhmay have already formed a complex with Cul3
ubiquitin ligase, and this interaction, in turncmats the entire protein complex to PML-NBs, allow
ubiquitylation and degradation of “staple” protei€) Degradation of “staple” proteins leads to
disruption of PML-NBs, which leads to alleviatiohRPML-NB-mediated transcriptional silencing of the
viral genome and promotion of viral gene transaiptincludingde novoexpression of ICP0O and U9®)
ICPO and Us3 then induce ubiquitylation and degradaf distinct targets tensure efficient disruption
PML-NBs and the disarming of PML-NB-mediated antividefense mechanisms. S, SUMO moieties; ub,
ubiquitin moieties.
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pathways to ensure efficient disruption of PML-NB® the disarming of PML-NB-mediated
antiviral defense mechanisms.

In reviewing the proposed model, it is noteworthatt although siRNA-mediated knock-
down of PML caused remarkable recovery of the cafilbn of the Us3 strain in IFN-exposed
cells, it did not cause complete recovery (TabiB.4Fhis may be due to the following reasons: 1)
the presence of persistent PML-NBs, 2) the actid®pd 00 and other PML-NB resident proteins,
or 3) the involvement of other ISG activities. Refjag the first possible cause, we observed that
the siRNA against PML (siPML) used in our siRNAa&gs successfully knocked down a large
proportion of all PML isoforms, as shown in the wees blot analysis, and that such siPML-
mediated knock-down of PML was maintained everr &kposure to IFN, nullifying IFN-
induced expression of PML (Figure 4-20C). Howetlee, same analysis also indicated that a
small proportion of PML remained in siPML-transtettcells. This finding was consistent with
the presence of few PML-NBs remained in siPML-tfaaed cells. Presuming that the
composition of these persistent PML-NBs does nahgk during siRNA transfection, it is
possible that they are capable of functioning &&itkduced antiviral effectors and can inhibit the
replication of Us3 in IFN-exposed cells by exerting transcripti@siencing, albeit to a lesser
extent than they do so in cells transfected wighrtegative control sSiRNA.

The contribution of other PML-NB resident protesi®uld be noted as well. Previous
research has shown that PML-NB-like structures amsag of other PML-NB resident proteins,
such as Sp100 and hDaxx, are recruited to the gimabme, even in the absence of PML (302,
305, 321). As some of the PML-NB resident proteinsiuding Sp100, are inducible by IFN,
increased levels of these proteins may compenesatad loss of PML in IFN-exposed cells, and

participate in IFN-induced silencing of the virargpme. Thus, in order to fully recover the
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replication capacity of theUs3 strain, it may be necessary to knock down P$411,00, and/or
other antiviral PML-NB resident proteins in combioa.

Alternatively, considering the vast range of itsguial target proteins, Us3 may interfere
with IFN action via multiple mechanisms targetihg Bctivities of other ISGs, such that lack of
Us3 cannot be fully compensated by inhibiting PMLPML-related activities alone. For example,
although this study focused mainly on the role e8lih promoting viral gene transcription, Us3
may also interfere with IFN action on a translagiblevel. Us3 has been shown to phosphorylate
TSC2 to bypass the Akt activation step and coristély activate the mTOR1 pathway,
promoting viral mRNA translation (39). Thus, itgsessible that the Us3-mediated activation of
the mTOR1 pathway in IFN-exposed cells brings thlaice of translation regulation against
PKR-mediated translational arrest. However, thergmtion of Us3 to enhancing translation
may not be significant, since the Akt/mTOR pathwsaknown to be activated in response to IFN
to increase translation of ISGs (15). Thus, inexperimental setting, the mTOR1 pathway might
have already been activated after IFN exposuresakamd not have required the contribution of
Us3. On the other hand, with the identificatiommadre than 300 ISGs in response to type | IFN,
the possibility remains that Us3 may also interfgith ISGs that are not directly involved in
transcriptional or translational regulation in Ifle¥posed cells (400-402). For example, ISGs
involved in mediating IFN-induced apoptosis coudddmtential targets for Us3.

Lastly, the model proposed here implies the exggai functional redundancy between
ICPO and Us3 during virus-induced disruption of RMBs in IFN-exposed cells. Such
redundancy is not unusual, and it is known thataiher HSV proteins, ICP34.5 and Us11, act in
parallel to prevent the activity of the common &trd°’KR. ICP34.5 recruits PP10o reverse

PKR-mediated phosphorylation of elF;2vhile Us11 binds to PKR and prevents its actorati
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(385, 403-406). As the two proteins are expresséifarent times during infection, with
ICP34.5 expressed prior to Usl11, it has been stegésat ICP34.5 and Us11 interfere with PKR
activity by distinct mechanisms at discrete timehie replication cycle (405, 407). The
possibility of such cooperation between Us3 andli€@mphasizes the importance of eliminating
PML-NBs for efficient viral replication, especialiy IFN-exposed cells, to overcome the
antiviral activity enhanced above the resting leiidreover, the redundancy and cooperation
between ICPO and Us3 may provide viruses with jgiagt For example, the ICPO-deficient
strain of HSV-1 is hypersensitive to IFN in Verdlggbut not to the same extent in other cell
lines, such as human diploid fibroblast (HF) andus@embryonic fibroblast (MEF) cells (339,
408). Thus, it is possible that Us3 activity agalR$ action may compensate for the lack of
ICPO in HF and MEF cells, and promote the replaratf the ICPO-deficient virus to a level
similar to that of the WT virus. This functionaldendancy of ICPO and Us3 may function as a
fail-proof strategy for ensuring optimal virus rigakion in various cell types with distinct
biological properties, including IFN responsivenesgression patterns of ISG, and relative
levels of PML isoforms and KLHL family members AML-NB disruption via one pathway
becomes less efficient, such as when ICPO-medddgrhdation of PML is restricted due to
sequestration of ICPO in the cytoplasm by cytopladPML (409), or when Us3-mediated
dispersal of PML-NBs is blocked by low availability KLHL21, compensation could be
achieved by disruption via the remaining unpertdrpathway. The extent of this compensation
would vary depending on the cell type, from fulhgeensation, as seen in HF and MEF cells, to
at least a partial compensation, as seen in Véim ce

Currently, it is difficult to clearly differentiatthe contribution of Us3 from that of ICPO in

virus resistance to IFN, based on my observatiahis3 is needed for full expression of ICPO in
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IFN-exposed cells. Thus, a possible caveat to adeanand interpretations is that Us3-mediated
transcription of viral genes occurs through an entdied mechanism that does not involve PML
and PML-NBs, and the defect in PML-NB disruptionfiN-exposed, Us3-infected cells may

be more attributed to insufficient ICPO. Yet, onalyses may provide a counter-argument for
this caveat. Figure 4-20C shows that, in IFN-exdas#ls, despite the infection with the HSV-2
strains and presence of ICPO, the level of PML irethequivalent to that of IFN-exposed,
uninfected cells (compare the last three laneldséecond lane of the left panel). This suggests
that, in IFN-exposed cells, there is not enoughdl@Pdegrade a significant portion of PML
regardless of the virus strain used. This resuit @ontrast to my microscopy data (Figure 4-19),
which shows a significant decrease in the averageoer of PML-NBs in IFN-exposed cells
infected with the WT and Us3-R strains. Therefariken the level of PML is enhanced by IFN,
above ICPO’s capacity, the contribution of Us3israpting PML-NBs may become evident
Clearly, it will be important to examine the abyjlif Us3 to disrupt PML-NBs and promote viral
gene transcription in IFN-exposed cells in the absef ICPO and vice versa in order to sort out

the relative contributions of each protein in fhiecess.
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Chapter 6

Summary and Future Directions

Based on our finding that Us3 orthologues are lolg@paf disrupting PML-NBs (26), the
studies described in this thesis were aimed tahitte the mechanism underlying Us3-mediated
PML-NB disruption, and examine the physiologicahiridbution of this novel Us3 activity to
virus replication. Consistent with our observatioriransfected cells, PML-NBs were disrupted
in cells infected with PRV strains in a Us3-depanideanner. While loss of PML-NBs in
response to Us3 expression was prevented by thegsame inhibitor, MG132, Us3-mediated
degradation of PML was not observed in cells irddatith PRV, suggesting that Us3-mediated
PML-NB disruption involves proteasome-dependentaegtion of an unknown target protein(s).

Although it was demonstrated that Us3 disrupts PNB.in a proteasome-dependent
manner, Us3 did not target the PML protein for deigtion or alter PML protein SUMOylation.
These findings indicate that Us3 disrupts PML-NBabyechanism that has not been previously
described. PRV and HSV-2 Us3 orthologues interasféd KLHL21 during virus replication,
mediated by a region contained in the N-terminug<8. Interestingly, PRV and HSV-2 Us3
were re-localized to PML-NBs when co-expressed WitiHL21, suggesting that interaction
between Us3 and KLHL21 is necessary for Us3 toetaPdML-NBs. In support of this idea,
siRNA-mediated knock-down of KLHL21 prevented Us8drated PML-NB disruption and
inhibited virus replication. Taken together, théedings suggest that a Us3-KLHL21 complex
recruits the Cul3 ubiquitin ligase to PML-NBs, waesubsequent ubiquitylation of unknown

target(s) leads to PML-NB disassembly.
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Since it has been well established that PML is@woirtant antiviral effector induced by
IFN, Us3 may contribute to viral resistance to IBNdisrupting PML-NBs. Indeed, in contrast to
untreated cells, significant reductions in viruslgj and viral proteins and transcripts of all
kinetic classes were observed in IFN-exposed ceksted with Us3. Consistent with the role
of PML-NB in IFN-mediated antiviral defenses, digtion of PML-NBs was less efficient in
IFN-treated T12 cells infected with théJs3 strain, and knocking-down PML by siRNA
transfection partially recovered the replication &fs3 strain in IFN-exposed cells. Therefore,
through disruption of PML-NBs, the tegument-delagtUs3 may alleviate IFN-induced, host-
mediated transcriptional silencing of the viral gem, allowing efficient viral gene expression
and replication in cells exposed to IFN.

In summary, | would like to propose the followingdel to describe the mechanism and
function of Us3-mediated PML-NB disruption: In ce#xposed to IFN, the expression of PML
and several PML-NB resident proteins is induced, RWL-NBs grow in size and number. Upon
infection, the viral genome becomes associated Ril-NBs, and viral gene transcription is
silenced by the transcriptional repressors in PMEsNWhen delivered into the host cell via the
tegument, Us3 recruits the Cul3 ubiquitin ligasmptex to PML-NBs via its interaction with
KLHL21. This allows KLHL21 to mediate ubiquitylaticand proteasome-dependent degradation
of unknown cellular protein(s) that stabilizes matetions between PML isoforms, excluding PML
II, and other PML-NB resident proteins, leadingltsassembly of PML-NBs. This releases the
viral genome from PML-NB-mediated transcriptionigiscing, allowing expression of IE genes
including ICPO. ICPO and Us3, then, work in distipathways to continue the elimination of
PML-NBs and ensure the optimal level of viral gexpression (Figure 5-1 and 5-2).

Although Us3 has been known to be a tegument iprfiie many years, its exact role as a
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tegument protein has not been clearly demonst(8%&d0, 179, 238, 265, 410, 411). Reports on
diverse functions of Us3 to date describe its fiomst relatively late in infection and attribute
most of these functions tie novosynthesized Us3. The findings reported in thisithprovide a
clue to the possible role of tegument associat&libstilizing the host ubiquitylation machinery
to disarm antiviral defenses and ensure the optienal of virus replication. However, as
fascinating as these findings may be, many quessth remain to be answered. For future study,
it is a priority to examine if the Us3-KLHL21 conepl is able to recruit the Cul3 ubiquitin ligase
complex, and identify the substrate(s) for ubidaiipn. A mass spectrometry-based analysis of
purified Us3-KLHL21 complexes would be useful temdify potential candidates. Moreover, as
my model addresses a potential role of tegument ts®uld be important to determine if
tegument-associated Us3 is capable of interactittykd.HL21, and to test if KLHL21 is
packaged into virion via its interaction with U&irthermore, to examine if the PML isoform
specificity of Us3 affects the role of Us3 in virakistance to IFN, stable cell lines that express
individual PML isoforms with ISRE and GAS could ¢enerated and used to test if IFN-induced
expression of each isoform could inhibit the regdiicn Us3. In addition, testing if KLHL21
interacts with PML in an isoform-specific mannerdnyIP and microscopy will help to
understand the mechanism underlying the PML isofgpecificity of Us3. Lastly, isolation of

Us3 mutants specifically defective in PML-NB distiop will allow the exploration of how Us3-
mediated PML-NB disruption contributes to a wideapum of Us3 activities, including

inhibition of apoptosis. Identifying the residueihin the KLHL21 interaction site of Us3 that
are critical for interaction with KLHL21, and intlacing mutations into these residues will help
to construct a Us3 mutant that cannot interact WltklL21 and disrupt PML-NBs, with a

minimal disturbance in the overall structure of Us3
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Appendix A

Summary of Viruses and Their Mechanisms to DisrupPML-NBs

Table A- 1. Other viruses that target PML-NBs for disruption

Family Virus Mechanism of Action Ref
1) L2 does not induce disruption of PML-
NBs, but induces degradation of Sp100 (144-
Papillomaviridae HPV 2) E4 forms nuclear inclusions and induces 146)
disruption of PML-NBs by relocating PML to
the periphery of the nuclear inclusions
D.NA 1) E4 ORF3 reorganizes PML-NBs into
virus Adenoviridae Ad5 elongated track-like structures (141-
2) pIX induces the formation of dynamic 143)
nuclear inclusions to sequester PML
- PML-NBs are disrupted during a late phase
Polyomaviridae JCV JCV infection O(f147)
- Influenza | Influenza A infection increases the number
Orthomyxoviridae A and decreases the size of PML-NBs (154)
. - 3C protease disrupts PML-NBs by inducing
Picornaviridae EMCV proteasome-dependent degradation of PMLa(151)
. 1) P protein disrupts PML-NBs by
RNA Rhabdoviridae qules sequestering PML in the cytoplasm (148,
virus > ; . 149)
Virus ) P3 increases the size of PML-NBs
1) Preintegration complexes triggers the
- i cytoplasmic export of PML (controversial) | (152,
Retroviridae HIV-1 2) PML aggregation in syncytia elicited by | 153)
Env
Arenaviridae LCMV Z disrupts PML-NBs by redistributing PML (150)

from PML-NBs into the cytoplasm
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Appendix B

Primer Sequences — Plasmid Construction

Table B- 1.0ligonucleotide primers used for plasmid constiaurcti

Name Sequence
mKL21-FLAG BG2F 5'-AATAGATCTCATGGAGCGGCCGGCGCCTTTGS'
MKL21-FLAG BH1R 5'-AATGGATCCCTAATGCAGCTCCTCGGGGTTOETGG-3’
hKL21-FLAG BG2F 5'-AATAGATCTCATGGAGCGACCGGCGCCCCTGG
hKL21-FLAG BH1R 5. AATGGATCCCTAGTGCAGCTCATCGGGGTCG!
Us3Ntrunc-1 5-CGCGGATCCGCATGATCGTCACGGACCTGGGCTTCGAGG-3
(Us3 N101)
Us3Ntrunc-2 5'-CGCGGATCCGCATGGGCATGCTGCTGCAGCGCCTGTCC-3'
(Us3 N147)
Us3Ntrunc-3 5-CGCGGATCCGCATGGACATGCGCGACGCCGGGTGCG-3
(Us3 N194)
Us3Ntrunc-4 5-CGCGGATCCGCATGGCGGCGCCCAACTTTTACGGGCTCG-3
(Us3 N248)
tJUSs33Ntl:luZnQCO)5 5-CCGGAATTCCGGATGGCCTACCCCAAGACGATCACCGGC-3
Us3Ntrunc-6 5-CCGGAATTCCGGATGGTGGCTCGCCTCGGGCTGCCCG-3'
(Us3 N350)
Us3Bam-R 5'-CATAGGATCCTTATACGGTCCACATTCC-3’

Us3Ctrunc-1F

5'-CCGGAATTCCGGATGTTGGCGATGTGGAGATGGGTCACC-3'
(Us3 C32)

Us3Ctrunc-1R

5-CGCGGATCCGCCTCGGGCAGCCCGAGGCGAGCCACG-3
(Us3 C32)

Us3a 85-90 AlaF 5-GCAGCTGCAGCGGCCGCAGGAGGGCTGACGEBGAGGCC-3

Us3a 85-90 AlaR 5-TGCGGCCGCTGCAGCTGCCCCGCTGCTCT@HBICG-3

Us3b ER1F 5-CCGGAATTCCGGATGGCCGACGCCGGAATCCC-3
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Appendix C

Primer Sequences — RT-PCR and gRT-PCR

Table C- 1.0ligonucleotide Primers Used for RT-PCR and gRT-PCR

Assay Trzir_g(ipt Forward Primer Reverse Primer
ICPO 5'-GATCGGATCCGGCGCTGGGGAGAGA-3’ 5'-GATCGTCGACGTGAGTGTTAGCTCCC-3’
ICP8 5'-ATGGACACCAAGCCCAAAACGACGACC-3 5-GTTCCCGGGTCGCGCGCGCCCCGCTGG-3’
RT-PCR gC 5'-ATGGCCCTTGGACGGGTGGGCCTAGCCG-3’ 5'-CCACGTCAGGGCAGGTGAAGGTGCGC-3'
Us3 5-CCGAATTCGATGGCCTGTCGTAAGTTTTGTGG-3’ 5-ACAGATTCTCATTTTGCCAGGGTCGAAGG-3’
18S rRNA 5-TTCGGAACTGAGGCCATGAT-3’ 5-CGAACCTCCGACTTTCGTTT’
ICPO 5-ACCATCCCGATAGTGAACGA-3’ 5-TTGCCCGTCCAGATAAGTCCA-3’
ICP27 5-TTCTGCGATCCATATCCGAGC-3’ 5'-AAACGGCATCCCGCAAA-3’
gRT-PCR ICP8 5-AGGACATAGAGACCATCGCGTTCA-3 5-TGGCCAGTTCGTCACGTTATT-3
gC 5'-AAATCCGATGCCGGTTTCCCAA-3’ 5'-TTACCATCACCTCCTCAAGCTAGGC-3
18S rRNA 5-TTCGGAACTGAGGCCATGAT-3’ 5-CGAACCTCCGACTTTCGTTT
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Appendix D
Repeat of Us3 and PML IV Co-Transfection Assay

Figure D- 1. Repeat of Us3 and PML IV co-transfection ass#gsiRids encoding WT

HSV-2 Us3 (Us3) or KD/D305A (Us3 KD) were co-traested into HEK 293T cells with a
plasmid encoding EGFP-tagged PML isoform IV. Asaipve control, a plasmid encoding
HSV-1 ICP0O was also co-transfected with EGFP-PMLTWe pCl-neo vector was used as a
negative control. At 24 hours post transfectio,lgeates were collected and analyzed by
western blotting, using antisera reactive agai@fE, Us3, ICPO, andactin. -actin was
used as a loading control. For the anti-EGFP bkitat exposure and a long exposure are
shown. The asterisk likely represents SUMOylatethioof PML IV. , anti.
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Appendix E

Us3 Promotes Viral Gene Transcription at Early Times in Infection

Figure G- 1. Us3 promotes viral gene transcription in IFN-esgb cells at early times in
virus replication. T12 cells were exposed to 10@MUIFN or carrier for 18 hours, and
infected with HSV-2 WT, Us3 and Us3-R at a MOI of 0.1. At 3 and 6 hourg pos
infection, total RNA was extracted analyzed qRT-RGRetermine the expression levels
of the viral immediate-early gene ICP27, as desdin Materials and Methods. The
relative ratio of ICP27 transcripts to 18S rRNA weafculated as described in Materials
and Methods. For normalization, the fold-changa&eslobtained fromUs3 or Us3-R
were divided by those values from WT. Reported eslepresent the average and
standard error of the mean of three technical cefs from a single set of biological
samples.
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Appendix F
Us3 Induces Disruption of PML-NBs at Early Times atier Transfection

Figure H- 1. Us3 induces disruption of PML-NBs at early tinadter transfection, when its
expression begins to be detected by confocal méoms Vero cells were seeded on glass-
bottom dishes and transfected with a plasmid esprg<GFP-tagged HSV-2 Us3 WT. At 6, 8
and 10 hours post transfection (hpt), cells wetediand immunostained with antiserum
reactive against PML. Stained cells were examinedomfocal microscopy, and representative
images are shown.
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