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Abstract 

Us3, a serine/threonine kinase encoded by all alphaherpesviruses, plays diverse roles 

during virus infection. Recently, work done in our laboratory determined that Us3 orthologues 

from herpes simplex type 2 (HSV-2) and pseudorabies virus (PRV) are capable of disrupting 

promyelocytic leukaemia (PML) protein nuclear bodies (-NBs). PML-NBs are discrete, 

dynamic nuclear bodies named for PML, their essential structural component and one that 

plays a key role in diverse cellular processes, including transcriptional regulation, apoptosis, 

and cellular antiviral defense. In infected cells, PML-NBs exert transcriptional silencing on the 

viral genome to prevent viral gene expression and virus replication.  

Based on this finding, my studies were aimed to understand the mechanism and 

physiological function of Us3-mediated PML-NB disruption. The degradation of one or more 

cellular proteins seems necessary for this Us3 activity, as the proteasome inhibitor, MG132, 

dramatically reduced Us3-mediated PML-NB disruption. The target of this proteasome activity 

is not likely PML protein, as Us3 expression did not lead to detectable PML protein 

degradation. Nonetheless, the involvement of proteasome activity suggests that Us3 may utilize 

the host ubiquitylation pathway to disrupt PML-NBs. Supporting this hypothesis, PRV and 

HSV-2 Us3 orthologues were shown to interact with KLHL21, a substrate adaptor protein for 

cullin-3 ubiquitin ligase. PRV and HSV-2 Us3 were re-localized to PML-NBs when co-

expressed with KLHL21, and knock-down of KLHL21 prevented Us3-mediated PML-NB 

disruption. Taken together, these findings suggest that Us3-KLHL21 complex recruits the 

cullin-3 ubiquitin ligase to PML-NBs, where subsequent ubiquitylation of unknown target(s) 

leads to PML-NB disassembly. 

Since it is well established that PML is an important antiviral effector induced by 

interferon (IFN), Us3 may contribute to viral resistance to IFN by disrupting PML-NBs. 

Favoring this hypothesis, virus yield and viral gene transcription were dramatically reduced in 
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IFN-exposed cells in the absence of Us3. These reductions were associated with an increased 

number of PML-NBs in the absence of Us3, and were partially recovered in cells knocked 

down for PML. Therefore, by disrupting PML-NBs, Us3 may alleviate IFN-induced, host-

mediated transcriptional silencing of the viral genome, allowing efficient viral gene 

transcription and replication in cells exposed to IFN.  
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Chapter 1 

Introduction 

 Herpesviruses are enveloped viruses with a double-stranded DNA genome, and infect a 

wide range of hosts from human to oysters. Alphaherpesvirinae is a sub-family of the 

Herpesviridae family that includes the important human pathogens, herpes simplex virus type-1 

(HSV-1; also known as Human herpesvirus-1) and herpes simplex virus type-2 (HSV-2; Human 

herpesvirus-2), and the veterinary pathogen, pseudorabies virus (PRV; Suid herpesvirus-1). Most 

infections with alphaherpesviruses in their natural hosts are largely asymptomatic. However, 

these viruses establish life-long latent infections in the peripheral nervous system of their hosts, 

and may cause life-threatening diseases in immune-compromised individuals. Currently, no cure 

or effective vaccine is available for elimination of latently infected cells or prevention of 

reactivation and recurrent infection. Therefore, understanding how alphaherpesviruses evade host 

antiviral defenses is crucial for the development of new antiviral therapeutic approaches to 

suppress virus replication and lessen disease severity. 

 Herpesviruses must overcome intrinsic cellular responses aimed at preventing the 

expression of viral genes in order to establish a successful lytic infection.  In addition to viral 

DNA, incoming herpesvirus virions deliver viral and cellular proteins as well as viral and cellular 

RNAs. These molecules are housed in the tegument, a proteinacious structure layered between 

the viral capsid and the envelope.  A widely held view is that the cargo contained within the 

tegument helps to establish a cellular environment that is conducive to viral gene expression well 

in advance of de novo viral protein production. To create the optimal environment for viral gene 
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expression, herpesviruses must counteract host-mediated repression of the viral genome. Such 

repression is mediated by the assembly of promyelocytic leukemia protein (PML) nuclear bodies 

(-NBs) on the viral genome, which occurs upon the entry of viral genome into the nucleus.  

 PML-NBs are dynamic, punctate-like structures that are found in most mammalian cell 

nuclei, and require the transcriptional repressor PML. They are proteinaceous structures, and over 

100 cellular proteins have been reported to be associated with them (17). Due to the diverse 

nature of PML-NB resident proteins, PML-NBs are implicated in various cellular processes 

including antiviral defense. It is widely accepted that, upon the entry of herpesvirus genome into 

the nucleus, PML-NBs are assembled at the site of viral genome, and exert transcriptional 

silencing on the viral genome through coordinated activities of transcriptional factors and 

epigenetic regulators localized in PML-NBs. Moreover, as PML is necessary for interferon (IFN)-

induced inhibition on HSV-1 replication (18), PML-NBs may function as important effectors to 

mediate IFN-induced antiviral effects. To counteract PML-NB-mediated silencing, the 

Alphaeherpesvirinae protein ICP0 possesses an E3 ubiquitin ligase activity that, depending on the 

particular ICP0 orthologue, leads to the disruption of PML-NBs and degradation of PML-NB 

resident proteins that can suppress viral gene expression (19-25). 

As the elimination of PML-NBs is key to successful virus replication, functional 

redundancy in alternate viral proteins could be a plausible means by which the viruses ensure that 

PML-NB disruption continues to occur. In addition to ICP0, our previous study demonstrated that 

transient expression of the viral kinase Us3 from HSV-2 and PRV leads to a significant loss in the 

number of PML-NBs, in a manner dependent on the kinase activity of Us3 orthologues (26). The 

tegument serine/threonine kinase Us3 is well-conserved among the members of the 

Alphaherpesvirinae, and Us3 orthologues have been observed to carry out multiple functions 
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during virus infection, including preventing virus-induced apoptosis (27-32), facilitating virion 

maturation (33-38), stimulating mRNA translation (39), promoting cell-to-cell spread of virus 

infection (40-42), and inactivating histone deacetylases (HDACs) (43-45). In addition to these 

roles, Us3 mediates down-regulation of the major histocompatibility complex (MHC) class I 

surface expression (46, 47), inhibits accumulation of IFN-γ inducible genes (48), and interferes 

with toll-like receptor (TLR) signaling (49, 50). However, despite extensive investigation, the 

mechanisms by which Us3 mediates its diverse functions are not fully understood.  

To help gain a better understanding of these mechanisms, Dr. Mathew Lyman, a former 

member of our laboratory, designed a screen to identify potential cellular interaction partners for 

Us3, and identified Kelch-like protein family member 21 (KLHL21) as a potential interacting 

partner (51). KLHL21 is a substrate adapter for the cullin-3 (Cul3) ubiquitin ligase complex, and 

mediates ubiquitylation of the cellular serine/threonine kinase Aurora B for the completion of 

cytokinesis (52). Based on this finding, along with our discovery of Us3’s role for PML-NB 

disruption, the studies described in this thesis examine if Us3 induces proteasome-dependent 

degradation of PML via its interaction with KLHL21, to disrupt PML-NBs and counteract IFN-

induced antiviral effects. This work provides insight into how alphaherpesviruses manipulate the 

host ubiquitylation machinery to disarm host antiviral defenses, and further delineation of Us3-

KLHL21 interaction mechanism will suggest novel strategies for therapeutic control of 

alphaherpesvirus infections. 
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Chapter 2 

Literature Review 

2.1 Promyelocytic Leukemia Protein Nuclear Bodies 

In 1991, the tumor suppressor gene called the PML gene was cloned from the site of the  

chromosomal breakpoint of acute promyelocytic leukemia (APL) (53, 54). Soon afterward, it was 

determined that PML forms nuclear macromolecular structures, which were named PML-NBs, as 

PML is essential for the formation of PML-NBs (Figure 2-1A). PML-NBs are dynamic structures 

that are found in most mammalian cell nuclei. Depending on the cell type, cell-cycle phase, and 

differentiation stage, PML-NBs typically number 1-30 per nucleus (14). An extensive amount of 

literature now implicates PML and PML-NBs in a variety of cellular processes, including 

apoptosis (55), senescence (56), DNA damage repair (57), angiogenesis (58), and antiviral 

defense (59-61), some of which will be discussed in this chapter. 

PML-NBs are proteinaceous structures, and a growing list of proteins has been reported 

to be associated with them. These proteins are classified into two categories. The first category is 

permanent resident proteins—proteins that are constitutively present in all PML-NBs. The 

essential component protein of PML-NBs, PML, and the transcriptional repressors, Daxx and 

Sp100, belong to this category. The second category, named temporary resident proteins, includes 

a wide variety of proteins that are found in PML-NBs only under certain circumstances. 

According to the PML-NB interactome established by van Damme and others (17), over 100 

proteins have been reported as temporary resident proteins.  
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2.1.1 Permanent PML-NB Resident Proteins 

PML is a member of the tripartite motif (TRIM) family, whose members have been  

shown to be involved in antiviral defenses, and is also known as TRIM19. PML contains a RING 

domain followed by two B-boxes and a α-helical coiled-coil (CC) domain, which together consist 

of the RING-B-boxes-CC (RBCC)/TRIM motif (Figure 2-1B) (62). The RING domain is 

frequently found in enzymes that ligate ubiquitin or small ubiquitin-like modifier (SUMO) to 

substrate proteins, and interacts with ubiquitin-E2 or SUMO-E2-conjugating enzymes (63). The 

B-boxes and CC domains mediate protein–protein interactions and multimerization of PML (64). 

Figure 2-1. Structure of PML-NBs. (A) Immunofluorescence staining of PML protein (green) 
over Hoechst 33342 staining of chromatin (blue) in life-extended human foreskin fibroblasts 
(T12 cells) shows the typical pattern of PML-NBs in cultured fibroblasts. (B) The human PML 
gene contains nine exons. Alternative splicing of C-terminal exons leads to the generation of 
several PML isoforms. Seven main PML isoforms with their amino acid (a.a.) lengths are 
depicted here. Most PML isoforms show a predominantly nuclear localization because exon 6 
contains a nuclear localization signal (NLS). All PML isoforms contain the first three exons, 
which encode the RBCC/TRIM motif. This is a tripartite structure that contains a zinc-finger 
called the RING motif (R), two additional zinc-finger motifs (B-boxes; B) and a coiled-coil 
domain (CC). Figure and caption are adapted from (14). 
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Together, the RBCC motif provides a protein-protein interface for the recruitment of PML and 

other PML-NB resident proteins, and interaction between the RBCC motifs of PML molecules 

contributes to the assembly of PML-NBs (64, 65). 

In human cells, PML is expressed in seven main isoforms by alternative splicing from a  

single transcript from the PML gene, composed of nine exons (62). The seven PML isoforms are 

designated PML I to VII, with PML I being the largest isoform and PML VII being the smallest 

(Figure 2-1B). All PML isoforms share a common N-terminus that contains the RBCC motif 

expressed from exons 1 to 3, but have unique C-termini due to alternative splicing of exons 4 to 9. 

It has been shown that, in various cell lines, the smaller isoforms PML III, PML IV, and PML V 

are quantitatively minor isoforms, whereas the larger isoforms PML I and PML II are expressed 

much more abundantly (66). The nuclear PML isoforms, PML I to PML VI, are present in all 

endogenous PML-NBs, although the relative amounts of each isoforms remain unknown (66). 

Nonetheless, the balance of different isoforms seems important for the organization of PML-NBs, 

as over-expression of individual PML isoforms from transiently-transfected plasmids alters the 

number, size and shape of PML-NBs formed by endogenous PML (67). 

The unique C-termini of PML isoforms help dictate their localization. A nuclear 

localization signal (NLS), encoded by exon 6, is found at positions 476-490, and present in all 

PML isoforms with the exception of PML VII. As a result, PML I to VI localize to the nucleus, 

whereas PMLVII resides in the cytoplasm. By contrast, a nuclear export signal is found only in 

PML I, between amino acid residues 704–713, which makes PML I the only PML isoform 

capable of shuttling between the nucleus and cytoplasm (66).  
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The variability of the C-termini in PML isoforms mediates protein-protein interaction 

between each PML isoform and its interacting partners. This affects the recruitment of interacting 

partners to PML-NBs, which in turn determines the biological function of each isoform. For 

instance, PML IV has a binding site for p53, and this interaction promotes p53 activation, 

resulting in PML IV-induced apoptosis (68). Other PML isoform-specific interacting partners are 

summarized in Table 2-1. 

Another PML-NB permanent resident protein, Sp100, was first identified in patients  

suffering from primary biliary cirrhosis, and its name, Speckle-like Protein of 100 kDa (Sp100), 

is derived from its localization to speckle-like structures in nucleus. Like PML, Sp100 is 

expressed in four isoforms via alternative splicing from a single transcript: Sp100-A, Sp100-B, 

Sp100-C and Sp100-HMG. All Sp100 isoforms share the common N-terminal region containing a 

Table 2-1. PML isoform-specific functions and interacting partners. Table is modified from (1). 
AA, amino acids 
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homogeneously staining region (HSR) motif, which mediates the localization of Sp100 to PML-

NBs and interaction with heterochromatin protein (HP1) (69). HP1 is an important structural 

component of heterochromatin, and has been shown to be a part of a protein complex that 

functions in repressing gene expression (70). In addition to the HSR motif, the longer isoforms, 

Sp100-B, Sp100-C and Sp100-HMG, harbor additional functional motifs in their C-terminal 

region, such as a SAND domain. The SAND domain is a DNA-binding motif involved in 

chromatin-associated transcriptional regulation, and is frequently found in protein factors that 

influence chromatin structure (71). The presence of the SAND domain and the ability of Sp100 

isoforms to interact with HP1 suggests a role for Sp100 in transcriptional regulation, more likely 

in transcriptional repression, by inducing changes in chromatin conformation. Supporting this 

possibility, the Sp100-B, Sp100-C and Sp100-HMG isoforms, each containing a SAND domain, 

have been shown to act as transcriptional repressors for both cellular and viral promoters (72-75). 

 Lastly, the death-domain-associated protein, Daxx, was originally identified as a protein 

that specifically binds to the Fas death receptor in the cytoplasm, and activates Fas-mediated 

apoptosis (76). However, it was found later that a large proportion of Daxx remains in the nucleus, 

and is associated with PML-NBs and other sub-nuclear domains, such as heterochromatin and 

centromeric regions. Daxx acts as a transcriptional repressor in two distinct manners. First, Daxx 

mediates transcriptional repression by interacting with various transcriptional factors and 

suppressing their activities, including Ets-1(77), E2F-1 (78), NF-κB (78), p53 (79, 80), p73 (80), 

Pax3 (81), Smad4 (82). Alternatively, Daxx suppresses gene expression by interacting with 

epigenetic regulators and recruiting these factors to targeted promoters. Examples of these 

epigenetic regulators include HDAC1 (83), HDAC2 (84), DNA methyltransferase 1 (85), CBP 

acetyltransferase (86), and α-thalassaemia/mental retardation syndrome X-linked protein (ATRX). 
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ATRX is a member of the SWI/SNF2 family of chromatin remodeling proteins, and plays an 

important role in the establishment of heterochromatic regions (87). In addition, Daxx has been 

shown to act as an adaptor protein that recruits these epigenetic factors to PML-NBs (Section 

2.3.1). 

 

2.1.2 Temporary PML-NB Resident Proteins 

In contrast to permanent resident proteins, temporary PML-NB resident proteins are  

recruited to PML-NBs only under certain circumstances. Such circumstances include induction of 

apoptosis, induction of DNA damage response by exposure to DNA alkylating agents or UV- and 

ionizing-radiation, and over-expression of oncogenes. Of the 166 cellular proteins identified to be 

temporary PML-NB resident proteins, 83 are involved in transcriptional regulation, 21 in virus-

host interaction, 20 in DNA damage and repair, and 18 in apoptosis (17). These factors not only 

mediate the biological functions of PML-NBs, but also target PML for various post-translational 

modifications, which in turn modulate the integrity of PML-NBs in response to diverse stimuli.  

 

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

Post-translational modifications of PML, including SUMOylation, phosphorylation, 

ubiquitylation and acetylation, have distinct effects on the localization and stability of PML, 

which leads to alterations in the organization of PML-NBs. However, these modifications are not 

mutually exclusive; there is substantial cross-talk between pathways, establishing a complex 

regulatory network for PML-NBs. 
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2.2.1 Phosphorylation of PML 

PML is phosphorylated at multiple serine or tyrosine residues, and phosphorylation of 

PML can regulate the integrity of PML-NBs dependently or independently of SUMOylation. 

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

SUMOylation-independent phosphorylation events can be induced by DNA damage or 

apoptotic stimuli. In cells undergoing apoptosis or exposed to ionizing irradiation, which causes 

both single- and double-stranded DNA breaks, PML-NBs are broken down into small 

microbodies (88, 89). These microbodies are fragments of PML-NBs, formed by fission of pre-

existing PML-NBs. In terms of PML and Sp100 composition, they are indistinguishable from the 

parental PML-NBs, suggesting that the formation of microbodies is caused by the structural 

instability of PML-NBs in response to changes in the integrity of chromatin (57, 88, 89). 

Although the exact mechanism remains unknown, two DNA damage checkpoint kinases, ATR 

and Chk2, are involved in microbody formation (88). These kinases co-localize with PML in 

PML-NBs, and phosphorylation of PML by Chk2 or ATR has been shown to be important for the 

induction of apoptosis in response to double-stranded DNA breaks (90-93). Although it is known 

that Chk2 phosphorylates PML at serine 117, the site of phosphorylation by ATR is not yet 

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

 

2.2.2 SUMOylation of PML 

Of all the post-translational modifications of PML, the most studied and best understood 

is SUMOylation. SUMOylation is the addition of a small ubiquitin-like protein, SUMO, to a 

substrate. Similar to the ubiquitylation pathway, SUMOylation involves a series of E1, E2 and  
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Figure 2-2. (A) A schematic representation of the promyelocytic leukaemia (PML) protein with its main 
functional domains is depicted. Several kinases that are known to phosphorylate PML are shown, 
including extracellular-regulated kinase (ERK), checkpoint kinase-2 (Chk2), ataxia telangiectasia 
mutated (ATM)- and Rad3-related (ATR), and casein kinase-2 (CK2), along with the amino-acid 
residues on PML that they phosphorylate. The three SUMOylation sites (S) of PML are also indicated, 
together with the SUMO-binding domain that comprises amino acids VVVI at residues 556–559. All 
described post-translational modifications are common to most PML isoforms because they occur in the 
conserved region of the protein. However, the VVVI motif and the CK2 phosphorylation site, which are 
located in exon 7a, are absent in PML-VI where a retained intronic sequence causes exon 7a to be 
translated in a different frame. Figures and captions are adapted from (14). B, B-boxes; CC, coiled-coil 
domain; NLS, nuclear localization signal; R, RING finger. (B) Model for the structure of PML-NBs. 

PML proteins associate via their RBCC domains and can be covalently modified by SUMO. A PML-NB 
is defined by a spherical shell stabilized via non-covalent SUMO-SIM interactions between PML and 
Sp100. Proteins can pass through this shell with only a moderate reduction of their diffusive mobility. 
The poly-SUMO chains protrude to variable degrees into the interior of the PML-NB. These are likely to 
represent binding sites for SIMs of other proteins so that these are enriched in the interior of the PML-
NB. Figures and captions are modified from (16). 
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E3 enzymatic steps. In PML, all the main PML isoforms, with the exception of cytoplasmic PML 

VII, serve as substrates for SUMOylation, and are conjugated with SUMO at lysines 65, 160, and 

490 (94-96). The lysines 65 and 160 are found in the RBCC motif of all PML isoforms, while 

lysine 490 resides in the NLS motif found in PML I to VI (94). SUMO conjugation at these 

lysines is critical for the formation of PML-NBs, as a PML mutant that cannot be SUMOylated at 

any of the three lysine residues fails to recruit typical PML-NB resident proteins like Sp100 and 

Daxx, and forms PML aggregates with abnormal size and morphology (83, 94, 97, 98). However, 

other lysine residues in PML can also be SUMOylated, as mutating all three lysine residues does 

not completely abrogate PML SUMOylation, albeit the extent of SUMOylation at other lysine 

residues is significantly lower (99, 100). Future studies are necessary to determine the potential 

role of SUMOylation at these additional sites. 

Another important element affecting the formation of PML-NBs is the SUMO-interacting 

motif (SIM) of PML. The SIM of PML, encoded by PML exon 7a, contains the SUMO-binding 

census or “core” sequence VVVI at position 508-511, and is present in PML I to V (65, 101, 102). 

Many PML-NB resident proteins are SUMOylated, almost 40% of them have been confirmed to 

be SUMOylated, and often contain a SIM as well (17). Thus, it has been proposed that the SIM in 

PML and PML-NB resident proteins mediates non-covalent interactions with SUMO conjugates 

in other SUMOylated proteins, and this interaction promotes recruitment of SUMOylated proteins 

to PML-NBs, driving the formation of PML-NBs (65, 83, 103, 104) (Figure 2-2B). However, 

unlike PML SUMOylation, the SIM in PML and other PML-NB resident proteins, such as Sp100, 

is not always required for the formation of PML-NBs. This is particularly true for PML VI; PML 

VI is devoid of the SIM due to a truncation in the exon 7a in its C-terminus. However, PML VI 

alone is  able to form NBs (105). Moreover, PML I, PML IV and Sp100 mutants that lack the 
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SIM are still able to form NBs in cells depleted of endogenous PML and Sp100 respectively, and 

interaction between PML and Sp100 is only partially impaired after the elimination of PML SIM 

or Sp100 SIM (106). However, it should be noted that PML-NBs formed by PML or Sp100 SIM 

mutants fail to carry out their antiviral activities (Section 2.8), suggesting that the PML SIM may 

still be necessary for interaction with other PML-NB resident proteins, such as Daxx, for proper 

physiological functioning (106). 

 Despite the unclear role of SIMs in the formation of PML-NBs, it is nonetheless widely 

accepted that the SUMO-SIM interaction acts as the main driving force for the nucleation of 

PML-NBs. Thus, it is not surprising that, upon exposure to diverse stressful stimuli, PML 

SUMOylation is affected by other modes of PML post-translational modification to accommodate 

inputs from various signaling pathways and modulate the recruitment of PML-NB resident 

proteins to PML-NBs accordingly. 

As an example, PML SUMOylation is linked to the phosphorylation status of PML. In 

cells treated with arsenic trioxide, an effective inducer of apoptosis by exerting oxidative stress, 

the size of PML-NBs increases, which is followed by degradation of PML and disruption of 

PML-NBs (107, 108). In response to arsenic trioxide, PML is phosphorylated by the mitogen-

activated protein kinase ERK1/2 at serines 36, 38, 40, 527 and 530, and threonine 28 (109). This 

ERK1/2-mediated phosphorylation activates or recruits a SUMO-E3 ligase, resulting in the 

increase in PML SUMOylation and PML-NB size (109). Poly-SUMO chains are formed during 

this process, and recognized by a SUMO-dependent ubiquitin ligase, such as RNF4, which in turn 

induces the proteosomal degradation of PML (Section 2.2.3). In addition, PML is phosphorylated 

by another serine/threonine kinase, HIPK2, at serines 8 and 38 in response to DNA damage, 

leading to SUMOylation of PML and induction of apoptosis (110, 111). 
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However, the effect of PML phosphorylation varies depending on the context of 

phosphorylation. PML becomes de-SUMOylated during mitosis, resulting in disassociation of 

PML-NBs (112). This de-SUMOylation of PML is associated with the appearance of PML 

phosphorylated at serines and threonines (112). Therefore, phosphorylation of PML at unknown 

serine and/or threonine residues seems to prevent SUMOylation of PML and leads to subsequent 

disruption of PML-NBs. The identity of the cellular kinase(s) responsible for this disruptive 

phosphorylation of PML remains unknown. 

Lastly, phosphorylation of PML may regulate the interaction between its SIM and SUMO 

conjugates of other PML-NB resident proteins (101). A SIM consists of a hydrophobic core that 

is often flanked by serine residues. In yeast, mutation of these serine residues to alanine results in 

loss of interaction between the PML SIM and SUMO (101). Thus, these serine residues may be 

targeted by serine/threonine kinases in mammalian cells to regulate the interaction between PML 

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

 

2.2.3 Ubiquitylation of PML 

A third PML modification is ubiquitylation. For PML, poly-ubiquitylation can occur in a 

manner dependent on PML SUMOylation or phosphorylation. 

Phosphorylation-dependent ubiquitylation of PML is mediated by casein kinase-2 (CK2), 

a ubiquitously-expressed, oncogenic serine/threonine kinase. In response to external stimuli 

including osmotic shock and UV radiation, the SUMO-E3 ligase PIAS SUMOylates PML, 

leading to the recruitment of CK2 to PML-NBs, where CK2 phosphorylates PML at multiple 

serine residues, serines 512-514 and serine 517 (113, 114). Phosphorylation at serine 517 by CK2 
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promotes poly-ubiquitylation and subsequent proteasome-dependent degradation of PML (113). 

Expression of PML mutants that are resistant to CK2-mediated phosphorylation increases the 

amount of PML in lung cancer cell lines and displays enhanced tumor suppressive functions of 

PML (113). The ubiquitin E3 ligase responsible for poly-ubiquitylation of PML after the 

phosphorylation by CK2 remains to be identified. In addition to its involvement in PML 

degradation, CK2-mediated phosphorylation may also contribute to normal PML-NB 

organization, since the CK2 phosphorylation site in PML lies in proximity to the core sequence of 

the PML SIM (115). 

Alternatively, ERK2 and CDK1/2 also mediate phosphorylation-dependent ubiquitylation 

of PML via peptidyl-prolyl cis-trans isomerase (Pin1). In response to epidermal growth factor 

stimulation, ERK2 phosphorylates PML at serines 403 and 505 (116). CDK1/2 phosphorylates 

PML at serine 518, under hypoxic conditions (117). This ERK2- or CDK1/2-mediated 

phosphorylation of PML promotes Pin1-mediated isomerization of PML at proline 519, 

subsequently followed by Pin1-dependent degradation of PML (116, 117). For CDK1/2-induced 

PML degradation, the interaction between PML and Pin1 promotes the recruitment of Kelch-like 

protein family member 20 (KLHL20) and Cul3 ubiquitin ligase complex to PML-NBs, where the 

Cul3 ubiquitin ligase complex mediates ubiquitylation and proteasome-dependent degradation of 

non-SUMOylated PML (Sections 2.3.3 and 2.11) (117). 

PML ubiquitylation is also linked to PML SUMOylation. This link emerged with the 

identification of RNF4 and Arkadia, SUMO-dependent ubiquitin E3 ligases. RNF4 and Arkadia 

contain multiple SIM motifs through which they bind to poly-SUMO chains conjugated to the 

nuclear PML isoforms, PML I to VI (96, 118-120). Upon binding, RNF4 and Arkadia poly-

ubiquitylate the bound SUMO chains and possibly a region within PML, resulting in proteasome-
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dependent degradation of PML (118-120). This activity of RNF4 and Arkadia is observed in cells 

treated with arsenic trioxide; this chemical induces SUMOylation of PML, which in turn triggers 

the degradation of PML by RNF4 and Arkadia (118-120). 

On the other hand, PML ubiquitylation can be also mediated by Herpesvirus-associated 

ubiquitin-specific protease (HAUSP; also known as USP7) and E6-associated protein (E6AP), 

without the involvement of CK2 and RNF4. USP7 is an ubiquitin-specific protease, associated 

with PML-NBs through its direct interaction with PML (12). Independently of its deubiquitylase 

activity, USP7 induces PML poly-ubiquitylation, which is then followed by degradation of PML 

and disruption of PML-NBs (12). USP7 shows specificity toward some PML isoforms; most 

notably it targets NBs formed by PML I and IV (12). Since this process does not require its 

enzymatic activity, USP7 seems to recruit an E3 ubiquitin ligase or other unknown factor(s) to 

induce PML ubiquitylation (12).  

Lastly, E6AP is a member of the HECT family of E3 ubiquitin ligases, and co-localizes 

with PML in PML-NBs. Likely being a direct ubiquitin ligase for PML, E6AP induces the poly-

ubiquitylation and proteasome-dependent degradation of the 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 
suppressive activity or antiviral 
properties. Figure and caption are adapted 
from (7). S, SUMOylation; P, 
phosphorylation.  
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2.3 Biological Functions of PML-NBs 

Investigations on the biological functions of PML-NBs have focused on identifying  

cellular proteins that localize to these structures and accepted that the activities of resident 

proteins direct the biological functions of PML-NBs. However, as the number of PML-NB 

resident proteins identified grows, now exceeding 100 (17), diversity in the nature and cellular 

activities of PML-NB resident proteins makes it difficult to associate PML-NBs with a specific 

biological function, and has led to the implication of PML-NBs in numerous biological functions. 

In the following sections, the hypothesized mechanisms through which PML-NBs mediate 

transcriptional regulation, apoptosis and angiogenesis will be discussed. 

 

2.3.1 Transcriptional regulation 

The exact mechanism by which PML-NBs regulate transcriptional activity remains 

unclear, but a number of studies proposed that PML-NBs act as an active site of transcriptional 

activation based on the following observations. Numerous transcriptional factors and regulators 

are binding partners for PML, and accumulate within PML-NBs. Examples of these proteins 

include Sp100, Daxx, AP-1, p300/CBP, p53, pRB and TIF1α (122). PML-NBs are more 

frequently associated with chromosomal regions of high gene density and high acetylation status, 

indicative of transcriptional activity (123, 124). Furthermore, nascent RNA has been detected in 

the immediate vicinity of PML-NBs, supporting the idea that the transcription factors found 

within PML-NBs are active (124).  

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

repressors, such as Daxx, Sp100 and pRB, and epigenetic factors involved in transcriptional 
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silencing, including HDACs and DNA methyltransferases, are found in PML-NBs. Indeed, it was 

shown that PML-NBs participate in the re-configuration of condensed heterochromatin on 

satellite DNA and in senescing cells (125, 126). Taken together, the net effect of PML-NBs on 

transcriptional activity seems to be determined by the nature of factors concentrated in a 

particular PML-NB. Moreover, the nature of the promoter being affected is also a contributing 

factor, since expression from reporter plasmids targeted to PML-NBs is affected differently 

depending on the promoters used (127). 

 Alternatively, PML-NBs regulate transcriptional activity by acting as post-translational 

modification sites for some transcriptional factors. The best documented example of this is p53, 

which will be explained in more detail in Section 2.3.2.  

 Lastly, PML-NBs may serve as nuclear storage sites for transcription factors. For 

example, it has been shown that Daxx activity is influenced by its localization in PML-NBs. The 

recruitment of Daxx to PML-NBs has been shown to inhibit Daxx-mediated transcriptional 

suppression, suggesting that Daxx is sequestered within PML-NBs, and needs to be released from 

PML-NBs to form a repressor complex that executes transcriptional repression (83, 128). 

However, it should be noted that the sequestration effect of PML-NB on Daxx activity may be 

promoter- and cell-type-dependent. As Daxx mutants unable to localize to PML-NBs fail to 

sensitize cells to apoptosis, studies have suggested that, in some cell-types, localization to PML-

NBs is essential for Daxx to suppress anti-apoptotic genes and promote apoptosis (129-131). 

Furthermore, as discussed in Section 2.8, it is widely accepted that Daxx localized within PML-

NBs is involved in silencing viral gene expression. 
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2.3.2 Apoptosis 

The role of PML in the execution of apoptosis was established when PML knock- 

out mice and cells were found resistant to apoptosis stimulated by γ-irradiation, Fas, UV radiation, 

tumor necrosis factor and IFN (132). It has since been demonstrated that PML acts as a 

pleiotropic factor that regulates the function of numerous anti- and pro-apoptotic factors, mostly 

by recruiting these factors to PML-NBs.  In general, PML-NBs regulate apoptosis in p53-

dependent and p53-independent pathways, and the former pathway will be described in this 

section. 

 In unstressed cells, low levels of p53 are maintained by its inhibitor Mdm2. Mdm2 is a 

p53-specific E3 ubiquitin ligase, and regulates the level of p53 by inducing poly-ubiquitylation 

and proteasome-dependent degradation of p53. Upon stimulation with apoptotic stimuli, signaling 

inputs lead to post-translational modifications of p53, which in turn protect p53 from Mdm2-

mediated degradation. In the p53-dependent apoptotic pathway, PML-NBs execute apoptosis by 

inducing stabilization of p53. Under conditions induced by DNA damaging agents or over-

expression of oncogenes, such as Ras, maximal activation of p53 requires PML, which recruits 

p53 to PML-NBs (133). Along with p53, the acetyltransferase p300/CBP is also recruited to 

PML-NBs, where it acetylates p53, an essential process for the inhibition of p53-Mdm2 complex 

formation (56, 134, 135). This recruitment of p53 and CBP is mediated by PML IV, and occurs in 

a SUMOylation-independent manner (56). In addition to acetylation, many cellular kinases are 

also recruited to PML-NBs in response to apoptotic stimuli, some by PML IV, and phosphorylate 

p53 to block the interaction between p53 and Mdm2. The kinases Chk2, CK1 and HIPK2 have 

been attributed to the phosphorylation of p53 within PML-NBs (111, 136, 137). Moreover, the 
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presence of HAUSP in PML-NBs is suggested to mediate de-ubiquitylation of p53 to protect p53 

from ubiquitylation-dependent degradation (138). Lastly, Mdm2 is recruited to PML-NBs by 

PML III and PML IV in stressed cells, where PML, p53 and Mdm2 form a trimeric complex, and 

it is proposed that, by forming this trimeric complex, PML blocks Mdm2 from targeting p53 for 

degradation (139). 

 

2.3.3 Angiogenesis 

As disruption of normal PML functions is identified as a cause for APL, the function of  

PML in inhibition of tumorigenesis has been the focus of many PML-related studies. As a tumor 

grows, it is important to generate blood vessels throughout the tumor mass to ensure gas and 

nutrient exchange for the cells within the tumor mass. Neoangiogenesis occurs as a response to 

intra-tumoural hypoxia, which involves the up-regulation of the transcription factor HIF-1α and 

expression of its target genes, including vascular endothelial growth factor (VEGF), to increase 

vascular density within the tumor mass (140).  

To inhibit this critical process in tumorigenesis, under hypoxic conditions, PML interacts 

with the mammalian target of rapamycin (mTOR). mTOR is a cellular serine/threonine kinase 

and forms a molecular complex called mTORC1, which is involved in the regulation of protein 

synthesis. Translation in eukaryotic cells is initiated with the assembly of the multi-subunit, cap-

binding complex, which recognizes methyl-7 (m7) GTP caps at the 5′ termini of most eukaryotic 

mRNAs. The cap recognition subunit eIF-4E is regulated in part by 4E-binding proteins (4E-BPs), 

which bind and sequester eIF-4E away from the cap-binding complex, resulting in an arrest in 

mRNA translation. In response to various stimuli, including nutrient availability and viral 
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infection, phosphorylation of 4E-BP by mTORC1 releases eIF-4E, facilitating the initiation step 

for mRNA translation. The interaction between PML and mTOR causes accumulation of mTOR 

in PML-NBs, separating mTOR from Rheb, a small cytoplasmic GTPase required for mTOR 

activation (58). As a consequence, translation of HIF-1α is inhibited, which in turn down-

regulates the expression of HIF-1α target genes involved in neoangiogenesis (58). Interestingly, 

under hypoxic conditions, cells also use a counteracting strategy to counter this PML-mediated 

block to HIF-1α translation, by inducing proteasome-dependent degradation of PML by the 

KLHL20-Cul3 ubiquitin ligase complex, as described in Section 2.2.3 (117). 

 

2.3.4 Antiviral Defense 

As will be discussed in Section 2.8, accumulating evidence suggests that many PML-NB 

resident proteins have potential antiviral effects by exerting transcriptional repression and 

inducing apoptosis.  To overcome PML-NB-mediated antiviral activities, different DNA and 

RNA viruses target PML-NBs for disruption. These include DNA viruses, including several 

members of the Herpesviridae, Adenoviridae (141-143), Papillomaviridae (144-146) and 

Polyomaviridae (147), and the RNA viruses, such as rabiesvirus (148, 149),  lymphocytic 

choriomeningitis virus (LCMV) (150), encephalomyocarditis virus (EMCV) (151), HIV-1 (152, 

153), and influenza A (154) (Appendix A). Since my study focuses on a viral kinase expressed 

from herpesviruses, this introduction will focus on the members of Herpesviridae. 

 



 

 

 

 

22

2.4 The Herpesviridae Family 

Herpesviruses are large, enveloped viruses with a double-stranded DNA genome, and are  

widely distributed in nature, ranging from human to oysters. The herpesviruses that infect humans 

and other mammals as their primary hosts belong to the family of Herpesviridae. All members of 

the Herpesviridae family share four common biological properties. First, they encode their own 

enzymes and other factors for nucleic acid synthesis and metabolism, such as DNA polymerase, 

helicase, primase and thymidine kinase. Second, the synthesis of viral DNA and assembly of 

capsids occur in the nucleus, followed by a further maturation process in the cytoplasm. Third, at 

the end of productive cycles, production of infectious progeny virus is accompanied by death of 

the infected cell. Lastly, herpesviruses examined to date are able to establish latent infections in 

their natural hosts. Besides these common features, properties that are distinct among the 

members of Herpesviridae, including, but not limited to, DNA sequence homology, genomic 

arrangement, viral protein homology, host range, and duration of replication cycle, allow further 

division of the family into three sub-families: Alphaherpesvirinae, Betaherpesvirinae and 

Gammaherpesvirinae (Figure 2-4).  

The characteristics of Alphaherpesvirinae include a variable host range, relatively short 

replication cycles, efficient destruction of infected cells, and establishment of latent infection 

primarily in sensory ganglia. The common human pathogens, HSV-1, HSV-2 and varicellar 

zoster virus (VZV; Human herpesvirus-3), and veterinary pathogens such as pseudorabies virus 

(PRV; Suid herpesvirus-1), equine herpesvirus-1 (EHV-1), bovine herpesvirus-1 (BHV-1), 

Marek’s disease virus serotype-1 (MDV-1; Gallid herpesvirus) and MDV-2 belong to this sub-

family. 
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Of the eight human herpesviruses identified to date, HSV-1 and HSV-2 were the first 

human herpesviruses discovered, and have been investigated the most intensively. HSV 

infections are highly prevalent in the human population, compromising the health of millions of 

people in Canada and more worldwide. It is estimated that 60-80% of the worldwide adult 

population are seropositive for HSV-1 infection, and as high as 70% for HSV-2 infection in high-

risk regions (155). The biology of HSV will be discussed in more detail in Section 2.6. 

VZV is a human alphaherpesvirus that causes varicella or chickenpox most commonly in 

children. Primary infection of VZV is characterized by fever and vesicular rash, and generally 

occurs in mucosal epithelial cells of the oropharynx (156, 157). VZV is unique among the 

members of Alphaherpesvirinae in that it is not only transmitted by direct contact through skin 

Figure 2-4. Phyogenetic tree based on comparisons of nine conserved proteins, showing the 
relationships between members of the Alphaherpesvirinae, Betaherpesvirinae, and 
Gammaherpesvirinae. The representative members of each subfamily are introduced in 
Section 2.4. Figure and caption are adapted from (4). 
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lesions, but also by respiratory secretions from infected individuals, allowing its airborne 

transmission (158). Another unique feature of VZV infection is its tropism for T-lymphocytes. 

Through migration of infected T-cells, VZV gains access to cutaneous epithelial cells, where it 

replicates and is subsequently transmitted to sensory neurons that innervate the epithelium. The 

virus is then transported within the neuronal axon in a retrograde direction toward the dorsal root 

ganglion where it establishes a life-long latent infection (156, 157). Reactivation of latent VZV 

causes herpes zoster, which is commonly known as shingles. Herpes zoster is most often 

observed in the elderly and in immunocompromised individuals, and manifests as a localized 

vesicular rash, accompanied with acute pain that can be severe and persistent (156, 157). 

PRV is a swine pathogen that causes Aujeszky’s disease, an illness linked with nervous 

system disorders in cattle and other non-swine animals, and accompanied by intense puritus at the 

site of infection and respiratory symptoms of rhinitis and/or pneumonia (159). Due to its rabies-

like symptoms, PRV is named in such way, even though it is not related to the rabies virus, which 

is a member of the Rhabdoviridae. In adult domesticated pigs, PRV primarily replicates in the 

respiratory tract, causing transient and mild respiratory disorders, whereas the infection is usually 

fatal in other animal species and young piglets (160). The mild nature of PRV infection in adult 

pigs allows them to survive from the infection and serve as virus reservoirs. Several features of 

PRV make it a good model to study the biology of alphaherpesviruses, including its impact on the 

swine industry, fast and high titer growth, and its amenability to genetic manipulation in the 

laboratory. However, as Canada is one of the PRV-free countries, the use of natural strains of 

PRV for research is restricted in Canada. To comply with this regulatory restriction, the PRV 

strains used in my studies were derived from the attenuated vaccine strain Bartha. PRV Bartha is 

attenuated in part because of a large deletion in the viral genome, which results in the elimination 
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of viral genes contributing to viral virulence (161, 162).  

The members of Betaherpesvirinae infect a limited range of hosts, have longer 

replication cycles, result in enlargement of infected cells (cytomegalia), and establish latent 

infection in secretory glands and lymphoreticular cells. The representative member of 

Betaherpesvirinae is human cytomegalovirus (HCMV), which is also known as human 

herpesvirus-5. Two other human herpesviruses, human herpesvirus-6 (HHV-6) and human 

herpesvirus-7 (HHV-7), also belong to this sub-family. 

HCMV infection is ubiquitous. The major route of transmission involves direct contact 

with infected bodily fluids, including saliva, urine, and blood. Shedding in saliva is a common 

route of transmission in adults, while shedding in urine is an important source of virus among 

children and from children to adults (163). Upon contact with infected bodily fluids, primary 

HCMV infection usually occurs in the mucosal epithelium. HCMV infects a wide range of cell 

types for lytic replication, including epithelial, endothelial, macrophage, and dendritic cells, 

whereas latency is limited to cells of myeloid lineage (164, 165). In immunocompetent 

individuals, HCMV infection is largely asymptomatic, but the infection can be persistent, 

accompanied by shedding of virus in low levels for months or years, despite a functional immune 

system (166). Endothelial and epithelial cells have been shown to be important sites of HCMV 

persistence (167). T-cell immunity is critical for the control of HCMV infection, which makes 

HCMV infection a serious problem for immunocompromised individuals with impaired cell-

mediated immunity, such as AIDS and organ transplant patients (166). In addition, HCMV 

infection can be transmitted vertically from mothers to children via placenta and breast milk (166, 

168). HCMV congenital infection causes sensorineural hearing loss, vision impairment, and 

mental disability due to extensive brain damage in symptomatic infants (169).  
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Lastly, the characteristics of Gammaherpesvirinae include limited host range, infection of 

T or B lymphocytes, and latency in lymphoid tissues. Two human herpesviruses, Epstein-Barr 

virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV; human herpesvirus-8), belong 

to this sub-family, along with veterinary pathogens herpesvirus saimiri (HVS) and equine 

herpesvirus-2 (EHV-2).   

EBV, also known as human herpesvirus-4, is distributed world-wide, with more than 90% 

of adult population harboring antibodies to EBV antigens (170). Primary EBV infection occurs in 

epithelial cells of the oropharynx, where EBV is subsequently transmitted to and establishes 

latency in B-lymphocytes in the oropharyngeal lymphoid organs (171). After the primary 

infection, virus becomes detectable in saliva, and spreads by the oral route through salivary 

exchange (171). EBV infection in young children is generally asymptomatic (171, 172). By 

contrast, infected adolescents or adults may develop mild to severe infectious mononucleosis, a 

lymphoproliferative disease characterized by fever and sore throat (171, 172). Long-term EBV 

infection does not usually cause serious disease in human hosts. However, in rare cases, 

especially in immunocompromised individuals, EBV infection results in the emergence of B-

lymphocyte malignancies, including Burkitt lymphoma, Hodgkin lymphoma, post-transplant 

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

 

2.5 Virion Structure 

Members of the Herpesviridae share a common architecture with four distinct structures:  

viral genome, capsid, tegument and lipid envelope (Figure 2-5). Herpesviruses have a linear 

double-stranded DNA genome, the size of which ranges from approximately 120 kbp to 235 kbp, 
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encoding 70 to 200 genes, with the genome of HCMV being the largest and VZV being the 

smallest of the human herpesviruses (155). The viral genome is divided into two distinct parts 

that are named unique long (UL) and unique short (Us) regions. UL and Us regions are flanked 

by inverted repeats. The repeats of the UL region are designated ab and a′b′, whereas those of the 

Us region a′c′ and ca (Figure 2-5C). 

 

 

 

 

 

 

 

 

  

 

 

Figure 2-5. Structure of the herpesvirus virion and genome. (A) Electron micrograph of a 
HSV-1 virion, showing the envelope, tegument, capsid and DNA core are indicated (3). (B) 
Three-dimensional structure of the virion from cryo-electron tomography. Capsid is shown in 
light blue, the tegument layer is shown as the orange layer surrounding the right portion of the 
capsid, the envelope is shown in dark blue, and the glycoprotein spikes are shown in yellow. 
Dp, distal pole; pp, proximal pole. Scale bar, 100 nm (5). (C) Schematic representation of the 
viral genome. The unique sequences flanked by the inverted repeats (boxes). The arrows 
indicate the orientations of the repeat regions. a, the a sequence of the L or S component; b, 
the b sequence; UL, the unique sequence of the L component; b’, the inverted repetitions of 
the b sequence; a’, the inverted repetitions of the a sequences; c’, the inverted c sequence; US, 
the unique sequence of the S component; aS, the terminal a sequence of the S component. 
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The viral DNA is packaged within an icosahedral (T=16) capsid, and the size of capsid 

ranges from 100nm to 150nm in diameter. The HSV-1 capsid shell is composed of four viral 

proteins, VP5 (UL19), VP26 (UL35), VP23 (UL18), and VP19C (UL38). Five copies of VP5, the 

major capsid protein, are present in a penton capsomere, while six copies are in a hexon 

capsomere. On each hexon capsomere, six copies of VP26, the smallest capsid protein, form a 

ring on the VP5 subunits. VP19C and VP23, the two minor capsid proteins, are assembled into a 

triplex that links adjacent capsomeres. 

Layered between the capsid and the envelope is the tegument, a proteinacious structure 

containing at least 20 viral proteins, cellular proteins, and cellular and viral transcripts. In HSV-1, 

the most notable tegument proteins include virion shut-off protein (vhs), ICP4, VP16 and VP1/2. 

The presence of ICP0 in the tegument remains controversial (174-181). Vhs is a viral 

endoribonuclease, which increases the global rate of mRNA degradation in the cytoplasm to 

suppress cellular protein synthesis. VP16, ICP0 and ICP4 are viral transactivators that are crucial 

for efficient viral gene expression. VP1/2 is the largest tegument protein, and has a role in the 

delivery of viral DNA into the host nucleus and tegument assembly. Two viral serine/threonine 

kinases, UL13 and Us3, are also contained in the tegument. The functions of the majority of 

tegument proteins have not been clearly demonstrated. However, as these proteins are carried into 

the infected cells along with the virion, and become available for action immediately after the 

entry into the host cell, they may function to establish a more permissible host environment for 

virus replication. 

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

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

Interaction between glycoproteins and tegument proteins is important for virion assembly. 

 

2.6 Biology of HSV Infection 

Transmission of HSV-1 and HSV-2 generally occurs through intimate personal contact 

through mucosal surfaces or abraded skin of an infected individual. Upon contact, virus begins 

primary infection in the mucosal epithelium. To initiate infection, the virus must bind to receptor 

molecules on the cell surface. Upon the interaction between the virus and the receptors, entry of 

the virus through the plasma membrane soon follows by one of two pathways. In the first 

pathway, the viral envelope fuses with the plasma membrane, and released naked capsids are 

transported to nuclear pores. By contrast, the second pathway involves endocytosis of the virus 

followed by fusion of the viral envelope with the membrane of the endocytic vesicle in a 

receptor-dependent manner. The receptor-dependent fusion between the viral envelope and the 

plasma membrane is recognized as the primary pathway of entry, as the entry via endocytosis in 

natural infections has yet to be demonstrated (3). Since HSV-1 has been commonly and 

traditionally investigated as a model to study the biology of HSV, this introduction will focus on 

the replication cycle of HSV-1. 

During HSV-1 infection, five viral glycoproteins called gB, gC, gD, gH and gL 

participate in the entry of virus into the host cells. Of these five glycoproteins, gB, gD, gH and gL 

are essential for the entry process, and are well-conserved among the members of the 

Herpesviridae (182). The entry of the virus begins with the binding of viral envelope 

glycoproteins gC, and, to a lesser extent, gB to the glycosaminoglycan moieties of heparan sulfate 
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on the cell surface (183-185). This process is followed by the interaction of the viral envelope 

glycoprotein gD with one of its receptors, nectins, herpesvirus entry mediator (HVEM), and 3-O-

sulfated heparan sulfate (3-OS HS). Nectins are members of the immunoglobulin family, 

involved in intercellular adhesion. They are widely expressed in cells and tissues that are 

permissible for HSV infection, including skin, brain and spinal ganglia. Through their interaction 

with gD orthologues, nectins mediate the entry of HSV-1, HSV-2, PRV and BHV-1 into the host 

cells (3, 186). The second receptor, HVEM, is a member of the extended tumor necrosis factor 

(TNF) receptor family involved mucosal immunity, and is expressed in T-cells and natural killer 

cells (187). HVEM interacts with gD through the N-terminal residues of gD (3, 188). Lastly, 3-

OS HS is a modified form of HS by the HS 3-O-sulfotransferase. This receptor is speculated to 

mediate the viral entry in brain, but the mechanism of entry into cells via this receptor remains 

unknown (3, 189). The binding of gD to its receptors leads to changes in the conformation of gD, 

which enables the interaction with the glycoprotein gB and the heterodimer gH/gL (190). Upon 

its interaction with gH/gL, gB drives the fusion between the viral envelope and the plasma 

membrane (191, 192).  

After fusion, tegument proteins are released into the cytoplasm and transported to distinct 

destinations (3). For example, vhs is dissociated and remains in the cytoplasm, while VP16 is 

transported to the nucleus (193). The capsids are engaged with the microtubule network and 

migrate toward the microtubule organizing center (MTOC) by using dynein motor proteins (194). 

From the MTOC, it is thought that the capsid is transported toward the nucleus via its 

engagement with kinesin motor proteins (195). Once the capsid reaches the nucleus, the large 

tegument protein VP1/2 mediates direct binding of the capsid to the nuclear pore complex (196). 

Additionally, the nuclear localization machinery seems to play a critical role in directing capsids 
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to the nuclear pore, as 1) the binding of capsid to the nuclear pore complex has been shown to 

require importin β and the Ran GDP/GTP cycle (197), and 2) deletion of the nuclear localization 

signal in VP1/2 results in the accumulation of capsids at the MTOC (198).  Viral DNA is 

subsequently released through nuclear pores, without dissolution of capsids (194). 

Once the viral DNA is inside the nucleus, the linear viral genome is circularized, likely 

through recombination between the α repeats, and is exposed to the host nuclear environment. As 

a response to the entry of viral DNA, two important events occur: nucleosome assembly on the 

viral genome and association of the viral genome with PML-NBs. Studies have shown that the 

core histones H2A, H2B, H3, and H4, and the histone variant H3.3 are associated with the 

incoming viral genome, suggesting that nucleosomes are assembled on the viral genome (Figure 

2-6) (199-201). The assembly of nucleosomes renders the viral genome subject to transcriptional 

regulation by the host histone modification pathways, which can be both advantageous and 

disadvantageous to viral gene transcription. Meanwhile, the association of viral genome with 

PML-NBs occurs as a part of the host intrinsic immune response to restrict viral gene expression 

to a minimal level, and this antiviral role of PML-NBs will be explained in detail later (202, 203). 

Upon the entry of the viral genome into the nucleus, viral gene transcription is initiated in 

a highly-coordinated fashion, beginning with the expression of immediate-early genes (α or IE 

genes). Six viral genes ICP0, ICP4, ICP22, ICP27, ICP47 and Us1.5 belong to this class, and 

their expressions usually peak around 2-4 hours post infection. The IE genes do not require de 

novo viral protein synthesis for their expression, but require transcriptional activation by 

tegument-delivered VP16. When it is released from the incoming virion, VP16 interacts with a 

cellular protein called host cell factor (HCF), and HCF brings VP16 into the nucleus. The VP16-

HCF complex subsequently binds octamer binding transcription factor-1 (Oct-1). 
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Oct-1 recognizes a DNA octamer motif of TAATGARAT, often found in the regulatory 

region of cellular genes. In the upstream regions of IE genes, multiple copies of sequences similar 

to this octamer motif are present, which are subsequently recognized and bound by Oct-1. VP16, 

HCF and Oct-1 form a transactivator complex and activate transcription from the viral IE 

promoters by utilizing the host RNA polymerase II machinery. Additionally, VP16 promotes 

recruitment of the histone acetyltransferase CBP/p300 to the viral gene promoters, to increase 

histone acetylation and activate transcription (199). However, it should be noted that histones 

assembled on the viral genomes can also be targeted by HDACs, which induce a 

transcriptionally-silenced conformation of chromatin. Thus, to prevent transcriptional silencing 

Figure 2-6. Nucleosome assembly on the viral genome. The majority of the virion-
encapsidated viral DNA genomes are linear, and not associated with histones. Following the 
injection of viral DNA through a nuclear pore, the viral genome circularizes and becomes 
associated with histones. The presence of the virion protein VP16 in the nucleus results in the 
recruitment of histone-remodelling factors, such as BRG1 and BRM, and the histone 
acetyltransferase CBP/p300 to promoters of immediate–early genes. The histones that are 
associated with the viral genome bear markers of active euchromatin, such as acetylation and 
methylation (H3K4me2 and H3K4me3) of histone H3. Viral proteins that are expressed 
following infection, such as ICP0, allow further remodelling of the associated histones, which 
are removed by the recruitment of host chromatin-remodelling factors. Figure and captions are 
adapted and modified from (13). 
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via HDAC activity, while allowing for a certain extent of transcriptional activation by histone 

modification, VP16 decreases the histone load at viral promoters, and maintains the histone 

density of the viral genome at a much lower level than that of the host genome (199, 200). 

The IE genes activate expression of the genes belonging to the subsequent kinetic class, 

early genes (β or E genes). In general, the E genes encode proteins involved in viral DNA 

replication and nucleic acid metabolism, whose expression peaks around 6-8 hours post infection. 

Examples of the E genes include the viral DNA polymerase UL30, the viral single-strand DNA 

binding protein ICP8, and the viral helicase/primase complex comprised of UL5, UL8 and UL52. 

ICP4 and ICP0 function as transcriptional transactivators of the E genes. It has been reported that 

ICP4 activates gene expression by forming a protein complex with the general transcriptional 

factor TFIID, TATA-box binding protein (TBP) and TBP-associated factors (204). To activate 

transcription from viral genes, ICP4 is recruited to the viral genome positioned close to PML-

NBs, and forms foci around PML-NBs through co-localization with the viral genome (205). 

Meanwhile, ICP0 works as an inhibitor of PML-NBs, and its activity results in rapid disruption of 

PML-NBs to disarm PML-NB-mediated transcriptional silencing (206-209). In an alternative 

pathway, ICP0 induces dissociation of HDACs from the CoREST/REST/HDAC transcription 

repressor complexes to increase acetylation of histones associated with the viral genome, and 

decreases the histone load of the viral genome, which all contribute to ICP0-mediated 

transcriptional activation (210-213). Additionally, ICP27 modulates mRNA splicing, and 

promotes nuclear export of viral mRNAs to facilitate their translation in the cytoplasm (214-216). 

When the E proteins are expressed, they are transported into the nucleus, and assembled 

into DNA replication complexes at the foci containing the viral genome and ICP4. Viral DNA 

synthesis occurs in a rolling circle mechanism, producing head-to-tail concatemers (217). As viral 
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DNA replication progresses, the punctate ICP4 foci develop into globular replication 

compartments, which subsequently enlarge and merge to occupy the majority of the nucleus (218). 

The onset of viral DNA synthesis increases expression of the viral late genes (γ or L 

genes). The IE proteins, including ICP4, ICP0 and ICP27, along with cellular transcriptional 

factors, mediate activation of the L genes in replication compartments. The genes that are 

involved in virion capsid assembly, such as the major capsid protein VP5, the scaffolding protein 

pre-VP22a, and glyroprotein components, belong to the L class, as well as other viral proteins 

including VP16 and vhs. Several L proteins, especially glycoprotein components, are processed 

by Golgi enzymes via the cellular secretory pathway, before they are incorporated into mature 

virions. When the capsid proteins are expressed, the initial stage of capsid assembly begins in the 

cytoplasm: VP5 interacts with pre-VP22a to form the basic assembly unit for a pro-capsid, while 

one molecule of VP19C interacts with two molecules of VP23 to form triplex complexes. These 

interactions are required for VP5 and VP23 to translocate to the nucleus (219, 220). In the 

nucleus, twelve UL6 molecules are assembled into a ring-like structure as the portal for entry for 

the concatemeric viral DNA, and form a complex with the scaffolding protein (221-223). The 

basic assembly units and triplex complexes are assembled into a pro-capsid around a portal-

scaffolding protein complex, to ensure the incorporation of a single portal for each pro-capsid 

(224). Subsequently, the viral serine protease UL26 cleaves the scaffolding protein pre-VP22a 

into VP22a, to release it from the interior of the pro-capsid (225, 226). The pro-capsid is 

converted into a mature capsid after the encapsidation of viral DNA: when a single unit of viral 

genome is packaged into the pro-capsid, a complex of UL15, UL28 and UL33 cleaves the 

concatemer into monomers at the α sequence (226-229).  
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Upon formation of mature viral capsids, capsids go through a process termed primary 

envelopment and de-envelopment to escape from the nucleus. During primary envelopment, 

capsids bud into the inner nuclear membrane into the perinuclear space, and acquire a primary 

tegument and a primary envelope from the inner nuclear membrane. This process is driven by the 

viral nuclear egress complex (NEC), made up of two viral proteins that are well-conserved across 

the Alpha-, Beta- and Gamma-herpesvirinae, UL31 and UL34 (230). UL34 is a type II membrane 

protein anchored in the nuclear envelope, and acts as a membrane anchor for the viral nuclear 

phosphoprotein UL31 to ensure positioning of UL31 at the inner nuclear membrane (231-233). 

With UL31, UL34 functions as a potent membrane modulator in that overexpression of UL31 and 

UL34 is sufficient to induce morphological changes favoring the formation of vesicles from the 

nuclear membrane (234, 235). Although the exact mechanism remains unclear, disruption of the 

nuclear lamina is believed to contribute to the UL34/UL31-mediated membrane modulation. The 

nuclear lamina is a meshwork of nuclear proteins called lamins, lining the inner nuclear 

membrane, and imposes a physical barrier that prevents budding capsids from accessing the inner 

nuclear membrane. The UL34-UL31 complex induces re-localization of lamin A/C, and recruits 

phospholipid/Ca2+ dependent protein kinase (PKC) to the nuclear membrane to phosphorylate 

lamin B, leading to local disassembly of lamina (236, 237). In addition to UL31 and UL34, the 

viral kinase Us3, which is conserved in the Alphaherpesvirinae, facilitates the primary 

envelopment process by disrupting the nuclear lamina and modulating the localization of UL31-

UL34 complex, as described in Section 2.7.2. Aside from UL31, UL34, Us3, glycoprotein 

components, and capsid proteins, the composition of primary enveloped virions is unknown (230, 

238).  

After the budding into the perinuclear space, the primary envelope of virions must fuse 
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with the outer nuclear membrane to escape from the perinuclear space and translocate the capsid 

to the cytoplasm (“de-envelopment”). The viral glycoproteins gB and gH/gL heterodimers, found 

in the primary envelope, have been shown to be necessary for this fusion process, in addition to 

other components of primary enveloped virions, such as UL34 and Us3 (36, 239, 240). Upon the 

completion of the de-envelopment process, non-enveloped capsids are released into the cytoplasm, 

and proceed for further maturation at trans-Golgi network (TGN)-derived membranes. For a long 

time, this envelopment and de-envelopment model of nucleocytoplasmic transport was 

considered to be unique to herpesvirus infection, and its validity was questioned for years, 

partially because it is a very energy-intensive process. However, it was recently reported that, 

during synapse differentiation in Drosophila, large ribonucleoprotein (RNP) complexes exit the 

nucleus through budding and fusion processes at the nuclear membranes, similar to the nuclear 

egress mechanism of Herpesviridae (241). These findings suggest that nuclear envelope budding 

is a pre-existing mechanism for nuclear export of large cargos, and that herpesviruses utilize this 

pathway for capsid transport from the nucleus to the cytoplasm. 

When the de-enveloped capsid is released into the cytoplasm, the tegument is assembled 

onto the capsid in an orderly manner. The inner tegument proteins are assembled around the 

capsid first, through their interactions with the capsid. For example, VP1/2 forms the inner-most 

layer of tegument by interacting with the major capsid protein VP5 (242). Us3 is also one of the 

inner tegument proteins that are closely-associated with the capsid (238). However, it is yet 

unclear whether these inner tegument proteins are acquired in the nucleus during the primary 

envelopment stage and remain associated after the nuclear egress, or recruited to the de-

enveloped capsid in the cytoplasm after the nuclear egress is completed. The assembly of the 

middle tegument layer is mediated by a complicated network of protein-protein interactions 
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between the inner and middle tegument proteins (243-248). Lastly, the tegument proteins found 

in the outer-most layer of tegument contact with the cellular membranes directly via acylation, or 

indirectly via the cytoplasmic tails of glycoproteins embedded in the cellular membranes (230, 

242). These interactions drive the budding of capsid and tegument structures into the membranes 

of TGN-derived vesicles, where the final envelope is acquired. TGN-derived vesicles containing 

these infectious virions then traffic to the cell surface where they fuse with the plasma membrane 

releasing virions from the infected cell (242, 249, 250). In addition to TGN-derived vesicles, late 

endosomes and multivesicular bodies have also been suggested as alternative sites for final 

envelopment (251, 252) (Figure 2-7). 

 After the productive infection in the mucosal epithelium, progeny viruses are transmitted 

to sensory neurons that innervate the epithelial tissue. These viruses enter into the nerve ending of 

innervating sensory neuron, travel down the axon by retrograde transport, and reach the neuronal 

cell body where they establish a life-long latency. Since most HSV-1 infections involve 

oropharyngeal or ocular routes, HSV-1 latency is established in the trigeminal ganglia, while 

HSV-2, whose initial infection generally occurs at the genital mucosa, establishes latency in the 

sacral ganglia. In a latent infection, viral gene expression is largely abolished, with the exception 

of the latency-associated transcripts (LATs) (253). A key factor for the establishment of latency is 

the absence of IE gene expression in neurons, caused by multiple mechanisms including the 

cytoplasmic retention of HCF and other cellular factors required for the expression of IE genes 

(254). Once latency is established, the virus genome remains as an episome. Moreover, the viral 

genome is assembled into nucleosomal chromatin with cellular histones. During latent infection, 

histones associated with the LAT promoter are hyper-acetylated, a transcriptionally-active 

chromatin configuration, whereas the promoters of all other viral genes are silenced by  
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Figure 2-7. Replication cycle of herpesviruses. Schematic representation of the herpesvirus 
replication cycle, including virus entry and dissociation of tegument, transport of incoming 
capsids to the nuclear pore, release of viral DNA into the nucleus where transcription occurs 
in a cascade-like fashion and DNA replication is initiated, nuclear egress of viral capsid via 
primary envelopment and de-envelopment, and acquisition of the final tegument and 
envelope during secondary envelopment in TGN-derived vesicles. Figure and captions are 
adapted from (11). 
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heterochromatin (255, 256). The LATs are a family of alternatively-spliced transcripts expressed 

from the inverted repeats flanking the UL sequence, antisense to the ICP0 locus. In latently-

infected neurons, the full-length 8.3 kb LAT transcript is present at low levels, whereas smaller 

spliced-transcripts are found abundantly in the nucleus (257). Despite of the presence of small 

open reading frames, no protein expression from LATs has been detected in latently-infected 

neurons (258). LATs play important roles in the establishment and maintenance of latency. They 

suppress the expression of viral lytic genes by exerting miRNA-mediated effects on ICP0 

transcripts, and inhibit apoptosis to increase neuronal survival (259-261). 

 Periodically, productive virus replication can be initiated from the latent viral genome 

through a process called reactivation (Figure 2-8). Progeny virus from reactivation subsequently 

moves down the axon via anterograde transport, back to the initial site of infection. This 

reappearance of HSV-1, or recurrent infection, results in development of vesicular lesions in the 

oral area, known as HSV labialis or a cold sore, while recurrent infection of HSV-2 causes 

vesicular lesions in the anogenital mucosa, known as HSV genitalis. A number of factors have 

been shown to act as a trigger for reactivation: physical or emotional stress, fever, exposure to 

UV radiation, and status of the immune system (3). The cycle of reactivation from latency 

persists for the life of the host, and currently, no cure is available for elimination of latently 

infected cells or prevention of reactivation and recurrent infection. This lack of cure might not be 

a critical problem for healthy individuals, for whom HSV infection is largely asymptomatic. 

However, for those with a compromised immune system, including HIV or cancer patients, 

seniors and neonates, HSV disease can be severe. Moreover, in rare cases, virus is transmitted to 

the central nervous system or into the blood, where it causes life-threatening encephalitis or 

systemic infection. 
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Figure 2-8. Lytic and latent infection of HSV. (A) Infection of epithelial cells in the mucosal 
surface gives rise to productive replication, resulting in the production of progeny virions, 
which can spread to infect additional epithelial cells. Virus enters innervating sensory neurons, 
and nucleocapsids are transported to the neuronal cell body. The viral DNA is released into the 
neuronal nucleus and circularizes. Circular viral DNA persists in the neuronal cell nucleus, and 
the latency-associated transcript is expressed. (B) Upon reactivation, viral lytic gene 
expression is initiated, and newly formed capsids are transported to the axonal termini. 
Infectious virus is released from the axon and infects epithelial cells, resulting in recurrent 
infection and virus shedding. Figure and caption are adapted from (13). 
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2.7 The Alphaherpesvirinae Kinase Us3 

 Us3 is a serine/threonine kinase unique to the members of Alphaherpesvirinae. In HSV-1 

and PRV, two Us3 transcripts with different sizes have been characterized. The Us3 transcripts 

have unique 5’ termini accounting for the size difference between isoforms, but share a common 

3’ end which expands to the encoding region of the adjacent downstream gene, Us4 (Figure 2-

9A). In HSV-1, the long isoform represents about 95% of the total Us3 transcription, while the 

short isoform designated “Us3.5” does so about 5% (262). By contrast, in PRV, the short isoform 

named “Us3b” is the dominant form representing 95% of total Us3 transcription, whereas the 

long isoform named “Us3a” is present at 5% (2). 

As consequence, the two isoforms of Us3 transcripts encode two proteins different in size. 

Due to 5’ truncations, HSV-1 Us3.5 lacks the N-terminal 76 residues of the Us3 protein. In PRV, 

the N-terminal 54 residues of Us3a are absent in Us3b. These N-terminal residues are attributed 

to the distinct localization patterns of Us3a and Us3b in PRV. The major localization site for 

Us3a is mitochondria (263) and plasma membrane (2), while Us3b is primarily localized in the 

nucleus. Calton and colleagues suggested that this difference is due to a mitochondrial 

localization signal contained within the N-terminal region missing in Us3b (2) (Figure 2-9B). By 

contrast, HSV-1 Us3 and Us3.5 are widely distributed throughout the cell, and both Us3 and 

Us3.5 have been found in mitochondria (262). Furthermore, the long and short isoforms of Us3 in 

PRV and HSV-1 differ in their physiological functions, despite both isoforms retaining kinase 

activity. This difference in function will be discussed in following sections. It is notable that in 

PRV, only Us3b is packaged into the virion as a part of the tegument, which may partially explain 

its unique functions (264-266).
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Figure 2-9. (A) Transcription from the Us3 and Us4 genes in PRV. Positions of start codons 
are indicated by “ATG.” The numbers shown on left indicate the proportions of each 
transcripts while the numbers on right indicate size. (B) Cartoon representation of PRV Us3a 
and Us3b. Regions of Us3 required for different Us3 activities and localizations were 
identified in a mapping study published by Calton et al. (2). Figures were created by Dr. 
Bruce Banfield. 
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In the Alphaherpesvirinae, both the Us3 activity and sequence are well-conserved. The 

multiple sequence alignment of Us3 orthologues from different members of the 

Alphaherpesvirinae reveals a remarkable sequence homology in the serine/threonine kinase 

domain and the C-terminal region (Table 2-2). The sequence conservation in the kinase domain 

indicates that Us3 orthologues may have similar profiles of kinase activity and substrates. This 

similarity may partially account for the observations that Us3 serves similar functions during the 

replication of different Alphaherpesvirinae members. Although Us3 is universally conserved 

among alphaherpesviruses and involved in various biological activities, it is not essential for virus 

replication and transmission in cultured cells (33, 35, 264, 267). However, the need for the intact 

activity of Us3 is greater during the infection of animal model systems including, in the case of 

PRV, the natural host. Animals inoculated with Us3-null mutants showed restricted spread of 

progeny viruses to the initial site of inoculation (268, 269). Thus, the activity of Us3 is not 

essential to virus replication in cultured cells, but indispensable for counteracting the host 

antiviral defense and host restriction factors that oppose efficient virus replication and spread in 

animal hosts. 

It has been shown that Us3 orthologues carry out multiple functions during virus 

infection (Figure 2-10), including preventing virus-induced apoptosis (27-32), facilitating virion 

maturation (33-38), stimulating mRNA translation (39), promoting cell-to-cell spread of virus 

infection (40-42), and inactivating HDACs (43-45) (Figure 2-10). In addition to these roles, the 

contribution of Us3 to overcoming the host immune response has also been reported. For example, 

Us3 mediates down-regulation of MHC class I surface expression (46, 47), inhibits accumulation 

of interferon gamma (IFN-γ) inducible genes (48), and interferes with TLR signaling (49, 50). 
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Table 2-2. Percentages of amino acid identity of different alphaherpesvirus Us3 orthologues, based on the amino acid sequences of both the 
complete Us3 ORF and the kinase domain only (in parentheses). Table and caption are adapted from (8). BoHV, Bovine herpesvirus; EHV, 

Equine herpesvirus; MDV, Marek’s disease virus. 
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Figure 2-10. Overview of different functions attributed to alphaherpesvirus Us3 orthologues. Us3 
plays diverse roles during virus replication, including prevention of virus-induced apoptosis, 
facilitation of virion maturation, disassembly of actin stress fibers, facilitation of cell-to-cell 
spread of virus infection by inducing filamentous processes, inactivation of HDACs. The 
contribution of Us3 to overcoming the host immune response has also been reported through 
down-regulation of MHC class I surface expression, inhibition of accumulation of IFN-γ 
inducible genes, inhibition of IFN production and IFN-mediated antiviral effects, and interference 
with TLR signaling. Not included in this figure is Us3-mediated stimulation of mRNA translation 
by activating mTORC1. Figure and caption are adapted from (8). 
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To this long list of Us3 functions, work done in our laboratory (and described in this thesis) has 

revealed a role for Us3 in disruption of PML-NBs (26). The wide spectrum of Us3 activities in 

infected cells is attributed to various cellular and viral substrates for Us3-mediated 

phosphorylation. With its ability to shuttle between the nucleus and the cytoplasm (270, 271), 

Us3 has been shown to phosphorylate many nuclear and cytoplasmic proteins in infected cells, 

and many more were identified as putative substrates in vitro (8, 270, 272). In this section, the 

Us3 activities that are most relevant to my studies are described. 

 

2.7.1 Inhibition of Apoptosis 

As a part of the host antiviral defense system, apoptosis can be induced by virus infection 

to clear the infected cells and prevent transmission of virus to uninfected cells. To counteract 

apoptosis and allow a sufficient time to undergo replication, many different viruses have evolved 

distinct strategies to interfere with apoptotic pathways. The anti-apoptotic effects of Us3 initially 

drew attention when early studies revealed that infection with Us3-repaired strains, or expression 

of Us3 in the absence of other viral proteins significantly suppressed apoptosis induced by viral 

infection and exogenous stimuli, such as osmotic shock, UV exposure, sorbitol treatment, and 

Fas-ligand exposure, while infection with Us3-null strains failed to prevent apoptosis (30, 268, 

269, 273-276). 

Us3 protects infected cells from apoptosis by inhibiting cellular factors involved in 

apoptotic pathways and this requires Us3 kinase activity. The Us3 substrates involved in its anti-

apoptotic activity that have been characterized to date are caspase-3, BAD, BID and protein 

kinase A (PKA) (Figure 2-11). Caspase-3, BAD and BID are expressed as inactive proenzymes  
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Figure 2-11. Cellular pathways involved in cell survival and apoptosis signaling, and 
intervention by Us3. Us3 inhibits the activation cleavage of Bid, Bad and caspase-3 via 
direct phosphorylation, as indicated by the lines from Us3 with bar tips. Alternatively, 
Us3 may activate the PKA-mediated signaling pathway by activating PKA via direct 
phosphorylation, or by phosphorylating PKA substrate as a viral PKA surrogate. The line 
from Us3 with an arrow head and a question mark represents possible direct or indirect 
activation by Us3. 
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that require proteolytic processing into active forms by caspase-3, caspase-8 or granzyme B. This 

cleavage process is blocked by Us3-mediated phosphorylation of pro-caspase-3, pro-BAD and 

pro-BID, decreasing the availability of cleaved forms capable of activating and propagating 

apoptotic signals (2, 27, 273, 276-282). 

The potential Us3 target, PKA, is a cellular serine/threonine kinase involved in cell 

survival signaling, which inactivates BAD by phosphorylation (277, 279-281). Expression of 

HSV-1 Us3 increases the amount of phosphorylated serine or threonine residues in the context of 

the PKA consensus sequence (28). Moreover, known PKA substrates, including histone H1 and 

the RIIα catalytic subunit of PKA, serve as substrates for Us3 in vitro, confirming that Us3 and 

PKA have overlapping substrate profiles (28). This overlap in substrates suggests that Us3 may 

inhibit apoptosis by acting as a viral surrogate of PKA and phosphorylating PKA substrates, such 

as BAD. Alternatively, as the RIIα catalytic subunit of PKA, whose phosphorylation drives PKA 

activation, serves as a substrate for Us3, Us3 may directly activate PKA by phosphorylation, 

which in turn activates a cell survival pathway to block apoptosis (28). 

For PRV Us3, its ability to target mitochondria seems to be a contributing factor to 

inhibiting apoptosis, since the long isoform Us3a exhibits a better anti-apoptotic capacity than the 

short isoform Us3b (283, 284). In cells infected with a Us3-null strain of PRV, the expression of 

the short isoform PRV Us3b only partially recovers the anti-apoptotic activity of Us3 against viral 

infection or staurosporine treatment, whereas complete anti-apoptotic effects are observed with 

Us3a (283). This difference may be explained by the primary localization of Us3a to 

mitochondria (2); Us3a may be better than Us3b in targeting mitochondrial factors involved in 

apoptosis. Similar to PRV, only the long isoform of Us3 seems to exert its anti-apoptotic effects 

in HSV-1, since the short isoform HSV-1 Us3.5 fails to block the BAD cleavage, suggesting 
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an impaired ability of Us3.5 in inhibition of apoptosis (262). However, unlike PRV Us3 isoforms, 

both Us3 and Us3.5 are capable of localizing to mitochondria, excluding sub-cellular localization 

as a differentiating factor for their anti-apoptotic abilities (262). It has been suggested that, 

although both HSV-1 Us3 isoforms are localized to mitochondria, only the long isoform has 

recognition sites for substrates necessary to perform its anti-apoptotic activity (262, 285). 

Lastly, there remains two unsolved questions regarding the role of Us3 as an  

inhibitor of apoptosis, the first of which being its physiological relevance. In contrast to a 

common belief that inhibiting apoptosis will facilitate virus infection by extending the time 

allowed for virus replication, a recent study showed that the replications of wild-type (WT) and 

Us3-null strains of PRV were not improved in cells that had been treated with a broad-spectrum 

caspase inhibitor to inhibit apoptosis, indicating that the contribution of Us3-mediated inhibition 

of apoptosis to PRV replication may be minimal or complemented by another viral protein(s) 

(286). Secondly, Us3-mediated phosphorylation and inactivation of the substrates described 

above is not sufficient to explain the diverse range of apoptotic stimuli counteracted by Us3. Thus, 

it is possible that, in addition to the direct targeting of apoptotic factors by Us3, Us3 may also 

utilize or interfere with a master regulator for both intrinsic and extrinsic apoptotic pathways, 

such as PML-NBs. 

 

2.7.2 Nuclear Egress during Virion Maturation 

Us3 accumulated inside the nucleus contributes to multiple processes involved in the 

viral egress from the nucleus. First, Us3 facilitates the primary envelopment of capsids, in which 

assembled capsids bud at the inner nuclear membrane into the perinuclear space. It has been 
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suggested that, in HSV-1 and PRV infection, Us3 modulates the localization of UL31-UL34 

complex by phosphorylating UL31 (239, 287). Us3 is not required for the co-localization of 

UL31 and UL34; the co-expression of UL31 and UL34 is sufficient to accumulate both proteins 

to the nuclear rim (34, 287, 288). However, in the absence of Us3, the UL34-UL31 complex 

forms punctuated aggregates around the nuclear rim, rather than a smooth homogenous 

distribution seen in the presence of Us3 (34, 287, 288). Therefore, Us3 is necessary for the 

homogenous distribution of UL34-UL31 complexes, which may be favorable for the budding 

process at the inner nuclear membrane to maximize the efficiency of egress from the nucleus. 

Surprisingly, despite the conservation of Us3 phosphorylation sites in HSV-2 UL31, it appears 

that HSV-2 Us3 does not affect the localization of UL31-UL34 complex during HSV-2 infection, 

indicating that the regulatory function of Us3 in the primary envelopment process is not 

necessarily conserved across the Alphaherpesvirinae (289). 

Additionally, Us3 promotes the primary envelopment process at the inner nuclear 

membrane by disrupting the nuclear lamina. HSV-1 Us3 has been shown to contribute to virus-

induced disruption of the nuclear lamina by phosphorylating lamin A/C, which presumably leads 

to local disassembly of lamina (37). HSV-1 Us3 also phosphorylates a lamin-associated protein 

called emerin, accelerating dispatch of lamin A/C from the lamina (290, 291). 

Furthermore, Us3 plays an important role in the de-envelopment stage. Cells infected 

with Us3-null strains of HSV-1, PRV, and MDV reveal a striking accumulation of enveloped 

virus particles within the perinuclear space (33, 35, 234, 264, 268, 289). For HSV-1 and MDV, 

the kinase activity of Us3 is important for the de-envelopment process, likely due to the 

involvement of Us3-mediated phosphorylation of UL31 and gB (239, 287, 292). HSV-1 Us3 

phosphorylates gB at a threonine residue in its cytoplasmic tail, which appears important for 
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fusion between the viral primary envelope and the outer nuclear membrane, since a phospho-

deficient mutant of gB results in a significant defect in viral egress from the nucleus (36, 293). 

Interestingly, the amino acid residue in HSV-2 gB corresponding to the threonine residue of 

HSV-1 gB phosphorylated by Us3 is alanine, resulting in the inability of HSV-2 Us3 to 

phosphorylate gB in HSV-2 infection (289). Consistent with the importance of Us3-mediated 

phosphorylation of gB in the de-envelopment process, in HSV-2 infection, the lack of Us3 

activity does not result in the accumulation of virion capsids in the perinuclear space (289). 

 

2.7.3 Inactivation of HDACs 

Upon entry into the nucleus, the viral genome is exposed to the nuclear environment and  

becomes loaded with histones. This loading renders the viral genome vulnerable to histone-

mediated transcriptional regulation, including silencing by histone hypoacetylation. To evade 

host-mediated transcriptional silencing and initiate viral gene expression, viral proteins, such as 

ICP0, act to unload histones from the viral genome, or modulate the modification status of viral 

genome-associated histones to facilitate transcription. One of the strategies employed by 

members of the Herpesviridae to achieve the latter goal is by inactivating HDACs. 

 The role of Us3 in phosphorylation and inactivation of HDACs was first described in 

HSV-1 Us3. Expression of HSV-1 Us3 causes the appearance of HDAC1 and HDAC2 bands 

with an altered mobility by western blot analyses, that is dependent on Us3 kinase activity 

indicating that Us3 targets HDAC1 and HDAC2 for phosphorylation (43, 294, 295). These 

studies suggest that Us3-mediated phosphorylation of HDACs may represent a viral strategy to 

disable HDACs and facilitate viral gene transcription from the viral genome. Supporting the role 
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of Us3 in gene expression, expression of Us3 alone is able to increase the expression level of 

reporter genes in a kinase-dependent manner (43). A similar enabling effect on reporter gene 

expression is observed with sodium butyrate treatment, a global HDAC inhibitor, in the absence 

of Us3 (43). These results suggest that Us3 activity mirrors the activity of sodium butyrate by 

inactivating HDACs. Furthermore, a conserved feature of Us3 orthologues from HSV-1, PRV 

and VZV is the hyper-phosphorylation of HDAC1 and HDAC2, suggesting that this Us3 activity 

may be important for optimal replication of many members of the Alphaherpesvirinae (44, 45). 

However, the extent of contribution seems virus-specific; inhibition of HDACs by HDAC 

inhibitors recovers the replication of Us3-null strains of VZV and PRV, but not of HSV-1 (45). 

Lastly, it appears that the Us3 orthologues phosphorylate HDACs by an indirect mechanism, 

since the Us3 orthologue from VZV does not directly phosphorylate HDACs in vitro (44). 

Therefore, Us3 likely activates a cellular kinase, such as PKA, and the activated cellular kinase, 

in turn, mediates the phosphorylation of HDACs. 

 

2.7.4 Facilitation of mRNA Translation 

The re-direction of host translational machinery for translation of viral mRNAs is critical  

for optimal virus replication, especially in cells with arrested translation in response to antiviral 

cytokines, such as interferons. In addition to vhs, Us3 also facilitates translation of viral mRNA 

by activating the Akt/mTOR pathway. As described in Section 2.3.3., when activated by the 

GTPase Rheb, mTORC1 phosphorylates 4E-BP to facilitate the initiation step for mRNA 

translation. In turn, mTORC1 is negatively regulated by tuberous sclerosis complex (TSC), a 
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GTPase-activating protein (GAP) for Rheb. Phosphorylation of TSC at threonine and serine 

residues by Akt inhibits TSC GAP activity, and allows subsequent activation of mTORC1.  

A study by Chuluunbaatar and colleagues demonstrated that Us3 functions as a viral 

surrogate for the cellular kinase Akt, and induces constitutive activation of mTORC1 to increase 

the host translational activity (39).  Despite the lack of sequence homology with Akt, Us3 directly 

phosphorylates TSC at the same residues as Akt, enabling infected cells to by-pass the signal 

transduction by Akt, otherwise necessary for mTORC1 activation (39).  

 

2.7.5 Interference with Toll-Like Receptor Signaling Pathway 

The innate immune response plays an important role in recognizing viral invasion, and  

restricting virus replication and transmission before adaptive immunity is developed. One of the 

host pattern recognition receptors that recognize pathogen-associated molecular patterns (PAMPs) 

upon virus infection is the TLR family. The members of this protein receptor family are present 

in the plasma membrane and endosomes, and each member recognizes unique PAMPs, including 

double-stranded RNA and unmethylated CpG DNA captured into endosomes, which are signs of 

active virus replication. When TLR2 is activated, a cascade of phosphorylation events mediated 

by cellular kinases occurs to transduce the signal from activated TLR2 to downstream effectors. 

When the signal reaches the cellular E3 ubiquitin ligase, tumor necrosis factor receptor-associated 

factor 6 (TRAF6), TRAF6 catalyzes the synthesis of poly-ubiquitin chains onto itself and the 

cellular kinase TAK1. TAK1 interacts with its binding partners through its poly-ubiquitin chains, 

leading to the poly-ubiquitylation and degradation of the NF-κB inhibitor IκB (IκB). Upon 
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degradation of IκB, NF-κB translocates to the nucleus, where it activate transcription of antiviral 

and pro-inflammatory genes.  

In cells infected with HSV-1, NF-κB activity is activated through TLR2, and viral 

proteins such as ICP0 inhibit the signal transduction from TLR2 to NF-κB by inducing 

degradation of adaptor molecules (296). In addition to ICP0, a Us3-null strain of HSV-1 fails to 

inhibit degradation of IκB in response to TLR2 activation, which is observed in its WT 

counterpart, indicating that, in the absence of Us3, the virus is not able to block NF-κB signaling 

to its full extent (50). Although the exact mechanism is not known, it was shown that Us3 blocks 

NF-κB signaling by inhibiting poly-ubiquitylation of TRAF6 in a kinase-dependent manner (50). 

Interestingly, HSV-1 Us3 seems to carry out this activity at as early as 1 hour post infection, 

when the expression of IE genes is only beginning to be detected (50). Thus, the results from this 

study indicate a possible role of tegument-associated Us3 in the regulation of the host cell 

ubiquitylation pathway. 

 

2.7.6 Interference with the IFN Response 

The IFN family of cytokines is one of the components of the innate immune response. 

The members of the IFN family are divided into three subgroups: types I, II, and III. Each 

subtype is distinct with respect to the type of producing cells, amino acid sequence, receptor 

recognition, and the signaling pathways involved in the activation of IFN-stimulated gene (ISG) 

expression. While numerous subtypes of IFNs, including IFN-α, -β, -ε, -κ, and -ω, belong to type 

I IFN, type II and type III IFN subgroups only include IFN-γ and IFN-λ respectively. When IFNs 

bind to their receptors, signal transducer and activator of transcriptions (STATs) are 
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phosphorylated and activated by cellular kinases, such as the Janus activated kinases (JAK) 

(Figure 2-12). For type I IFN signaling, activated STAT1/2 heterodimers form IFN-stimulated  

gene factor 3 (ISGF3) complexes with IFN-regulatory factor 9 (IRF9), and this complex 

translocates to the nucleus, where it binds IFN-stimulated response elements (ISREs) and initiates 

transcription of ISGs (15). In cells stimulated with type II IFNs, instead of ISGF3, activated 

STAT1 homodimers translocate to the nucleus and bind GAS (IFN-γ -activated site) elements 

present in certain ISGs, thereby initiating the transcription of these genes. Type I IFNs can also 

signal through STAT1 homodimers and activate transcription of ISGs under the control of GAS 

elements. 

Us3 orthologues have been shown to counteract the host IFN response mediated by type  

I and type II IFNs. In cells exposed to IFN-α, the virus titer of a Us3-deficient strain of HSV-1 is 

dramatically reduced, and accompanied by significant reductions in the number and size of 

plaques formed by the mutant strain, as compared to HSV-1 WT (297). These results demonstrate 

that Us3 functions to overcome an IFN-α-induced antiviral state, likely by interfering with the 

activities of IFN-induced antiviral effectors. Further research is needed to examine if other Us3 

orthologues are also involved in counteracting IFN-induced antiviral state, and to determine 

potential mechanisms. 

While the above study by Piroozmand and colleagues demonstrated the role of Us3 in 

overcoming an already-established antiviral state, Us3 orthologues also interfere with the 

processes that occur prior to the establishment of antiviral state. For example, HSV-1 Us3 blocks 

the expression of IFN-γ-inducible genes, even when it is expressed alone without other viral 

proteins, by phosphorylating IFN-γ receptor alpha (48). This Us3-mediated phosphorylation of 

IFN-γ receptors is proposed to down-regulate IFN-γ receptors from the cell surface, rendering the  
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Figure 2-12. Interferon receptors and activation of classical JAK–STAT pathways by type I and type II 
interferons. All type I interferons (IFNs) bind a common receptor at the surface of human cells, which is 
known as the type I IFN receptor. The type I IFN receptor is composed of two subunits, IFNAR1 and 
IFNAR2, which are associated with the Janus activated kinases (JAKs) tyrosine kinase 2 (TYK2) and 
JAK1, respectively. Type II IFN binds the type II IFN receptor, composed of two subunits, IFNGR1 and 
IFNGR2, which are associated with JAK1 and JAK2, respectively. Activation of the JAKs that are 
associated with the type I IFN receptor results in tyrosine phosphorylation of STAT2 and STAT1; this 
leads to the formation of STAT1–STAT2–IRF9 complexes, which are known as ISGF3 complexes. 
These complexes translocate to the nucleus and bind ISREs in DNA to initiate gene transcription. Both 
type I and type II IFNs also induce the formation of STAT1–STAT1 homodimers that translocate to the 
nucleus and bind GAS elements that are present in the promoter of certain ISGs, thereby initiating the 
transcription of these genes. The consensus GAS element and ISRE sequences are shown. Figure and 
caption are adapted from (15). N, any nucleotide. 
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cell unresponsive to IFN-γ. Moreover, the VZV orthologue of Us3 is able to inhibit the IFN-γ 

signal transduction by decreasing STAT1 phosphorylation, important for the transcriptional 

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

 

2.8 PML-NBs Mediate Antiviral Defense against Herpesviridae Infection 

As PML-NBs emerged as the central organizer of processes that occur in the  

nucleus, the possible interaction between PML-NBs and nuclear-replicating viruses sparked 

interest in many investigators, subsequently initiating numerous studies on the role of PML-NBs 

in antiviral defense. Soon studies using different DNA viruses, such as adenoviruses, the 

polyomavirus simian virus 40 (SV40), papillomaviruses, and representative members of all 

subfamilies of the Herpesviridae, demonstrated that DNA genomes of these viruses are 

preferentially positioned in close proximity to PML-NBs (202, 203, 206, 299). This preferential 

positioning of viral genomes to PML-NBs does not require any viral gene transcription or protein 

expression, as this process occurs in the presence of transcription and translation inhibitors (202). 

As to a possible outcome of the association between the viral genome and PML-NBs, early 

studies suggested that the positioning of viral genome close to PML-NBs would assist in 

initiating viral gene transcription, by providing transcription factors concentrated in PML-NBs. 

This argument was supported by the characterized role of PML-NBs in transcriptional activation, 

and detection of nascent RNA in the immediate vicinity of PML-NBs (124). Furthermore, at early 

times in HSV-1 infection, the essential viral transactivator ICP4 forms punctate foci juxtaposed to 

PML-NBs, and these ICP4 foci develop into replication compartments as infection progresses 
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(300, 301). These ICP4 foci were also found to contain ICP27, which functions in processing and 

export of viral mRNAs, suggesting that PML-NBs represent a site of active viral gene 

transcription (300). Overall, the early model of interaction between viral DNA and PML-NBs 

suggested that, upon entry into the nucleus, viral DNA was deposited close to PML-NBs, where 

virus replication was initiated with an assist from PML-NBs. 

 However, this pro-viral role of PML-NBs was later challenged by studies that utilized 

cells depleted of PML-NB resident proteins (Figure 2-13). Although knocking down PML, Sp100 

or Daxx by stable transfection with shRNA does not affect the replication of HSV-1 WT, it 

dramatically recovers viral gene expression and replication of an ICP0-null mutant of HSV-1, 

indicating that, in the absence of the potent PML-NB inhibitor ICP0, HSV-1 replication is 

impaired by PML-NB resident proteins (209, 302, 303). PML, Sp100 and Daxx appear to repress 

viral gene expression in a co-operative manner via independent pathways, as knocking down 

these three main PML-NB resident proteins simultaneously in double- and triple-combinations 

additively increases the gene expression and replication of the ICP0-null mutant of HSV-1 (304). 

Furthermore, PML-NBs are associated with the viral genome during latency or quiescence, both 

of which are characterized by lack of lytic viral gene expression. In cells infected with a HSV-1 

mutant lacking multiple viral tansactivators, such as ICP0, ICP4 and VP16, initiation of viral 

gene expression fails, and the viral genome remains dormant, or “quiescent,” for extended periods 

of time until it is reactivated by complementing the activities of missing transactivators, similar to 

latency occurring during natural infection. In these cells, association of the quiescent viral 

genome with PML-NBs appears to exert transcriptional repression on the viral genome, as the 

reporter gene expression from the quiescent viral genome is increased in cells depleted of PML 

(305). This association between the viral genome and PML-NBs is also observed in neurons from  
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Figure 2-13. During the initial stages of infection viral genomes enter the nucleus of infected 
cells. PML-NB resident proteins are recruited to the incoming HSV-1 genomes. The activity 
of viral proteins, such as HSV ICP0, HCMV IE1 and EBV EBNA1, promotes disruption of 
PML-NBs and their restriction factors, leading to the efficient onset of viral replication. In the 
absence of these viral proteins, PML-NBs mediate the transcriptional repression of viral gene 
expression leading to the establishment of viral quiescence and latency. Figure and caption are 
modified from (10). 
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latently-infected mice, and PML-NBs exert active transcriptional repression on the latent viral 

genome, inhibiting the expression of LAT (306). The efficiency of silencing LAT expression is 

increased as the copy number of latent viral genomes decreases, further supporting the inhibitory 

interaction between PML-NBs and the viral genome (306). Of the seven main PML isoforms, 

PML I and PML II have been shown to mediate antiviral defense against HSV-1, as expression of 

PML I or PML II alone in the absence of endogenous PML isoforms inhibited the replication of a 

ICP0-null mutant of HSV-1 (307). The exact mechanism by which these two isoforms restrict the 

replication of HSV-1 remains to be determined. 

Transcriptional repression of the viral genome by PML-NBs is not limited to HSV-1. 

During HCMV infection, over-expression of exogenous PML, followed by an increased number 

of PML-NBs, results in impaired development of replication compartments and decreased 

expression of E and L genes, due to a delay in PML-NB disruption (308). In the same context, in 

cells depleted of PML, Sp100 or Daxx, viral gene expression is augmented, leading to a 

significant increase in HCMV replication, and simultaneous depletion in double- or triple-

combinations results in an additive effect in virus replication (304, 309-313). Furthermore, if 

HCMV fails to dissociate Daxx from PML-NBs or degrade Sp100 at early times in infection, 

Daxx and Sp100 induce alterations in chromatin structure around the major immediate-early 

promoter (MIEP) of HCMV, likely through HDAC activities, resulting in the positioning of 

transcriptional repressive chromatin at the MIEP (310, 314, 315). Additionally, in cells 

quiescently-infected with HCMV, depletion of Daxx leads to initiation of lytic virus replication 

(316). A similar role for PML-NBs in suppressing viral gene expression has been demonstrated 

during EBV infection (286, 317-320). Overall, these observations support that it is a general 

feature of Herpesviridae infections that, PML-NBs and their component proteins function to 
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block the initiation of viral gene expression and productive viral replication, representing 

important mediators of intrinsic antiviral defense against these viruses. 

Passive deposition of the viral genome to PML-NBs proposed in the early model was also 

challenged, as recent studies demonstrated that, early in infection, PML-NB components are 

actively recruited to the incoming viral genome and form new PML-NBs in immediate proximity 

to the viral genome. In a developing HSV-1 plaque, progeny virus from an infected cell spread 

into neighboring uninfected cells at sites of cell-cell contact, resulting in spatially asymmetrical 

infection (321). Once virus particles have entered the newly infected cell, the viral genome enters 

the nucleus, preferentially on the side of the nucleus adjacent to the cell from which the virus 

originated. If the viral genome migrated toward the nearest PML-NBs, then virus infection would 

not be predicted to change the overall distribution of PML-NBs. However, in a developing plaque, 

PML-NBs form an arc along the edge of the nuclei of newly infected cells adjacent to the cell 

from which the virus originated, which co-localizes with the distribution of viral genomes (321). 

This arc-like distribution of PML-NBs is not observed in uninfected cells, indicating that virus 

infection induces re-distribution of PML-NBs (321). Furthermore, in cells depleted of PML, other 

PML-NB components, such as Sp100, Daxx and ATRX, are diffused throughout the nucleus, and 

do not form nuclear bodies together (97, 209, 322). However, upon HSV-1infection, Sp100, Daxx, 

and ATRX re-locate and form PML-NB-like structures at the sites of viral genomes, strongly 

suggesting that entry of viral genome triggers assembly of novel PML-NBs around the incoming 

viral genome (305, 321). Similar observations were made in cells simultaneously depleted of 

PML and Sp100 (302). The model of novel PML-NB assembly is further supported by the 

restricted mobility of PML-NBs; since at least a subgroup of PML-NBs are immobile, it seems 

less likely that pre-existing PML-NBs move towards the incoming viral DNA (321, 323). It is 
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noteworthy that, in the absence of PML, Sp100 and Daxx initially co-localize in PML-NB-like 

structures with the viral genome, but do not remain associated with it for extended periods of time 

after infection, indicating an important role of PML as an assembly platform for PML-NBs (305). 

How the entry of the viral genome triggers the assembly of new PML-NBs is a question  

yet to be answered. However, a clue has come from a study by Tsukamoto and colleagues (324). 

The authors stably integrated a plasmid containing repeats of the lac operator and tetracycline-

responsive element into cellular chromosomes. When lac repressor and tetracycline receptor 

fusion proteins were expressed and bound to the integrated repeats of the lac operator and 

tetracycline-responsive element respectively, the integration sites became associated with PML-

NBs (324). This artificial tethering of chromosomes to PML-NBs suggests that the recognition of 

foreign nucleoprotein complexes may serve as a signal to stimulate their association with PML-

NBs. In the context of virus infection, when the viral genome has entered the nucleus, the viral 

genome likely never exists as naked DNA, as the viral genome becomes loaded with histones, 

and VP16 accumulates on the viral genome, along with Oct-1 and HCF, to form transcription 

initiation complexes. Moreover, the presence of viral genome also stimulates the DNA damage 

response, and results in the recruitment of cellular proteins involved DNA repair, such as 53BP1 

and γ-H2AX, to the viral genome, likely allowing the formation of nucleoprotein complex 

between the viral genome and DNA repair proteins (325). Further research is necessary to 

identify the nature of nucleoprotein complexes that stimulates the association of PML-NBs with 

the viral genome. 

PML-NBs are also capable of inhibiting virus replication by physically entrapping viral  

components. In cells infected with VZV, PML-NBs form spherical cages that enclose mature and 

immature VZV nucleocapsids, through the interaction between PML IV and ORF23, the VZV 
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homologue of the smallest capsid protein VP26 (326, 327). This entrapment within PML-NBs 

prevents further cytoplasmic maturation process for trapped viral capsids, resulting in a 

significant inhibition in virus replication (327).   

Finally, PML and PML-NBs act as important mediators of IFN-induced antiviral  

defenses. In cells exposed to IFN, enhanced expression and activity of ISGs limit Herpesviridae 

replication through multiple pathways. One pathway is by inhibiting expression of viral IE genes. 

Type I or II IFN inhibits accumulation of viral IE genes of HSV-1, HSV-2, PRV and HCMV, 

without affecting viral absorption, penetration, uncoating, and nuclear entry of the viral genome 

(328-332). These results suggest that IFN treatment inhibits transcription of viral IE genes. It has 

been proposed that the transcriptional repression activity of PML and PML-NBs are attributable 

to IFN-mediated silencing of the viral genome. Promoter regions of the genes encoding PML and 

many of other PML-NB resident proteins, including Sp100, contain an ISRE and/or a GAS, and 

their expression is induced in cells exposed to type I and/or II IFN (333-338). As a consequence, 

the number and size of PML-NBs increase in response to IFN, likely leading to enhanced 

transcriptional suppression of the viral genome by PML-NBs (338). Supporting a role for PML in 

mediating IFN-induced antiviral effects, mutant strains of HSV-1 and PRV that lack ICP0 

orthologues replicate poorly in cells pre-exposed to IFN (339-342). Furthermore, the inhibitory 

effect of IFN treatment on viral gene expression is abolished in cells from PML knock-out mice 

(18). Taken together, PML is an important IFN effector that establishes an antiviral state in 

response to IFN treatment, likely in the form of PML-NBs. Therefore, Herpesviridae degrade or 

dissociate PML to disrupt PML-NBs and disarm the IFN-induced antiviral state. 
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2.9 Strategies of Herpesviridae to Counteract PML-NBs 

During herpesvirus infection, viral proteins have been shown to disrupt PML-NBs via  

two main pathways, degradation or dispersal. In the former pathway, PML, the essential protein 

for PML-NB formation, becomes degraded through the actions of a viral protein, generally via a 

proteasome-dependent mechanism. The second pathway involves dispersal of PML, in which 

PML-NBs are disrupted without any change in the total level of PML. In the latter pathway, PML 

molecules are unable to interact with each other or other resident proteins to form PML-NBs, 

generally due to inhibition of PML SUMOylation. 

 

2.9.1 HSV-1 and HSV-2 

During the first four hours of infection, HSV-1 disrupts PML-NBs, but a HSV-1 mutant  

deficient for ICP0 cannot (19, 206). ICP0 is a virally-encoded E3 ubiquitin ligase containing a 

RING domain, and interacts with the host E2 ubiquitin conjugating enzymes to conjugate poly-

ubiquitin chains on its substrates in vitro and in vivo, including PML and Sp100 (19-25). Initially, 

ICP0 localizes to PML-NBs, where it mediates poly-ubiquitylation and proteasome-dependent 

degradation of PML and other PML-NB resident proteins. The degradation and dispersal of PML-

NB resident proteins correlates with the ability of ICP0 to counteract transcriptional silencing of 

incoming virus and initiate efficient viral replication (13, 209, 302, 343). Furthermore, ICP0-

mediated degradation of PML is important for reactivating quiescent viral genomes and initiating 

lytic infection in latently infected cells (305, 343). ICP0-mediated PML degradation occurs by 

SUMO-dependent and SUMO-independent mechanisms, and subsequently leads to disruption of 

PML-NBs. 



 

 

 

 

65

 In the SUMO-dependent pathway, ICP0 mediates the global proteasome-dependent 

degradation of SUMO-conjugated proteins, including SUMOylated PML (10). ICP0 harbors 

seven putative SIM motifs, and a few of them have been shown to interact with SUMO molecules 

(10). Through its functional SIM, ICP0 induces poly-ubiquitylation of SUMO chains in vitro, and 

global degradation of SUMO-conjugated proteins in vivo (10). In other words, ICP0 recognizes 

SUMOylated proteins, including PML and Sp100, via its SIM, and drives poly-ubiquitylation of 

the SUMOylated proteins, which are subsequently degraded by proteasome. Degradation of 

SUMOylated PML by ICP0 eventually results in disruption of PML-NBs. This ability of ICP0 to 

target SUMO-conjugates underlies ICP0-mediated degradation of SUMOylated PML isoforms in 

cells expressing endogenous PML isoforms or individual PML isoforms in isolation from stably-

transfected constructs (10, 20, 25, 307, 344-346). However, despite ICP0’s ability to target 

SUMOylated proteins on a global scale, it seems that SUMOylated forms of PML are a preferred 

target for ICP0, as SUMOylated PML seems to be degraded by ICP0 more rapidly than other 

SUMOylated proteins (286). 

Supporting the importance of SIM-SUMO interaction in ICP0’s engagement with its 

substrates, the non-SUMOylated forms of PML isoforms remain relatively resistant to ICP0-

mediated degradation, with the exception of non-SUMOylated PML I (10). Moreover, the ICP0 

SIM is important for the biological activities of ICP0, as the ICP0 SIM mutants are less active in 

complementing the replication of ICP0-null mutant virus compared to WT ICP0, and, to a lesser 

extent, in reactivating quiescent HSV-1 viral genomes (10). 

 In the SUMO-independent pathway, ICP0 targets non-SUMOylated forms of PML I for 

degradation. While ICP0 is equally capable of degrading a SUMO-deficient mutant of PML I, 

compared to the WT PML I, it fails to degrade SUMO-deficient mutants of PML II and PML IV 
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(10, 347). Moreover, ICP0 directly interacts with PML I via a PML I-specific region within the 

C-terminus of PML I, demonstrating that it does not require PML I SUMOylation to induce 

degradation of PML I (10, 347). This is contrary to other PML isoforms, as ICP0 recognizes PML 

II and PML IV as its substrates for degradation in a SUMOylation-dependent manner (10, 347). 

A clear reason as to why ICP0 specifically targets PML I by two distinct mechanisms remains to 

be answered. 

 It is noteworthy that the ability to induce the global degradation of SUMOylated proteins 

is conserved among Alphaherpesvirinae ICP0 orthologues. Just like HSV-1 ICP0, ICP0 

orthologues from PRV, BHV-1, EHV-1 and VZV contain a RING domain, which allows these 

orthologues to function as an E3 ubiquitin ligase in vitro (20). They also target SUMOylated 

proteins for degradation in a manner dependent on their SIMs (10). However, these ICP0 

orthologues are not as competent as HSV-1 ICP0; they induce minimal to no degradation of PML 

and Sp100, resulting in limited disruption of PML-NBs (20, 348). 

In light of the finding that the activities of ICP0 orthologues from several HSV-1-related 

herpesviruses display variability in their ability to degrade PML and disrupt PML-NBs, 

functional redundancy in an alternate viral protein could be a plausible means by which the 

viruses ensure that PML-NB disruption continues to occur (20). Indeed, it is noteworthy that 

ICP0 is not the only viral protein of HSV-1 that possesses the capacity to disrupt PML-NBs. A 

large screen for HSV-1 proteins that disrupt PML-NBs revealed that, in addition to ICP0, the 

products of the three other viral genes also share this ability (349). These viral proteins include 

UL14; a tegument protein involved in inhibition of apoptosis and nuclear transport of VP16 and 

incoming viral capsids (350, 351), Us10; a tegument-associated phosphoprotein with unknown 
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function (352), and UL8.5; a viral protein with unknown function. Whether these viral proteins 

disrupt PML-NBs during virus infection, and if so, how, has not been reported. 

 Finally, HSV-2 infection alters the expression pattern of PML isoforms. HSV-2 ICP27 

switches PML II to PML V by inhibiting the elimination of PML exon 7a during splicing of PML 

pre-mRNA (353). However, as it seems that PML II promotes HSV-2 infection rather than 

inhibits it, the reason why ICP27 induces switching of PML II to PML V remains unclear (353). 

 

2.9.2 HCMV 

During HCMV infection, it is the immediate-early protein IE1 that induces disruption of 

PML-NBs (354-356). As seen with ICP0, IE1 initially co-localizes with PML-NBs through its 

physical interaction with PML (354-357). Subsequently, IE1 induces the loss of SUMOylated 

forms of PML, which in turn disrupts PML-NBs (345, 358). This IE1-mediated PML-NB 

disruption correlates with transcriptional activation of viral genes by IE1 (357). Furthermore, 

expression of IE1 is able to complement the inability of a ICP0-null mutant of HSV-1to disrupt 

PML-NBs, and partially recover defective replication of the mutant virus, suggesting that IE1 and 

HSV-1 ICP0 serve the same function to some degree (359).  However, unlike ICP0, IE1 does not 

reduce the amount of non-SUMOylated PML isoforms, and the IE1-induced loss of SUMOylated 

PML does not involve proteasomal activity (358). At present, how IE1 is able to abrogate 

SUMOylation of PML to disrupt PML-NBs remains to be determined. 

Another HCMV protein that has been shown to be capable of disrupting PML-NBs is the 

viral kinase UL97 (360). However, an independent study by different laboratory failed to see any 

significant effect of UL97 on PML-NBs (361). 
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2.9.3 EBV 

At the onset of lytic EBV infection, disruption of PML-NBs starts with the dispersal of 

Sp100 and Daxx, which is then followed by dispersal of PML (286, 317, 319). Two proteins have 

been shown to mediate disruption of PML-NBs: BZLF-1 and EBNA1.  

BZLF-1 is the principal activator of lytic gene expression and is modified with SUMO 

(286). It has been shown that BZLF-1 competes with PML for a limited pool of SUMO, which 

abrogates PML SUMOylation and induces disruption of PML-NBs (286).  

On the other hand, the viral transcriptional activator EBNA1 induces degradation of all 

PML isoforms to disrupt PML-NBs (362). To induce degradation of PML, EBNA1 needs to form 

a ternary complex with CK2 and USP7 (12, 362). Through its direct interaction with CK2, 

EBNA1 increases association between CK2 and PML-NBs, and subsequently promotes PML 

phosphorylation by CK2, triggering degradation of PML and disruption of PML-NBs (362). 

EBNA1 also binds to USP7 and increases localization of USP7 in PML-NBs, together indicating 

that EBNA1 utilizes two independent pathways to disrupt PML-NBs (362).  

In addition, the EBV kinase BGLF4 has been shown to disrupt PML-NBs (361). 

However, this activity of BGLF4 remains controversial, as an independent study failed to 

duplicate this observation (349). 

 

2.10 Us3 Disrupts PML-NBs 

Due to the antiviral activity of PML-NBs, representative members of all three subfamilies 

of the Herpesviridae encode at least one viral protein to disrupt PML-NBs by distinct 

mechanisms introduced in Section 2.9. In addition to these viral proteins, we determined that Us3 
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also possesses the ability to disrupt PML-NBs (26). In our study, we demonstrated that transient 

expression of Us3 orthologues from HSV-2 and PRV induces a dramatic diminishment in the 

number of PML-NBs (26). The kinase activity of Us3 is critical, as kinase-dead mutants of HSV-

2 and PRV Us3 fail to disrupt PML-NBs (26). Based on our intriguing discovery, works 

described in this thesis propose that Us3 disrupts PML-NBs as a viral strategy against IFN-

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

 

2.11 Kelch-like Protein Family Member 21 (KLHL21) 

Us3 has drawn extensive attention and interest, partly due to the wide spectrum of 

activities it plays during virus replication. However, despite extensive investigation, the 

mechanisms by which Us3 mediates its diverse functions are not fully understood. To help gain a 

better understanding of these mechanisms, our laboratory designed a screen to identify potential 

interaction partners for Us3 (51). From this screen, we identified KLHL21, a cellular protein 

involved in the ubiquitylation pathway, as a Us3 interacting protein (51). 

 In eukaryotic cells, the post-translational modification by covalent addition of ubiquitin, 

ubiquitylation, requires a cascade of three enzymatic reactions, which involves an E1 ubiquitin 

activating protein, an E2 ubiquitin-conjugating protein, and an E3 ubiquin ligase. Ubiquitylation 

can influence the functional diversity and concentrations of modified substrates, for example by 

altering protein trafficking and sorting, or inducing proteasome-dependent degradation (9, 363, 

364). Hence, tight regulation with high substrate specificity is critical. E3 determines substrate 

specificity in part by forming multiprotein complexes, which include E3, an adaptor that links E3 

to E2, and a substrate-specific adaptor that links E3 to a specific substrate (9, 363, 364). 
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Among the multiprotein E3 ligase complexes are the CRULs (cullin really interesting 

new gene (RING) ubiquitin ligases). In humans, CRULs contain one of seven cullin ubiquitin 

ligase families, which interacts with the RING-domain protein called ROC-1. The C-terminal 

globular domain of cullin binds to ROC-1, which in turn recruits E2 enzyme to cullin. The 

substrate recruitment to cullin is mediated by the specific substrate adaptor. One example of these 

adaptors is the members of the kelch-like (KLHL) protein family, which specifically bind to 

cullin-3 (Cul3) (9). 

 The 42 members of the KLHL protein family have a single copy of the broad complex, 

tramtrack and bric-a-brac (BTB) domain at the N-terminus, 3-7 copies of Kelch domains at the C-

terminus, and a single copy of the BTB and C-terminal Kelch (BACK) domain in between 

(Figure 2-14A). The BTB domain forms an interface surface not only for protein-protein 

interaction with non-BTB proteins, but also with other BTB domain-containing proteins to allow 

oligomerization (365). The Kelch domains are found in tandem repeats, and, when present in 5-7 

repeats, form a β-propeller structure, which in some cases interacts with actin filaments (366-368). 

Lastly, because the BACK domain is predominantly found in proteins with both BTB and Kelch 

domains, it is postulated that the BACK domain functions to position the Kelch domain and its 

bound substrate within a protein complex (369).  

 A number of the KLHL proteins have been shown to function as adaptor proteins for the 

Cul3 ligase complex (Figure 2-14B). To function as an adaptor protein in the Cul3 ligase complex, 

the BTB domain binds to the N-terminus of Cul3, and the Kelch domain interacts with substrates 

(370-379). Thus substrates are brought into the Cul3 complex and ubiquitin conjugation to 

substrates is enabled. A well-known example is KLHL20 that is involved in angiogenesis. Under 

hypoxic conditions, expression of KLHL20 is induced by the transcriptional factor HIF-1α, and  
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Figure 2-14. (A) Schematic representation of domain structures in KLHL family members. 
BTB, BACK, K indicate the BTB, BACK and Kelch domains. KLHL20 and KLHL21 are 
shown with arrows. Figure is modified from (6). (B) Several members of the KLHL protein 
family interact with Cul3 via their BTB domains, while they recruit substrates via their 
Kelch domains to allow ubiquitylation of the substrates by Cul3. The RING protein ROC1 
is also a component of the Cul3 ubiquitin ligase complex, and brings the E2 ubiquitin 
conjugating enzyme to the complex. Cul3 activity is regulated by neddylation, an addition 
of ubiquitin-like protein, Nedd (9). 
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KLHL20 recruits the Cul3 ligase complex to PML-NBs to degrade PML and promote 

angiogenesis (Section 2.3.3) (117). 

The finding of KLHL21 as a potential interacting partner for Us3 is particularly 

interesting, since Us3 could disrupt PML-NBs via its interaction with KLHL21. The role of 

KLHL20, a relative of KLHL21, in the regulation of PML-NBs supports the feasibility of this 

hypothesis. KLHL21 is one of the KLHL proteins that act as substrate adaptor proteins for Cul3, 

with its BTB domain interacting specifically with Cul3 (370). The only cellular substrate for 

KLHL21 reported to date is Aurora B, a cellular kinase that functions in mitosis (52). By 

phosphorylating substrates like the intermediate filament desmin and vimentin, Aurora B plays an 

essential role in the regulation of cytokinesis. Maerki and colleagues demonstrated that KLHL21 

recruits Cul3 and Aurora B to the spindle midzone in anaphase, where non-kinetochore 

microtubules are bundled midway between segregated chromatids, and facilitates mono-

ubiquitylation of Aurora B (52). This KLHL21-mediated ubiquitylation of Aurora B is crucial  

for the proper localization of Aurora B to midzone microtubules, and is also necessary for 

completion of cytokinesis (52). 

 

2.12 Scope of the Thesis 

Work done in our laboratory determined that Us3 orthologues from HSV-2 and PRV are  

capable of disrupting PML-NBs in a kinase-dependent manner. Based on this finding, the studies 

described in this thesis were aimed to fulfill five objectives to understand the mechanism and 

physiological function of Us3-mediated PML-NB disruption: 1) To examine if Us3 contributes to 

PML-NB disruption during virus replication, 2) to test if Us3 disrupts PML-NBs by inducing 
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degradation of PML or altering SUMOylation status of PML, 3) to address if Us3 recognizes and 

targets a specific PML isoform to disrupt PML-NBs, 4) to determine if Us3 contributes to viral 

resistance to IFN by disrupting PML-NBs, and 5) to validate the interaction between Us3 and 

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

Materials and Methods 

3.1 Cells 

African green monkey kidney cells (Vero), porcine kidney cells (PK15), HEK 293T,  

life-extended human foreskin fibroblast cells (T12) cells were all maintained in Dulbecco's 

modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) in a 5% CO2 

environment. Human liver hepatocellular carcinoma cells (HepG2) cells were maintained in 

minimum essential medium (MEM) supplemented with 10% FCS in a 5% CO2 environment. 

Human nasopharyngeal carcinoma cells (CNE-2Z) were maintained in MEM alpha supplemented 

with 10% FCS in a 5% CO2 environment. CNE-2Z PML knock-down (K/D) cells that stably 

expressed shRNA against PML to knock down all isoforms of PML were maintained in MEM 

alpha supplemented with 10% FCS and 0.5µg/mL puromycin in a 5% CO2 environment (12). Cell 

lines expressing individual PML isoforms tagged with EYFP, generated in the background of 

CNE-2Z PML K/D cells, were maintained in MEM alpha supplemented with 10% FCS and 0.5 

mg/mL G418 in a 5% CO2 environment (12). PK15 and T12 cells were kind gifts from Drs. L. W. 

Enquist (Princeton University, USA) and W. Bresnahan (University of Minnesota, USA), 

respectively. CNE-2Z cells and cell lines derived from CNE-2Z cells were kind gifts from Dr. L. 

Frappier (University of Toronto, Canada). 

 

3.2 Viruses 

HSV-1 strain 17+ was propagated and titered on Vero cells. HSV-2 strain HG52 was  
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propagated and titered on Vero cells. HSV-2 strain 186 and its Us3-null (∆Us3) and Us3-repaired 

(Us3-R) derivatives were propagated and titered on Vero cells. In the ∆Us3 strain, the third and 

fourth codons in the Us3 open reading frame are mutated to stop codons, which are mutated back 

to the original codons in the Us3-R strain. The recombinant 186 strains were all constructed by a 

former post-doctoral fellow of the Banfield laboratory, Dr. Valerie Le Sage. The Bartha strain of 

PRV and its Us3-null (PRV611) and Us3-repaired (PRV611R) derivatives were propagated and 

titered on PK15 cells (265). The Us3 locus in PRV611 is replaced by an EGFP expression 

cassette. For virus infection, the specified hours post infection refers to the time elapsed following 

addition of virus and includes a one-hour inoculation period. 

 

3.3 Immunological Reagents 

Rat polyclonal antiserum against HSV-2 Us3 was used for indirect immunofluorescence 

microscopy at a dilution of 1:1,000 and for western blotting at a dilution of 1:500 (380). Rat 

polyclonal antiserum against HSV-2 ICP0 was produced by a former Banfield laboratory 

technician, Susan M. Johnston, and used for indirect immunofluorescence microscopy at a 

dilution of 1:200. Mouse monoclonal anti-FLAG antibody (Sigma Aldrich, St. Louise, MO, USA) 

was used for indirect immunofluorescence microscopy at a dilution of 1:500. Rabbit polyclonal 

antiserum H-238 against human PML (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was 

used for indirect immunofluorescence microscopy at a dilution of 1:50. Mouse polyclonal 

antiserum against PRV major capsid protein (MCP), a kind gift from Dr. L. W. Enquist 

(Princeton University, USA) was used for indirect immunofluorescence microscopy at a dilution 

of 1:100; Mouse monoclonal antiserum against HSV-1 ICP0 (Santa Cruz Biotechnology, Santa 
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Cruz, CA, USA) was used for indirect immunofluorescence microscopy at a dilution of 1:50, and 

for western blotting at a dilution of 1:200. Mouse monoclonal antiserum against HSV ICP8 

(Virusys, Taneytown, MD, USA) was used for indirect immunofluorescence microscopy at a 

dilution of 1:10,000, and for western blotting analyses at a dilution of 1:1,000. Mouse monoclonal 

antiserum against HSV ICP27 (Virusys, Taneytown, MD, USA) was used for indirect 

immunofluorescence microscopy at a dilution of 1:200, and for western blotting analyses at a 

dilution of 1:1,000. Mouse monoclonal antiserum against HSV ICP5 (Virusys, Taneytown, MD, 

USA) was used for western blotting analyses at a dilution of 1:1,000. Rabbit monoclonal 

antiserum against cleaved caspase-3 (Cell Signalling Technology, Beverly, MA, USA) was used 

for indirect immunofluorescence microscopy at a dilution of 1:200. Alexa Fluor 488-conjugated 

donkey anti-rat IgG, Alexa Fluor 488-conjugated goat anti-rabbit IgG, Alexa Fluor 568-

conjugated donkey anti-rat IgG, Alexa Fluor 568-conjugated donkey anti-mouse IgG, Alexa 

Fluor 568-conjugated goat anti-rabbit IgG, Alexa Fluor 647-conjugated donkey anti-mouse IgG 

(Invitrogen, Burlington, ON, Canada) were all used for indirect immunofluorescence microscopy 

at a dilution of 1:500. Rabbit polyclonal anti-FLAG antibody (Sigma Aldrich, St. Louise, MO, 

USA) was used for western blotting at 1:1000. Rabbit monoclonal antibody against 

phosphorylated human eIF-2α (Epitomics, Burlingame, CA, USA) was used for western blotting 

at a dilution of 1:1,000. Rabbit polyclonal antiserum against human eIF-2α (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) was used for western blotting at a dilution of 1:500. 

Antisera against PRV Us3 and EP0, gifts from Dr. L. W. Enquist (Princeton University, USA) 

were used for western blotting at dilutions of 1:1,000 and 1:500, respectively. Mouse monoclonal 

antiserum against GFP (Clontech, Mountain View, CA, USA) was used for western blotting at a 

dilution of 1:1,000. Rabbit polyclonal antiserum against human KLHL21 was a kind gift from 
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Drs. S. Maerki and I. Sumara (Institute of Biochemistry, Zurich, Switzerland), and used for 

western blotting at a dilution of 1:1000. Mouse monoclonal antiserum against c-myc (Roche, 

Laval, QC, Canada) was used for western blotting at a dilution of 1:2,000. Mouse monoclonal 

antiserum against HA peptide (Roche, Laval, QC, Canada) was used for western blotting at a 

dilution of 1:1,000. Mouse monoclonal antiserum against β-actin (Sigma, St. Louis, MO, USA) 

was used for western blotting at a dilution of 1:2,000. Rabbit polyclonal antiserum A301-167A 

against human PML that recognizes all PML isoforms (Bethyl Laboratories Inc., Montgomery, 

TX, USA) was used for western blotting at a dilution of 1:2,000. Horseradish peroxidase-

conjugated goat anti-mouse (Sigma, St. Louis, MO, USA) and goat anti-rabbit secondary antisera 

(Sigma, St. Louis, MO, USA) were used at a dilution of 1:10,000, and rabbit anti-rat secondary 

antiserum (Sigma, St. Louis, MO, USA) was used at a dilution of 1:50,000. 

 

3.4 Mammalian Expression Plasmids 

The construction of expression plasmids encoding HSV-2 Us3 and HSV-2 Us3 fused to  

mCherry red fluorescent protein (mCherry) was described previously (380). The construction of 

plasmids expressing catalytically-inactive (kinase-dead; KD) versions of HSV-2 Us3, 

KD/K220M and KD/D305A, was described previously (380). The construction of expression 

plasmids encoding PRV Us3a and PRV Us3b fused to EGFP was described previously (2). The 

constructs encoding HSV-1 ICP0 and EGFP-tagged PML isoforms (EGFP-PML I -VI) were kind 

gifts from Drs. K. Mossman (McMaster University, Canada) and P. Hemmerich (Friedrich-

Loeffler-Institut, Germany), respectively. Plasmids expressing FLAG-tagged KLHL21 was 

constructed by amplifying KLHL21 from cDNA clones of mouse KLHL21 (mKLHL21, 
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Catalogue #EMM1002-99864196) and human KLHL21 (hKLHL21, Catalogue # MHS1010-

7295193), purchased from Open Biosystems (Thermo Scientific), by PCR. Briefly, KLHL21 from 

cDNA clones were amplified from the cDNA clones by using Pfx polymerase (Invitrogen, 

Burlington, ON, Canada) with the following primers specified in Appendix B: mKL21-FLAG 

BG2F, mKL21-FLAG BH1R, hKL21-FLAG BG2F and hKL21-FLAG BH1R. These primers 

introduced BglII and BamHI restriction sites into the 5’ and 3’ ends of the PCR product 

respectively, and placed KLHL21 sequences in-frame with the FLAG peptide tag. The PCR 

product was cloned into pCR-Blunt II-TOPO vector, using a Zero Blunt TOPO PCR cloning kit 

(Invitrogen, Burlington, ON, Canada) according to the manufacturer’s protocol. For subsequent 

sub-cloning, the TOPO clones were digested with BglII and BamHI, and the inserts were ligated 

in-frame into pFLAG-CMV-2 (Sigma Aldrich, St. Louis, MO, USA), that had been similarly 

digested. All of the clones were sequenced to verify that they were in the correct reading frame 

and did not contain any unexpected mutations. pEGFP-C1 vector expressing EGFP tag was 

purchased from Clontech (Palo Alto, CA, USA). pCI-neo was obtained from Promega (Madison, 

WI, USA). 

 

3.5 Yeast Expression Plasmids 

The construction of plasmids expressing PRV Us3a KD/D223A (pCC43) and Us3b  

KD/D169A (pML27) fused to the Gal4 DNA binding domain was described previously (51). 

Plasmids expressing C-terminal truncation fragments of PRV Us3a fused to the Gal4 DNA 

binding domain were constructed by a former technician of the Banfield laboratory, Jessica 

Randall. Plasmids expressing a truncation fragment lacking C-terminal 32 residues (∆C32) and 
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N-terminal truncation fragments of PRV Us3a fused to the Gal4 DNA binding domain were 

constructed by amplifying Us3a from pCC43 by PCR. Briefly, PCR reactions were performed 

using Pfx polymerase (Invitrogen, Burlington, ON, Canada) with the primers specified in 

Appendix B. These primers introduced EcoRI and BamHI restriction sites into the 5’ and 3’ ends 

of the PCR products, respectively, and placed the truncation fragments in-frame with the Gal4 

DNA binding domain in the yeast expression vector pGBKT7 (Clontech, Palo Alto, CA, USA). 

The PCR products were cloned into pCR-Blunt II-TOPO vector, using a Zero Blunt TOPO PCR 

cloning kit. For subsequent sub-cloning, the pCR-Blunt II-TOPO clones were digested with 

EcoRI and BamHI, and the inserts were ligated into pGBKT7, that had been similarly digested. 

All of the clones were sequenced to verify that they were in the correct reading frame and did not 

contain any unexpected mutations. The construction of plasmids expressing mouse Eps8 and 

mouse KLHL21 fused to the Gal4 activation domain was described previously (51). 

 To construct plasmids expressing the Gal4 DNA binding domain-fused PRV Us3a and 

PRV Us3b harboring the amino acids 85-90 mutated to alanines (DEDDDD → AAAAAA; Us3a 

Ala and Us3b Ala respectively), was constructed by SOE-ing PCR (381), using pCC43 as the 

template with Pfx polymerase. Briefly, for the construction of Us3a Ala, two separate PCR 

reactions were performed with the primers specified in Appendix B. In the first reaction, the 

primers Us3Ctrunc-1F and Us3a 85-90 AlaR were used to generate the 5’ fragment of Us3a Ala, 

from the start codon to codon 90, with codons 85-90 mutated to alanines. The primers introduced 

an EcoRI restriction site into the 5’ end of the PCR fragment, and the alanine mutations into the 3’ 

end of the PCR fragment. In the second reaction, the primers Us3a 85-90 AlaF and Us3 Bam-R 

were used to generate the 3’ fragment of Us3a Ala, from codon 85 to the stop codon, with codons  
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85-90 mutated to alanines. The primers introduced the alanine mutations into the 5’ end of the 

PCR fragment, and a BamHI restriction site into the 3’ end of the PCR fragment. To note, the 

primers Us3a 85-90 AlaF and Us3a 85-90 AlaR were designed to introduce a unique NotI 

restriction site within the alanine mutation site, to allow screening for successful mutants. The 5’ 

and 3’ fragments of Us3a Ala were purified by gel extraction (QIAquick Gel Extraction Kit, 

Qiagen). In the final round of PCR, equal amounts of gel-purified 5’ and 3’ fragments of Us3a 

Ala were mixed with the primers Us3Ctrunc-1F and Us3 Bam-R, to reconstitute full-length Us3a 

containing the alanine mutations. In this reaction, DNA double-strands of the 5’ and 3’ fragments 

of Us3a Ala were separated during the denaturation step, and cross-annealed at the alanine 

mutation site to produce the 5’ and 3’ hybrid double-strands during the subsequent steps of PCR 

reaction. The primers Us3Ctrunc-1F and Us3 Bam-R were then used to reconstitute full-length 

Us3a Ala from the hybrid double-strands, with EcoRI and BamHI restriction sites introduced into 

the 5’ and 3’ ends of Us3a Ala. The final full-length PCR product was cloned into pCR-Blunt II-

TOPO, using a Zero Blunt TOPO cloning kit. For sub-cloning, the pCR-Blunt II-TOPO clone 

was digested with EcoRI and BamHI, and the insert was ligated into pCI-neo, that had been 

similarly digested. Positive clones selected for antibiotics resistance were further examined by 

NotI digestion, to confirm the presence of alanine mutations. 

 The construction of Us3b Ala was done similarly. In PCR reactions, the primers Us3b 

ER1F and Us3a 85-90 AlaR were used to generate the 5’ fragment of Us3b Ala, and Us3a 85-90 

AlaF and Us3 Bam-R were used to generate the 3’ fragment of Us3b Ala. The gel extraction step 

was omitted for the construction of Us3b Ala. The two fragments were then mixed together with 

the primers Us3b ER1F and Us3 Bam-R to produce full-length Us3b Ala by PCR. The final PCR 
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product was digested with EcoRI and BamHI, and ligated into pCI-neo, which had been similarly 

digested. Positive clones were further analyzed by NotI digestion. 

 

3.6 Transfection 

Transfection of Vero, HEK 293T and CNE-2Z cells for the purpose of microscopic and  

western blotting analyses was carried out using FuGene 6 or FuGene HD (Roche, Laval, QC, 

Canada), according to the manufacturer's instructions. Transfection of HEK 293T cells for the 

purpose of co-immunoprecipitation analyses was carried out using FuGene 6 or calcium 

phosphate precipitation method (382). 

 

3.7 MG132 Treatment 

To determine if proteasome activity is involved in Us3-mediated PML-NB disruption,  

5µM MG132 (Sigma, St. Louis, MO, USA) or dimethyl sulfoxide (DMSO; a carrier) was added 

to cells at 8 hours post transfection, and cells were incubated in the presence of MG132 or carrier 

for 4 hours. To determine if Us3 induces proteasome-mediated degradation of PML I, 5µM 

MG132 or DMSO was added to cells at 14 hours post transfection, and cells were incubated in 

the presence of MG132 or carrier for 4 hours. 

 

3.8 Interferon Treatment 

Universal type I IFN was purchased from PBL Biomedical Laboratories (Piscataway, NJ,  



 

 

 

 

82

USA) and diluted in sterile 0.1% BSA/PBS. IFN was added to DMEM to a final concentration of 

1,000 U/mL, and cells were incubated with IFN for 18-20 hours before virus infection. 0.1% 

BSA/PBS was used as a carrier control for IFN treatment. At the time of infection, DMEM 

containing IFN or carrier was replaced with fresh DMEM. 

 

3.9 Arsenite Treatment 

As a positive control for eIF-2α phosphorylation, T12 cells were seeded on 6-well plate  

and treated with 0.5 mM arsenite (Sigma, St. Louis, MO, USA) for 30 min prior to western 

blotting analysis. 

 

3.10 Sodium Butyrate (NaBu) Treatment 

NaBu was purchased from Sigma (St. Louis, MO, USA), and dissolved in sterile water to  

a concentration of 1M. To inhibit HDACs in IFN-exposed T12 cells, T12 cells were exposed to 

IFN or carrier for 18 hours, and co-treated with NaBu, in a final concentration of 5mM, or 10 µL 

sterile water (a carrier control) for additional 6 hours. At the time of infection, DMEM containing 

NaBu or water was replaced with fresh DMEM. 

 

3.11 Cell Lysate Preparation and Western Blotting 

To prepare cell lysates, cell monolayers were washed once with room temperature 

phosphate-buffered saline (PBS), trypsinized, and resuspended in DMEM. Cells were collected in 

15-ml conical tubes and centrifuged at 700 rpm for 5 min at 4°C, and DMEM was removed. Cell 
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pellets were washed, resuspended in ice-cold PBS, and centrifuged at 700 rpm for 5 min at 4°C 

twice. Final cell pellets were resuspended in 50µL urea lysis buffer (9 M urea, 5 mM Tris-HCl; 

pH 6.8) and lysed by using a probe sonicator. Appropriate amounts of 3× SDS-PAGE loading 

buffer were added to the samples, and samples were boiled for 7 min. Samples were resolved by 

electrophoresis on SDS-7.2% or 10% polyacrylamide gel and transferred to polyvinylidene 

difluoride (PVDF) membranes. The membranes were blocked overnight at 4°C in 3% bovine 

serum albumin (BSA)–TBS-T (Tris-buffered saline [TBS] containing 0.05% Tween 20) and then 

incubated with primary antisera for one hour at room temperature in 1% BSA–TBS-T. For anti-

PML and anti-KLHL21 western blotting, the membranes were blocked at room temperature for 

two hours and then incubated with the primary antiserum at 4°C overnight. After being washed in 

TBS-T, the membranes were incubated with secondary antisera for one hour at room temperature 

in TBS-T, and washed in the same buffer. The membranes were treated with Pierce ECL western 

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

 

3.12 Indirect Immunofluorescence Microscopy 

Cells used for microscopic analyses were grown either on glass coverslips or on glass-

bottom dishes (MatTek, Ashland, MA, USA). Cells were fixed and stained as described 

previously (380). For immunostaining of PML in HSV-2 infected cells, human IgG was added in 

a concentration of 1 mg/mL in 1% BSA/PBS, and incubated for 15 min before applying primary 

antisera, to prevent non-specific binding of polyclonal rabbit PML antiserum to viral 

glycoproteins. Images were captured using an Olympus FV1000 confocal laser scanning 

microscope and FluoView 1.7.3.0 software. Images were captured using a 60× (1.42 numerical-
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aperture) oil immersion objective and a digital zoom factor of 3. For imaging of PML-NBs in 

CNE-2Z cells, z-image series were acquired with a step size of 0.4 µm. Composites of 

representative images were prepared using Adobe Photoshop CS3 software. 

 

3.13 Us3-PML Isoforms Co-Transfection Assay 

 Us3 and PML isoforms co-transfection assays were carried out as described by Boutell 

et al. (346). For western blotting analyses, 50 ng of the EGFP-PML I-VI plasmids and 250 ng of 

the plasmids encoding HSV-1 ICP0, HSV-2 Us3 WT or KD/D305A, or pCI-neo were used to co-

transfect HEK 293T cells plated in 60-mm dishes. For each transfection mix, 4.7 µg of pUC19 

was added to bring the total amount of DNA to 5 µg. For indirect immunofluorescence 

microscopy, 10 ng of the EGFP-PML I-VI plasmids and 50 ng of the plasmids encoding HSV-1 

ICP0, HSV-2 Us3 WT or KD/D305A, or pCI-neo were used to co-transfect Vero cells plated on 

glass-bottom dishes. For each transfection mix, 940 ng of pUC19 was added to bring the total 

amount of DNA to 1µg. 

 

3.14 Measurement of Plaque Size in PML Isoform Cell Lines 

To measure the size of plaques formed by HSV-2 186, ∆Us3 and Us3-R strains in  

PML isoform-expressing cell lines, 1x106 cells of CNE-2Z parental, PML K/D and individual 

PML isoform cell lines were seeded on each well of 6-well plates and infected with the HSV-2 

186 strains. The titers of input viruses were adjusted to approximately 100 PFU per well. At 48 

hours post infection, cells were fixed and stained with antiserum against ICP8, followed by 
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staining with Alexa 488-conjugated donkey anti-mouse IgG. Images of 30 randomly-selected 

plaques were captured using a Nikon TE200 epifluorescence microscope equipped with a cooled 

CCD camera, and a 4X objective. Diameters of each plaque were measured using MetaMorph 6.2. 

software. Total areas of each plaque were estimated from its diameters. Relative plaque size was 

calculated by dividing total plaque area values from CNE-2Z parental and PML isoforms cell 

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

 

3.15 Single- and Multi-step Growth Assays 

For single-step growth assays in PML IV cells, PML IV cells were seeded on 6-well  

plates (~1x106 cells/well), and infected with HSV-2 186, ∆Us3 or Us3-R strains at a MOI of 0.1 

or 1. For the multi-step growth assay in IFN-exposed cells, T12 cells were grown to confluency 

on 6-well plates (~5x105 cells/well), and were exposed to carrier or IFN for 18 hours. Cells were 

then infected with HSV-2 186, ∆Us3 or Us3-R strains at a MOI of 0.1. Following a one-hour 

absorption period at 37°C, the cells were rinsed once with PBS and incubated in low pH citrate 

buffer (40mM sodium citrate, 10mM KCl, 135mM NaCl, pH 3.0) at room temperature for three 

minutes. The cells were rinsed three times with PBS and returned to the incubator in 2mL fresh 

DMEM. At various times after infection, cells were scraped into the medium and collected in two 

aliquots. Three cycles of freezing at -80˚C followed by thawing at 37˚C were carried out using 

one aliquot of each sample. The samples were then sonicated 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 seeded on glass-bottom dishes and  

infected with HSV-2 186, ∆Us3 and Us3-R strains at a MOI of 3. At 6 hours post infection, cells 

were treated with 1 µM staurosporine (Sigma, St. Louis, MO, USA), a potent inducer of apoptosis. 

At 18 hours post infection, cells were fixed and stained with antisera specific for ICP8, as a 

marker for infection, and active caspase-3, as a marker for apoptosis, followed by staining with 

Alexa 488-conjugated donkey anti-mouse and Alexa 568-conjugated goat anti-rabbit IgG. For 

each treatment, images of 10 randomly-selected fields were captured by using a confocal 

microscope, using a 40X objective. From each image, the numbers of ICP8+ cells and 

ICP8+/caspase-3+ double-positive cells were scored, and % apoptotic cells was calculated by 

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

 

3.17 Virus Replication Assay in IFN-Exposed Cells 

 To examine the role of Us3 in viral resistance to IFN, T12 cells were seeded on 6-well 

plates, and exposed to carrier or IFN as described in Section 3.8. Cells were then infected with 

HSV-2 186, ∆Us3 and Us3-R strains at MOI of 0.1, 1 or 3. At 24 hours post infection, cells were 

scraped into the medium and collected in two aliquots. Three freeze-thaw cycles were carried out 

using one aliquot of each sample. The samples were then sonicated briefly and titered on Vero 

cells. Relative fold change in virus replication in IFN-exposed cells was calculated by dividing 

the virus titer from cells exposed to carrier by the virus titer from cells exposed to IFN. 
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3.18 siRNA Knock-Down and siRNA Transfection 

The siRNA against PML 5′-AGATGCAGCTGTATCCAAG-3′ (siPML) was designed to 

target the exon 4 of human PML, which is expressed in all PML isoforms, and used to knock 

down PML in T12 cells (209, 383). siRNA duplexes and negative control siRNA (AllStars 

Negative Control siRNA) were synthesized and purchased from Qiagen (Germantown, MD, 

USA). For siRNA transfection, T12 cells were grown to 30% confluency on 6-well plate or glass 

bottom dishes. siRNA transfection was performed using Lipofectamine 2000 (Invitrogen, 

Burlington, ON, Canada) according to the manufacturer's instruction. Three rounds of siRNA 

transfection were repeated with 24-hour intervals, each time with 100 pmol of siRNA. For IFN 

treatment of siRNA-transfected cells, IFN or carrier was added at 6 hours after the third round of 

transfection, and cells were co-treated with siRNA and IFN or carrier for the remaining 18 hours. 

At 72 hours post initial transfection, cells were harvested for western blotting, processed for 

indirect immunofluorescence microscopy or infected with the HSV-2 strains at a MOI of 0.1. 

The siRNA designed against a Kelch domain of human KLHL21  

5′- UAGCACUGCAUCACCAUGGUC-3′ was used to knock down KLHL21 in CNE-2Z and 

T12 cells. siRNA duplexes and negative control siRNA were synthesized and purchased from 

Qiagen. For siRNA transfection, cells were grown to 30% confluency on 6-well plate or glass 

bottom dishes. Cells were transfected with 100 pmol of KLHL21 siRNA or negative control 

siRNA, by using Lipofectamine 2000 according to the manufacturer's instruction. At 48 hours 

post transfection, siRNA transfection was repeated. For plasmid transfection of siRNA-

transfected cells, at 72 hours after the 1st round of siRNA transfection, cells were transfected with 

2µg of indicated plasmids by using 6µL FuGene HD, according to the manufacturer’s instruction. 
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At 24 hours post plasmid transfection, cells were processed for indirect immunofluorescence 

microscopy. For IFN treatment of siRNA-transfected cells, IFN or carrier was added at 6 hours 

after the 2nd round of transfection, and cells were co-treated with siRNA and IFN or carrier for the 

remaining 18 hours. At 72 hours post initial transfection, cells were harvested for western blotting 

or infected with the HSV-2 186 strains at a MOI of 0.1. 

 

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

T12 cells were exposed to IFN or carrier for 18 hours, and infected with the HSV-2 

strains at a MOI of 0.1. At 24 hours post infection, total RNA was extracted from cells using TRI 

Reagent RNA Isolation Reagent (Molecular Research Center Inc., Cincinnati, OH, USA) 

according to the manufacturer’s protocol. 700ng of total RNA was treated with DNase I (Sigma, 

St. Louis, MO, USA) to eliminate remaining cellular and viral DNA, according to the 

manufacturer’s protocol. Reverse transcription (RT) was performed using Moloney murine 

leukemia virus (MMLV) reverse transcriptase (Invitrogen, Burlington, ON, Canada) and random 

hexamer primer (IDT, Coralville, IO, USA). The random hexamer primer was reconstituted in 

nuclease-free water to a concentration of 55µM. Each RT reaction mixture contained the 

following: 1µL random hexamer primer, 1µL 100mM dNTP mix (Invitrogen, Burlington, ON, 

Canada), 4µL 5X RT Buffer, 1µL RNase inhibitor (Invitrogen, Burlington, ON, Canada), 0.5µL 

MMVL reverse transcriptase, and nuclease-free water to adjust the final volume to 20µL. To 

amplify ICP0, ICP8, Us3, gC and 18S rRNA from the cDNA samples, recombinant Taq DNA 

polymerase (Invitrogen, Burlington, ON, Canada) was used with the forward and reverse primers 

indicated in Appendix C, according to the manufacturer’s protocol. PCR cycling was performed 
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with Mastercycler Gradient (Eppendorf) with a program of initial denaturation at 95°C for 10 min; 

35 cycles of 95°C denaturation for 45s, 55°C annealing for 1 min, and 72°C extension for 1 min; 

and final extension at 72°C for 10 min. PCR products were resolved on 0.8% agarose gels 

containing ethidium bromide. An AlphaInnotech HD2 Imager (Fisher Scientific) was used for 

visualization and imaging of the resolved PCR products. To quantify the levels of ICP0, ICP27, 

ICP8, gC and 18S rRNA transcripts, cDNA samples were diluted to 1:100 with nuclease-free 

water, and qRT-PCR was performed using 5µL of diluted cDNA, 12pmol of forward primer, 

12pmol of reverse primer and 10µL of SsoFast EvaGreen Supermix (Biorad, Mississauga, ON, 

Canada). Nuclease-free water was added to each reaction mixture to a final volume of 20µL. The 

forward and reverse primers used are indicated in Appendix C. PCR cycling was performed with 

the CFX96 Real-time PCR Detection System (Biorad, Mississauga, ON, Canada) with a program 

of initial denaturation at 95°C for 3 min; 40 cycles of 95°C denaturation for 10s and 60.9°C (for 

ICP0, ICP27 and 18S rRNA) or 56°C (for ICP8 and gC) annealing for 15s. The amount of each 

viral mRNA relative to 18S rRNA was calculated by the ∆Ct method: relative ratio = 2^(18S 

rRNA CT – Viral transcript CT). 

 

3.20 Yeast Two-Hybrid Analyses 

The PRV Us3 C-terminal and N-terminal truncation fragments were cloned into pGBKT7  

(Clontech, Palo Alto, CA, USA), which expresses a tryptophan (Trp)-coding cassette and a c-

Myc epitope tag. Mouse Eps8 and mouse KLHL21 were cloned into pACT2 (Clontech, Palo Alto, 

CA, USA), which expresses a leucine (Leu)-coding cassette and a HA epitope tag. Plasmids 

expressing full-length and truncation fragments of PRV Us3, and empty-vector pGBKT7 were 
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transformed into Saccharomyces cerevisiae haploid strain y187 (mating type α) by using the 

lithium acetate transformation method (384). Successful transformants were selected for growth 

on medium lacking Trp. Plasmids expressing mouse Eps8 and mouse KLHL21, and empty-vector 

pACT2 were transformed into Saccharomyces cerevisiae haploid strain yCH1 (mating type a) by 

using the lithium acetate transformation method (384). Successful transformants were selected for 

growth on medium lacking Leu. To produce diploid yeast cells by mating, single colonies (3-

5mm diameter/colony) of y187 and yCH1 transformants were picked and incubated together in 

500 µL YPD medium overnight at 30°C, shaking at 250 rpm. After mating, 100-500 µL of the 

culture was plated on Trp-/Leu- drop-out medium plates to select for diploid cells containing both 

Trp- and Leu-expressing plasmids. In diploid yeast cells, interaction between Us3, and Eps8 and 

KLHL21 brings the Gal4 DNA binding domain and the Gal4 activation domain in proximity, 

resulting in the expression of histidine (His)- and adenine (Ade)-coding genes, which 

subsequently allows growth on medium lacking His and Ade, respectively. Single colonies of 

diploid yeast were then picked and streaked on Trp-/Leu-/His- drop-out medium (medium 

stringency) and Trp-/Leu-/His-/Ade- drop-out medium (high stringency) to test for yeast two-

hybrid interaction. Only the yeast cells showing strong 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 co-transfected mammalian cells, HEK  

293T cells were grown to 80% confluence on 150-mm culture dishes, and co-transfected with 

plasmids expressing HSV-2 Us3, catalytically-inactive HSV-2 Us3 K220M and D305A, EGFP-
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tagged PRV Us3a, EGFP-tagged PRV Us3b, and EGFP tag alone, and plasmids expressing 

FLAG-tagged mKLHL21, FLAG-tagged hKLHL21, and FLAG tag alone, by using the calcium 

phosphate co-precipitation method (382). For anti-FLAG IP, at 48 hours post transfection, cell 

monolayers were washed with PBS and incubated in 1mL lysis buffer (50mM Tris-HCl pH 7.4, 

150mM NaCl, 1mM EDTA, 1% Triton X-100) containing protease inhibitors (Roche, Laval, QC, 

Canada) at 4°C for 30 minutes. Cells were then scraped, collected and centrifuged at 13,000 rpm 

for 10 minutes. Supernatants were transferred to fresh microcentrifuge tubes and incubated with 

50µL anti-FLAG M2 affinity gel (Sigma, St. Louis, MO, USA) at 4°C overnight. Next, the 

samples were centrifuged at 8,000 rpm for 30 seconds to pellet anti-FLAG beads, and 

supernatants were discarded. Anti-FLAG beads were washed with ice-cold 1mL TBS three times, 

and re-suspended in 50µL SDS-PAGE loading buffer. After boiling for 5 minutes, the samples 

were centrifuged at 8000 rpm for 30 seconds at room temperature. Supernatants were collected, 

and transferred to new microcentrifuge tubes. The samples were resolved by electrophoresis on 

SDS-10% polyacrylamide gels, and analyzed by western blotting. For anti-EGFP IPs, cell lysis 

was performed as described for anti-FLAG IP at 48 hours post transfection. 20µL of rabbit 

polyclonal anti-GFP antibody (Clontech, Palo Alto, CA, USA) was added to the lysates, and 

incubated at 4°C overnight. After overnight incubation, re-suspended protein G agarose resin 

(Pierce, Rockford, IL, USA) was added and incubated at 4°C for 2 hours. The samples were 

centrifuged at 8000 rpm for 30 seconds at 4°C, and the supernatants discarded. Pellets were 

washed twice with cold lysis buffer, and re-suspended in 50µL SDS-PAGE loading buffer. After 

boiling for 5 minutes, the samples were centrifuged at 8000 rpm for 30 seconds at room 

temperature. Supernatants were collected, and transferred to new microcentrifuge tubes. The 
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samples were resolved by electrophoresis on SDS-10% polyacrylamide gels and analyzed by 

western blotting. 

 To determine if Us3 interacts with KLHL21 during virus replication, HEK 293T cells 

were grown to 50% confluence on 100-mm culture dishes, and transfected with plasmids 

expressing FLAG-tagged mKLHL21, FLAG-tagged hKLHL21, and FLAG tag alone, by using 

FuGene 6 (Roche, Laval, QC, Canada). At 24 hours post transfection, cells were infected with 

HSV-2 HG52 or PRV Bartha at a MOI of 10. At 6 hours post infection, cells lysates were 

prepared and used in anti-FLAG IPs as described above. 

 

3.22 Virus Replication Assay in KLHL21 Knock-Down Cells 

  To examine the effects of KLHL21 knock-down on virus replication, T12 cells were 

seeded on 6-well plates, transfected with negative control siRNA or siRNA against KLHL21, and 

exposed to carrier or IFN as described in Section 3.18. At 72 hours post transfection, cells were 

infected with HSV-2 186, ∆Us3 and Us3-R strains at a MOI of 0.1. At 24 hours post infection, 

cells were scraped into the medium and collected in two aliquots. Three freeze-thaw cycles were 

carried out using one aliquot of each sample. The samples were then sonicated briefly and titered 

on Vero cells. Relative fold change in virus replication after KLHL21 knock-down was calculated 

by dividing the titer from cells transfected with negative control siRNA by the titer from cells 

transfected with siRNA against KLHL21. 
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Chapter 4 

Results 

4.1 Us3 Disrupts PML-NBs without Inducing Degradation of PML 

Studies in our laboratory determined that, in transiently transfected cells, PRV and HSV-

2 Us3 disrupted PML-NBs in a kinase-dependent manner (26). Based on these observations, I set 

out to investigate the mechanism underlying Us3-mediated PML-NB disruption. One well-

documented mechanism for PML-NB disruption involves proteasome-dependent degradation of 

PML (Section 2.2, Figure 2-3). Thus, I hypothesized that Us3 disrupts PML-NBs by inducing 

proteasome-dependent degradation of PML. To test this hypothesis, I examined if PRV infection 

caused a decrease in the total level of PML in a Us3-dependent manner by western blotting. 

Moreover, the effect of proteasome inhibition on Us3-mediated PML-NB disruption was 

addressed by utilizing MG132, a proteasome inhibitor. 

 

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

To test whether proteasome-dependent protein degradation was involved in Us3-

mediated disruption of PML-NBs, MG132 (at 5 µM) or dimethyl sulfoxide (DMSO; vehicle) was 

added to Vero cells transfected with a plasmid encoding the HSV-2 Us3 WT, KD/D305A, or 

empty pCI-neo vector at 8 hours post transfection. Four hours later, PML-NBs in 150 transfected 

cells were counted alongside those in 150 non-transfected cells in the same dish (Table 4-1, 

Figure 4-1). In cells transfected with pCI-neo vector, the average number of PML-NBs increased 

from 15 to 24 in the presence of MG132, consistent with a physiological role for the proteasome  
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Figure 4-1. Proteasome activity is required for HSV-2 Us3-mediated PML-NB disruption. Vero cells 

were transfected with plasmids encoding HSV-2 Us3 WT, KD/D305A or empty pCI-neo vector (EV). 
At 8 hours post transfection, 5µM MG132, a proteasome inhibitor, or DMSO, carrier, was added to the 
cells. Four hours later, cells were fixed and stained with rabbit polyclonal antiserum specific for PML 
protein, along with rat polyclonal antiserum against HSV-2 Us3. Nuclei were stained with Hoechst 
33342. Stained cells were examined by confocal microscopy and representative images are shown. In 
all specimens, MG132 treatment increased the number of PML-NBs. However, the extent of increase 
was substantially greater in cells transfected with HSV-2 Us3 WT, indicating the involvement of 
proteasome activity in HSV-2 Us3-mediated PML-NB disruption. Quantitative analysis is summarized 
in Table 4-1. Note that MG132 treatment did not alter the expression level and localization of Us3 WT 
and KD/D305A. 
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Table 4-1. Inhibitory effect of MG132 on Us3-mediated disruption of PML-NBsa 

 

 
 
 
aSee Materials and Methods and Results for details. 
bUs3+, transfected cells expressing Us3; Us3-, non-transfected cells on the same dish; N/A, not 
applicable. 
cData are presented as means ± standard errors of the means, with 150 cells evaluated per 
treatment. 
dThe ratios of the number of PML-NBs in MG132-treated cells to that in DMSO-treated cells. 
 

 

 

 

 

 

Kinase/Vector 
Cell 

Typeb 
Treatment 

Average number of 
PML-NBsc 

MG132/DMSOd 

WT 
HSV-2 Us3 

Us3+ MG132 13.35±0.50 
3.45 

DMSO 3.87±0.19 

Us3- MG132 22.71±0.49 

1.43 DMSO 15.91±0.39 

KD/D305A 
HSV-2 Us3 

Us3+ MG132 21.35±0.51 
1.46 

DMSO 14.62±0.52 

Us3- MG132 24.01±0.51 

1.61 DMSO 14.95±0.44 

pCI-neo N/A MG132 24.12±0.50 
1.61 

DMSO 15.01±0.44 
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in PML-NB turnover. This represents a 1.61-fold increase in the number of PML-NBs in the 

presence of MG132. For cells transfected with WT HSV-2 Us3, the average number of PML-NBs 

in Us3-positive cells increased from 3.87 to 13.35 in the presence of MG132, representing a 3.45-

fold increase. This increase is substantially greater than that seen in the cells transfected with pCI-

neo vector. Therefore, in addition to increasing the general stability of PML-NBs, MG132 also 

prevents Us3-mediated PML-NB disruption. Cells transfected with the HSV-2 Us3 KD/D305A 

showed an extent of PML-NB increase similar to that of the cells transfected with pCI-neo vector, 

consistent with the previous observation that catalytically-inactive Us3 does not induce the 

disruption of PML-NBs (Table 4-1) (26). Hence, proteasome activity is required for HSV-2 Us3-

mediated PML-NB disruption. 

 

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

To assess whether Us3-mediated disruption of PML-NBs occurs in virally infected  

cells, PML-NBs were examined in Vero cells infected with the parental PRV strain, Bartha, 

alongside PML-NBs examined in those infected with its Us3-deleted (PRV611) and -repaired 

(PRV611R) derivatives (265). At 4 hours post infection, infected cells were stained for PML and 

PRV VP5, the major capsid protein (MCP). As shown in Figure 4-2, Bartha infection 

substantially diminished the number of PML-NBs per cell to an average of 0.80. By contrast, in 

cells infected with the Us3-deleted mutant, there was an average of 3.32 PML-NBs. Similar to 

what was observed in Bartha-infected cells, infection with the repaired strain showed an average 

of 0.96 PML-NBs per cell. Overall, the loss of Us3 expression protected PML-NBs from  
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Figure 4-2. Disruption of PML-NBs in PRV-infected cells is Us3 dependent. (A) Vero cells were 

infected with PRV Bartha, PRV611 (Us3-null), or PRV611R (Us3-repaired) at a multiplicity of infection 
of 10. At 4 hours post infection, cells were fixed and stained with mouse monoclonal antiserum against 
PRV major capsid protein (MCP) along with rabbit polyclonal antiserum against PML, followed by 
staining with Alexa Fluor 568-conjugated goat anti-rabbit IgG and Alexa Fluor 647-conjugated donkey 
anti-mouse IgG secondary antibodies. Stained cells were examined by confocal microscopy, and 
representative images are shown. Arrows indicate PML-NBs in PRV611- and mock-infected cells. (B) 
Vero cells were infected with the Bartha strains indicated on the x axis. At 4 hours post infection, cells 
were fixed and stained as described above for panel A. Stained cells were examined by confocal 
microscopy, and PML-NBs were counted. The total numbers of cells scored were as follows: Bartha, 191; 
PRV611, 185; PRV611R, 200; and mock, 185. Average values are shown. Error bars indicate the 
standard error of the mean. 
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disruption, suggesting that Us3 induces disruption of PML-NBs during viral infection. However, 

it is noteworthy that mock-infected cells contained an average of 9.69 PML-NBs. Because 

PRV611 infection did not restore the numbers of PML-NBs to those observed in mock-infected 

cells, these findings suggest that PML-NBs are likely targeted by other PRV proteins in addition 

to Us3. 

 

4.1.3 Us3-Mediated Disruption of PML-NBs Does Not Involve Degradation of PML 

Having determined that Us3 contributes to disruption of PML-NBs in virally infected 

cells, I decided to determine if Us3 disrupts PML-NBs by inducing degradation of PML, as seen 

with ICP0 orthologues (20). HepG2 cells were mock infected or infected with PRV Bartha, 

PRV611, PRV611R, or HSV-1 17+. At 4 hours post infection, cell lysates were collected and 

analyzed by western blotting with antisera for PML, PRV Us3, PRV EP0, HSV-1 ICP0, and β-

actin. EP0 is an ICP0 orthologue encoded by PRV that is expressed early in infection. The 

analysis of cell lysates revealed that infection with all three PRV strains did not alter the levels of 

endogenous PML (Figure 4-3), suggesting that PRV Us3 does not influence the degradation of 

endogenous PML. Notably, this lack of PML degradation in PRV-infected cells, even in the 

presence of EP0 expression, is consistent with the previous observation that ICP0 orthologues 

from non-HSV alphaherpesviruses are less competent in PML degradation than ICP0 (20). As 

expected, HSV-1 infection of HepG2 cells resulted in a substantial decrease in the amount of 

PML detected. Thus, while Us3 from PRV disrupts PML-NBs 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 endogenous PML is not observed 
during PRV infection. HepG2 cells were mock infected or infected with parental (Bartha), 
Us3-null (PRV611), or Us3-repaired (PRV611R) strains at a MOI of 10. As a positive control 
for PML degradation, cells were infected with HSV-1 17+ at a MOI of 10. At 4 h post 
infection, cell lysates were collected and analyzed by western blotting using antisera against 
PML, PRV Us3, EP0, ICP0, and β-actin. EP0 was probed as a control for PRV infection, ICP0 
was probed as a control for HSV-1 infection, and β-actin was used as a loading control. 
Arrowheads indicate the positions of the PML isoforms degraded after HSV-1 infection. α, 
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 4.1.3 demonstrated that PRV Us3 disrupts  

PML-NBs in infected cells, but does not induce a reduction in the overall level of PML. However, 

as some PML isoforms have similar molecular weights, they are detected as a single band on 

western blots with a PML antibody that recognizes all PML isoforms (e.g., PML I and PML II; 

Figure 2-1). For example, Us3 might have differential effects on PM L I and PML II by inducing 

degradation of PML I and up-regulation of PML II, without being detected on western blots. 

Whether Us3 degrades or disperses a specific isoform of PML is an important question to address 

for two reasons. First, it suggests the existence of an isoform-specific interaction between Us3 

and PML, thus providing an indication of the mechanism by which Us3 disrupts PML-NBs. 

Second, determining the identity of the PML isoforms specifically targeted by Us3 would assist 

in understanding the physiological consequences of Us3-mediated PML-NB disruption, since the 

PML isoforms are implicated in unique cellular processes due to their ability to interact with 

distinct interacting partners through their isoform-specific C-terminus. Based on the role of PML 

IV for the regulation of apoptosis (Table 2-1, Section 2.3.2), I hypothesized that Us3 induces 

dispersal or degradation of PML IV to disrupt PML-NBs, and prevent PML IV-mediated 

apoptosis in infected cells. This section describes the examination of the PML isoform-specific 

activity of Us3 by co-transfection of Us3 with individual PML isoforms. Furthermore, the 

antiviral and apoptotic effect of PML IV on HSV-2 replication was examined by utilization of 

stable cell lines expressing individual PML isoforms. 
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4.2.1 Us3 Induces Proteasome-Independent Degradation of PML I 

To test if Us3 targets certain isoforms during Us3-mediated disruption of PML-NBs, I 

transfected Vero or HEK 293T cells with a plasmid expressing individual PML isoforms tagged 

with EGFP (EGFP-PML I-VI) and a plasmid expressing HSV-2 Us3 WT or KD/D305A. A 

plasmid expressing HSV-1 ICP0 was used as a positive control for PML degradation, and empty 

pCI-neo vector as a negative control. At 24 hours post transfection, Vero cells were analyzed by 

confocal microscopy, while HEK 293T cell lysates were analyzed by western blotting. In the first 

set of co-transfection assays, PML I was chosen for analysis. As shown in Figure 4-4A, co-

expression with ICP0 caused a reduction in the amount of PML I, indicating that HSV-1 ICP0 

targets PML I for degradation. Interestingly, a reduction in the amount of PML I was also 

observed in the presence of Us3 WT, but not in the presence of Us3 KD/D305A (Figure 4-4A). 

This reduction of PML I by Us3 WT correlated with a loss of PML-NBs formed by PML I 

(Figure 4-4B). Co-expression of Us3 KD/D305A failed to show loss of PML-NBs formed by 

PML I, consistent with the previous observation that kinase activity is required for Us3-mediated 

disruption of PML-NBs. Therefore, these results suggest that Us3 induces disruption of PML I-

NBs by inducing degradation of PML I. Notably, Us3-mediated reduction of PML I was 

consistently observed in three independent experiments, indicating that these results could not be 

explained by technical variations, such as variations in transfection efficiency. 
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Figure 4-4. Us3 disrupts PML-NBs formed by PML I through degradation of PML I. (A) 
Plasmids encoding WT HSV-2 Us3 (Us3) or KD/D305A (Us3 KD) were co-transfected into HEK 
293T cells with a plasmid encoding EGFP-tagged PML isoform I (EGFP-PML I). As a positive 
control, a plasmid encoding HSV-1 ICP0 was also co-transfected with EGFP-PML I. The pCI-
neo vector was used as a negative control. At 24 hours post transfection, cell lysates were 
collected and analyzed by western blotting, using antisera reactive against EGFP, Us3, ICP0, and 
β-actin. β-actin was used as a loading control. For the anti-EGFP blot, a short exposure and a long 
exposure are shown. The asterisk likely represents SUMOylated forms of PML I. (B) Vero cells 
were transfected with the plasmids described in the legend to panel A. At 24 hours post 
transfection, cells were fixed and stained with rat polyclonal antiserum against HSV-2 Us3. 
Stained cells were examined by confocal microscopy, and PML I was detected by EGFP 
fluorescence. Representative images are shown. α, anti. 
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To examine if proteasome activity was required for Us3-mediated degradation of PML I, 

HEK 293T cells were co-transfected with the plasmids, as described previously. At 14 hours post 

transfection, cells were treated with 5µM MG132 or DMSO (vehicle). After 4 hours of incubation 

with MG132 or DMSO (ie. at 18 hours post transfection), cell lysates were analyzed by western 

blotting. As shown in Figure 4-5, MG132 treatment increased the levels of both non-

SUMOylated and SUMOylated forms of PML I in cells expressing ICP0, indicating that MG132 

successfully blocked proteasome activity and inhibited ICP0-mediated degradation of PML I. In 

cells expressing Us3 WT and treated with DMSO, the amount of PML I was much lower than any 

other condition, demonstrating that Us3-mediated degradation of PML I was a reproducible 

observation. However, MG132 failed to recover the level of PML I in cells expressing Us3 WT, 

when compared to DMSO-treated counterpart. These results suggest that proteasome activity is 

not involved in the degradation of PML I induced by Us3 WT, and thus, Us3 disrupts PML-NBs 

formed by PML I through proteasome-independent degradation of PML I. As expected, in cells 

transfected with Us3 KD/D305A or empty vector pCI-neo, the levels of PML I were 

indistinguishable upon MG132 treatment, suggesting that the proteasome may not be responsible 

for the turnover of exogenously-expressed PML I. 
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Figure 4-5. Proteasome activity is not required for Us3-mediated degradation of PML I. 
Plasmids encoding WT HSV-2 Us3 (Us3) or KD/D305A (Us3 KD) were co-transfected into 
HEK 293T cells with a plasmid encoding EGFP-tagged PML isoform I (EGFP-PML I). As a 
positive control, a plasmid encoding HSV-1 ICP0 was also co-transfected with EGFP-PML 
I. The pCI-neo vector was used as a negative control. At 14 hours post transfection, cells 
were treated with 5µM MG132 (M) or DMSO (vehicle; D) for 4 hours. At 18 hours post 
transfection, cell lysates were collected and analyzed by western blotting, using antisera 
reactive against EGFP and β-actin. β-actin was used as a loading control. For the anti-EGFP 
blot, a short exposure and a long exposure are shown. The asterisk likely represents 
SUMOylated forms of PML I. α, anti. 
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4.2.2 Us3 Disrupts PML-NBs Formed by PML III, IV, V and VI, but Not Through 

Degradation of the PML Isoforms 

To examine if Us3 is capable of inducing disruption of PML-NBs formed solely by PML 

III, IV, V and VI, I performed co-transfection assays with plasmids expressing EGFP-tagged 

versions of PML III, IV, V and VI, as described in Section 4.2.1. In the western blotting analyses, 

co-expression with Us3 WT did not cause a reduction in the level of PML III, IV, V and VI, as 

compared to Us3 KD and empty vector, pCI-neo, while the levels of the four PML isoforms were 

decreased in the presence of ICP0 (Figure 4-6A, 4-6C, 4-7A, 4-7C). However, co-expression with 

Us3 WT decreased the number of PML-NBs formed by these isoforms (Figure 4-6B, 4-6D, 4-7B, 

4-7D), indicating that Us3 targets these isoforms for dispersal, without affecting the total amount 

of proteins. Notably, co-expression with Us3 WT increased the amount of PML III and PML IV 

in Figure 4-6A and 4-6C. However, this result was not reproducible; when co-transfection and 

western blotting analysis were repeated, the level of PML IV in the presence of Us3 WT was 

indistinguishable from PML IV with Us3 KD (Appendix D). Therefore, this Us3-dependent effect 

on the levels of PML III and IV is likely caused by a variation in transfection efficiency, which 

may likewise explain the decreased levels of PML V and VI in cells expressing Us3 KD as 

compared to the pCI-neo empty vector control (Figure 4-7A, 4-7C). 
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Figure 4-6. Us3 disrupts PML-NBs formed by PML III and IV, without affecting the stability of the 
isoforms. (A, C) Plasmids encoding WT HSV-2 Us3 (Us3) or KD/D305A (Us3 KD) were co-transfected 
into HEK 293T cells with a plasmid encoding EGFP-tagged PML isoform III (EGFP-PML III) or IV 
(EGFP-PML IV). As a positive control, a plasmid encoding HSV-1 ICP0 was also co-transfected with 
EGFP-PML III and IV. The pCI-neo vector was used as a negative control. At 24 hours post transfection, 
cell lysates were analyzed by western blotting, using antisera reactive against EGFP, Us3, ICP0, and β-
actin. β-actin was used as a loading control. For the anti-EGFP blot a short exposure and a long exposure 
are shown. The asterisk likely represents SUMOylated forms of PML III and IV. (B, D) Vero cells were 
transfected with the plasmids described in the legend to panel A. At 24 hours post transfection, cells were 
fixed and stained with rat polyclonal antiserum against HSV-2 Us3, followed by staining with an Alexa 
568-conjugated goat anti-rat IgG. Stained cells were examined by confocal microscopy, and PML III and 
IV were detected by EGFP fluorescence. Representative images are shown. α, anti. 
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Figure 4-7. Us3 disrupts PML-NBs formed by PML V and VI, without affecting the amounts of the 
isoforms. (A, C) Plasmids encoding WT HSV-2 Us3 (Us3) or KD/D305A (Us3 KD) were co-transfected 
into HEK 293T cells with a plasmid encoding EGFP-tagged PML isoform V (EGFP-PML V) or VI (EGFP-
PML VI). As a positive control, a plasmid encoding HSV-1 ICP0 was also co-transfected with EGFP-PML 
V and VI. The pCI-neo vector was used as a negative control. At 24 hours post transfection, cell lysates 
were analyzed by western blotting, using antisera reactive against EGFP, Us3, ICP0, and β-actin. β-actin 
was used as a loading control. For the anti-EGFP blot a short exposure and a long exposure are shown.The 
asterisk likely represents SUMOylated forms of PML V and VI. (B, D) Vero cells were transfected with the 
plasmids described in the legend to panel A. At 24 hours post transfection, cells were fixed and stained 
with rat polyclonal antiserum against HSV-2 Us3, followed by staining with an Alexa 568-conjugated goat 
anti-rat IgG. Stained cells were examined by confocal microscopy, and PMLV and VI were detected by 
EGFP fluorescence. Representative images are shown. α, anti. 
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4.2.3 Us3 Does Not Disrupt PML-NBs Formed by PML II 

The last PML isoform to be tested was PML II. When the co-transfection assay was 

carried out with a plasmid expressing EGFP-PML II, a reduction in the level of PML II was 

observed when co-expressed with ICP0, suggesting that, overall, ICP0 targets all PML isoforms 

for degradation. As observed with PML III, IV, V and VI, co-expression with Us3 WT did not 

significantly change the amount of PML II detected on western blots, as compared to Us3 

KD/D305A and the pCI-neo vector control (Figure 4-8A).  Interestingly, when co-transfected 

cells were examined by confocal microscopy, expression of Us3 WT failed to induce loss of 

PML-NBs formed by PML II. Note that, in Figure 4-8B, cells expressing Us3 WT and 

KD/D305A show similar numbers of PML II-NBs. These results indicate that Us3 does not target 

PML II for either degradation or dispersal. Overall, the results from these co-transfection assays 

show that 1) HSV-1 ICP0 induces degradation of all PML isoforms, and 2) Us3 induces 

degradation of PML I and dispersal of other isoforms, but fails to degrade or disperse PML II. 

 

4.2.4 PML 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 isoform specificity of Us3-mediated 

disruption of PML-NBs was analyzed in the presence of endogenous PML. To examine the 

interaction between Us3 and individual PML isoforms in isolation, I utilized CNE-2Z (human 

nasopharyngeal carcinoma cells) derived cell lines that express EYFP-tagged PML I, II, III, IV, V, 

or VI individually. These cell lines were generated in the laboratory of Dr. L. Frappier 

(University of Toronto, Canada), and are excellent tools to study the activity of a specific PML 
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isoform, since all of the endogenous PML isoforms are knocked down to undetectable levels. 

Western blotting analysis of parental, knock-down (K/D) and individual PML isoform expressing 

cell lines using PML antiserum reactive against all PML isoforms revealed that the K/D cells 

failed to express detectable PML and that expression levels of the EYFP-tagged isoforms were 

comparable to the levels of endogenous PML seen in the parental CNE-2Z cells (Figure 4-9).  

 

 

Figure 4-8. Us3 does not target PML-NBs formed by PML II for disruption. (A) Plasmids 
encoding WT HSV-2 Us3 (Us3) or KD/D305A (Us3 KD) were co-transfected into HEK 293T 
cells with a plasmid encoding EGFP-tagged PML isoform II (EGFP-PML II). As a positive 
control, a plasmid encoding HSV-1 ICP0 was also co-transfected with EGFP-PML IV. The pCI-
neo vector was used as a negative control. At 24 hours post transfection, cell lysates were 
collected and analyzed by western blotting, using antisera reactive against EGFP, Us3, ICP0, and 
β-actin. β-actin was used as a loading control. (B) Vero cells were transfected with the plasmids 
described in the legend to panel A. At 24 hours post transfection, cells were fixed and stained 
with rat polyclonal antiserum against HSV-2 Us3. Stained cells were examined by confocal 
microscopy, and PML II was detected by EGFP fluorescence. Representative images are shown. 
α, anti. 
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Figure 4-9. Expression of each PML isoform in CNE-2Z-derived cell lines. CNE-2Z 
(human nasopharyngeal carcinoma cells)-derived cell lines that fail to express all 
endogenous PML isoforms, or that express EYFP-tagged PML I, II, III, IV, V, or VI 
individually, were generated in the laboratory of Dr. L. Frappier (University of Toronto) 
(12). Cell lysates were prepared as described in Materials and Methods, and analyzed by 
western blotting, using PML antiserum against all PML isoforms. Expression of 
endogenous PML isoforms in PML knock-down (K/D) cells is reduced to an undetectable 
level. In PML isoform-expressing cell lines (PML I-VI), the expression levels of the 
EYFP-tagged PML isoforms are comparable to the levels of endogenous PML seen in the 
parental CNE-2Z cells. For the parental cells, the bands that likely represent SUMOylated 
endogenous PML I and PML II, and non-SUMOylated endogenous PML I, II, III, IV and 
V are indicated. Asterisk (*) indicates EYFP-tagged PML III, migrating faster than its 
expected molecular weight of 95 kD. 
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To test if Us3 disrupts PML-NBs in a PML isoform-specific manner in these cell lines, as  

observed in the co-transfection assays, I transfected each cell line with a construct expressing 

mCherry-tagged Us3 WT (mCherry-Us3) or mCherry tag alone. At 24 hours post transfection, the 

numbers of PML-NBs were measured in 50 transfected cells (Figure 4-10). Consistent with the 

data from the co-transfection assays, expression of mCherry-Us3 caused disruption of PML-NBs 

in all PML isoform cells, with the exception of PML II cells. Control experiments indicated that 

PML-NBs remained intact in non-transfected cells, or cells expressing mCherry alone. Notably, 

analysis in PML III cells was not carried out, since only few PML-NBs were found in non-

transfected cells. Due to this reason, it was difficult to determine if the observed loss of PML-

NBs was attributable to Us3 or cell-to-cell variation. Overall, by using two distinct experimental 

approaches, I postulate that Us3 targets certain PML isoforms when it targets PML-NBs for 

disruption, while it spares PML II. This property seems unique to Us3, as such isoform specificity 

was not observed with HSV-1 ICP0. 

 

4.2.5 HSV-2 ∆Us3 Strain Forms Plaques Significantly Reduced in Size on Cells Expressing 

PML I, III, IV and VI, but Not in Cells Expressing PML II and V 

Having identified isoform specificity of Us3 during PML-NB disruption, I next 

determined the effects of interaction between Us3 and specific PML isoforms on HSV-2 spread.  

I infected PML isoform cells with HSV-2 186 WT, ∆Us3, or Us3-R strains, and allowed plaques 

to form for 48 hours. Plaques were identified by immunostaining with antisera specific for ICP8, 

a viral protein involved in viral DNA replication. To measure plaque size, diameters of   



 

 

 

 

112

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

113

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-10. Specificity of Us3 against PML isoforms is confirmed in PML isoform-expressing 
cell lines. CNE-2Z-derived cell lines expressing EYFP-tagged PML I, II, III, IV, V or VI were 
seeded on glass-bottom dishes and transfected with a plasmid expressing mCherry-tagged 
HSV-2 Us3 WT or mCherry tag alone (red). At 24 hours post transfection, cells were fixed and 
stained with rabbit polyclonal antiserum specific for PML, followed by staining with Alexa 
488-conjugated goat anti-rabbit IgG (green), along with Hoechst 33342 (blue) to visualize 
nuclei. (A) Stained cells were examined by confocal microscopy, and representative images are 
shown. Analysis on CNE-2Z cells expressing PML III was not performed, since only few 
PML-NBs were found in non-transfected PML III cells. Due to this reason, it was difficult to 
determine if any loss of PML-NBs was attributable to Us3 or cell-to-cell variation. (B) 50 Us3- 
or mCherry-transfected cells were randomly selected to score the number of PML-NBs, along 
with 50 non-transfected cells from the same dish. Bars represent the average number of PML-
NBs per cell. Note that expression of Us3-mCherry decreased the number of of PML-NBs, with 
the exception of PML II cells which is marked by the arrow head. Us3+, Us3-transfected cells; 
Us3-, non-transfected cells from the same dish as Us3+ cells; mCherry+, mCherry-transfected 
cells; mCherry-, non-transfected cells from the same dish as mCherry+ cells. 
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30 plaques for each condition were measured by microscopy, and expressed as area. The average 

plaque area values from parental and individual PML isoform cell lines were divided by the 

average plaque area from the K/D cell line, to determine the effect of endogenous PML or 

individual PML isoforms on virus spread. 

The average ratios of plaque size relative to the K/D cell line are summarized in Figure 4-

11. Compared to the WT and Us3-R strains, the plaques formed by the ∆Us3 strain were 

strikingly smaller in cells that expressed PML I, III, IV and VI, whereas PML II- and PML V-

expressing cells displayed no inhibitory effect on the plaque size of the ∆Us3 strain. The most 

prominent reduction in the plaque size of the ∆Us3 strain was observed in PML IV cells: the 

relative plaque sizes of the WT and Us3-R strains in PML IV cells were decreased to 0.69, 

whereas that of the ∆Us3 strain was decreased to 0.23. These results suggest that Us3 is important 

for virus replication or virus spread in PML I, III, IV, and VI cells, and, thus, Us3 counters the 

antiviral activities mediated by these PML isoforms, especially PML IV. 

 

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

In the plaque assay described above, in the absence of Us3, the extent of the decrease in 

plaque size was greatest in cells expressing PML IV. Because decreased plaque size can be 

caused by a defect in viral replication or viral spread, I tested whether PML IV was capable of 

preventing or delaying viral replication and whether Us3 could rescue such a defect. To assess 

viral replication in PML IV cells, CNE-2Z parental, PML 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 progeny virus 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 WT, ∆Us3, and Us3-R (Us3-repair) strains in 
CNE-2Z (parental), CNE-2Z cells that have been knocked down for all endogenous PML 
isoforms (PML K/D) and CNE-2Z cells that express individual PML isoforms. (A) At 48 hours 
post infection, plaques were detected by immunostaining with antiserum against HSV-2 ICP8. 
(B) The surface areas of 30 individual plaques for each condition were measured. Relative plaque 
area was calculated by dividing the plaque surface area values by the values from PML K/D cells. 
Bars represent the average of two independent experiments. Relative plaque area of ∆Us3 strain 
was modestly reduced in PML I, III, and VI cells, and dramatically reduced in PML IV cells, 
indicated by the arrow. 
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Figure 4-12 shows that, in contrast to my prediction, expression of PML IV did not cause 

a significant inhibition or delay in viral growth, as compared with viral growth in the parental or 

PML K/D cells. Therefore, viral replication seems unaffected in PML IV cells, which suggests 

that the reduced plaque size in PML IV cells is likely caused by a specific defect in viral spread. 

Similar results were observed when the single-step growth assay was repeated at a MOI of 1 

(Figure 4-13). 

 

4.2.7 PML Isoform IV Does Not Increase Staurosporine-Induced Apoptosis 

In the previous experiments, I demonstrated that expression of PML IV in the absence of  

endogenous PML dramatically reduces the size of plaques formed by the ∆Us3 strain, without 

affecting virus production. These results suggest that cell-to-cell transmission of the ∆Us3 strain 

is affected by PML IV activities. For a clearer understanding of PML IV-mediated antiviral 

activities, I decided to test if the inhibitory effect of PML IV on plaque formation is caused by 

increased apoptosis by PML IV expression, since over-expression of PML IV in transfected cells 

has been shown to stimulate apoptosis through PML IV-mediated activation of p53 (68). To test 

this hypothesis, CNE-2Z parental, PML K/D and PML IV cells were mock-infected or infected 

with HSV-2 WT, ∆Us3 and Us3-R at a MOI of 3. At 6 hours post infection, cells were treated 

with 1µM staurosporine, a bacterial toxin that induces apoptosis in many mammalian cell lines by 

inhibiting PKC. At 18 hours post infection, cells were fixed and stained with antisera specific for 

ICP8, as a marker for infection, and active caspase-3, to identify cells undergoing apoptosis. Cells 

were examined by confocal microscopy, and images of 10 randomly-selected fields in each 

treatment were collected. From each image, the numbers of ICP8-positive cells and
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Figure 4-12. PML IV does not inhibit or delay the replication of ∆Us3 strain. To evaluate viral replication, CNE-2Z parental, 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 progeny virus was titered at 0, 6, 12, and 24 hours post 
infection. The expression of PML IV did not cause a significant inhibition or delay in viral growth, as compared with viral growth in CNE-2Z 
parental or PML K/D cells. hpi, hours post infection. 
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Figure 4-13. PML IV does not inhibit or delay the replication of ∆Us3 strain. To evaluate viral replication, CNE-2Z parental, 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 progeny virus was titered at 0, 6, 12, and 24 hours post 
infection. The expression of PML IV did not cause a significant inhibition or delay in viral growth, as compared with viral growth in CNE-2Z 
parental or PML K/D cells. hpi, hours post infection. 
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ICP8/caspase-3 double-positive cells were scored, and the percentage of infected cells undergoing 

apoptosis was calculated by dividing the number of double-positive cells by the number of ICP8-

positive cells. The results are summarized in Figure 4-14. In the absence of HSV-2 infection, 

parental cells could not resist staurosporine-induced apoptosis, showing 100% cells undergoing 

apoptosis. The average proportions of apoptotic cells were decreased to 33% and 26% when 

infected with HSV-2 WT and Us3-R respectively. In parental cells, infection with ∆Us3 strain 

failed to protect the cells from apoptosis and showed 95% cells undergoing apoptosis, 

demonstrating that, under these conditions, Us3 is a key player in protection of infected cells 

from apoptosis. This observation is consistent with the well-characterized role of Us3 in 

inhibiting apoptosis in infected cells (Section 2.7.1). Knocking down endogenous PML protected 

cells from staurosporine-induced apoptosis: in mock-infected PML K/D cells, staurosporine 

induced apoptosis in only 23% cells on average, supporting an important role of PML as a 

mediator of apoptotic pathways. In PML K/D cells, the protective effects of HSV-2 infection was 

modest, showing on average 3%, 12% and 13% apoptotic cells after infection with HSV-2 WT, 

∆Us3 and Us3-R strains, respectively. In contrast to the findings in other reports (1, 55, 68, 132), 

the extent of staurosporine-induced apoptosis in PML IV cells was similar to that in PML K/D 

cells, regardless of infection status, and expression of PML IV alone failed to recover the 

responsiveness to staurosporine. Thus, these results suggest that sole expression of PML IV on a 

level seen in PML IV cells is not sufficient to increase staurosporine-stimulated apoptosis. 

Therefore, the inhibitory effect of PML IV on the ability 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 infected with the ∆Us3 strain, as 
compared to their PML K/D counterparts. CNE-2Z parental, PML/KD and PML IV cells 
were seeded on glass-bottom dishes and infected with HSV-2 186 WT, ∆Us3 and Us3-R 
strains at a MOI of 3. At 6 hours post infection, cells were treated with 1 µM 
staurosporine, a potent inducer of apoptosis. At 18 hours post infection, cells were fixed 
and stained with antisera specific for ICP8, as a marker for infection, and active caspase-
3, as a marker for apoptosis. For each treatment, images of 10 randomly-selected fields 
were captured by a confocal microscope, using a 40X objective. From each image, the 
numbers of ICP8+ cells and ICP8+/caspase-3+ double-positive cells were scored, and % 
apoptotic cells was calculated by dividing the number of double-positive cells by the 
number of ICP8+ cells. Bars represent the average % apoptotic cells from 10 fields, and 
error bars represent the standard error of the mean between fields. 
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4.3 Us3 Promotes Viral Gene Expression in Interferon-Exposed Cells by Disrupting 

PML-NBs 

The studies described in Sections 4.1 and 4.2 revealed the mechanistic side of Us3- 

mediated disruption of PML-NBs, and that Us3 disrupts PML-NBs by a proteasome-dependent 

and PML isoform-specific activity. These observations raise questions regarding the 

physiological relevance of Us3-mediated PML-NB disruption. While expressed constitutively, all 

IFNs rapidly induce mRNA and protein expression of PML and other PML-NB resident proteins. 

This leads to an increase in the number and size of PML-NBs and enhancement of the antiviral 

activities mediated by PML-NBs (Section 2.8). As PML has been shown to be a fundamental 

effector of IFN action against HSV-1 infection (18), I hypothesized that alphaherpesviruses need 

Us3 to ensure continued, maximal disruption of PML-NBs in order to counteract the IFN-induced 

inhibition of viral gene expression. To test this hypothesis, studies described this section 

addressed: 1) whether the ∆Us3 strain of HSV-2 shows increased sensitivity to IFN, by 

examining its progeny virus yield, viral protein expression, and viral gene transcription in IFN-

exposed cells, and 2) whether the ∆Us3 strain displays defects in the disruption of PML-NBs in 

the presence of IFN. 

 

4.3.1 HSV-2 ∆Us3 Strain is Hypersensitive to Interferon 

To examine if HSV-2 Us3 contributes to virus resistance to IFN like its orthologue in 

HSV-1 (297), and if the absence of Us3 renders HSV-2 hypersensitive to IFN, I measured virus 

yield from carrier- or IFN-exposed cells. In these experiments, life-extended human foreskin 

fibroblasts (T12) were exposed to carrier (0.1% BSA/PBS) or IFN for 18 hours prior to infection, 
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and then infected with HSV-2 186 WT, ∆Us3 or Us3- R strains at a MOI of 0.1. At 24 hours post 

infection, total virus was harvested from the supernatant and remaining cells, and virus yield was 

determined by titration on Vero cells. To compare the inhibitory effect of IFN, fold inhibition in 

virus yield was calculated by dividing the virus titer from carrier-exposed cells by the titer from 

IFN-exposed cells (Table 4-2).  

When the fold inhibition values from ∆Us3 and Us3-R were normalized to that of WT, I 

noted that the inhibition in virus yield was 22-fold higher in cells infected with ∆Us3 than WT 

and Us3-R. This result indicates that HSV-2 is hypersensitive to IFN in the absence of Us3, and 

thus HSV-2 Us3 contributes to virus resistance to IFN. Such Us3-dependent resistance to IFN 

was also observed when infection was performed at a MOI of 1, but not at a MOI of 3, suggesting 

a MOI-dependent effect (Table 4-3). Additionally, the ∆Us3 strain also showed hypersensitivity 

to IFN in HeLa cells, but not in CNE-2Z cells, indicating that the contribution of Us3 to virus 

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

 

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

Infection 

Having confirmed that HSV-2 requires Us3 for efficient virus replication in IFN-exposed 

cells, multi-step growth analysis was performed in cells exposed to carrier or IFN to determine 

the kinetics of IFN-mediated inhibition of HSV-2 replication. Compared to the virus growth in 

carrier-exposed cells, all strains exhibited delayed viral growth in IFN-exposed cells, 

demonstrating IFN-mediated inhibition of HSV-2 replication (Figure 4-15). In carrier-exposed 

cells, at 12 hours post infection, the ∆Us3 strain produced a titer approximately 10-fold lower 
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Table 4-2. Effect of type I interferon on virus yield 

Virus Strain 
Gene  

Inactivated 
-IFN / +IFN  

Ratioa 
-IFN / +IFN Ratio 

Normalized to WTb 

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 

 

 

aThe ratio was determined by dividing the virus yield obtained at 24 hours post infection from the 
carrier-exposed cells by the titers obtained from the IFN-exposed cells. Each ratio represents an 
average from four independent experiments.  
 

bThe –IFN/+IFN ratios obtained from the ∆Us3 and Us3-R strains were divided by the ratio 
obtained from the WT strain. Each normalized ratio represents an average and standard error of 
the mean from four independent experiments. –IFN: mock-treated cells; +IFN: IFN-exposed cells. 
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Table 4-3. Effect of type I interferon on virus yield at various MOIs and cell types 

Cell Type 
Multiplicity 

of 
Infection 

Virus Strain 
-IFN / +IFN 

Ratioa 

-IFN / +IFN Ratio 
Normalized to 

WTb 

T12 

1 

HSV-2 186 WT 22 1 

∆Us3 183 8.5 

Us3-R 35 1.6 

3 

HSV-2 186 WT 7.7 1 

∆Us3 8.7 1.1 

Us3-R 4.8 0.6 

HeLa 0.1 

HSV-2 186 WT 4.6 1 

∆Us3 11 2.8 +/- 0.9 

Us3-R 5.7 1.1 +/- 0.3 

CNE-2Z 0.1 

HSV-2 186 WT 13 1 

∆Us3 6.8 0.5 

Us3-R 4.2 0.3 

 

 

aThe ratio was determined by dividing the virus yield obtained at specified multiplicity of 
infection at 24 hours post infection from the carrier-exposed cells by the titers obtained from the 
IFN-exposed cells. The ratios from HeLa cells represent averages from two independent 
experiments, while other ratios are acquired from single experiments. 
 

bThe –IFN/+IFN ratios obtained from the ∆Us3 and Us3-R strains were divided by the ratio 
obtained from the WT strain. The normalized ratios from HeLa cells represent averages and 
standard errors of the mean from two independent experiments. –IFN: mock-treated cells; +IFN: 
IFN-exposed cells. 
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than the WT and Us3-R strains, consistent with observations reported for PRV and HSV-1 Us3 

mutants. However, in IFN-exposed cells, this difference in virus titer was even larger, 100-fold 

lower than the WT and Us3-R strains. Overall, the growth defect of the ∆Us3 strain was more 

prominent in IFN-exposed cells during early time points, until 24 hours post infection. Beyond 

this point, the ∆Us3 strain produced titers similar to those of WT and Us3-R, suggesting that by 

48 hours the effects of IFN had dissipated. Therefore, these kinetic studies demonstrate that Us3 

may contribute to virus resistance to IFN at early times after infection. 

 

Figure 4-15. Us3 promotes virus growth in IFN-exposed cells. T12 cells were exposed to 1000 
U/mL IFN (right) or carrier (left) for 18 hours, and infected with HSV-2 WT, ∆Us3 and Us3-R 
strains at a MOI of 0.1. Total progeny virus was harvested at indicated hours post infection, and 
titered on Vero cells as described in Materials and Methods. Each data point represents an 
average of two independent experiments, with exception of 96 hour post infection. Error bars are 
the standard error of the mean between experiments. The 0-hour time point represents samples 
acquired immediately after the incubation with citrate buffer, following the one-hour inoculation. 
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4.3.3 HSV-2 ∆Us3 Viral Protein Expression is Dramatically Reduced in Interferon-Exposed 

Cells 

To identify the basis for the replication defect experienced by the ∆Us3 strain in IFN- 

exposed cells and to probe the mechanism by which Us3 promotes resistance to IFN, I examined 

steady state levels of viral proteins belonging to each kinetic class in infected T12 cells (Figure 4-

16). In these experiments, T12 cells were exposed to carrier (0.1% BSA/PBS) or IFN for 18 hours 

prior to infection, and infected with the HSV-2 strains at a MOI of 0.1. At 24 hours post infection, 

cell lysates were prepared as described in Materials and Methods, and probed for representative 

viral proteins of each kinetic class: ICP27 for IE, ICP8 for E, and ICP5 for L. Without exposure 

to IFN, cells infected with WT, ∆Us3 and Us3-R strains produced equivalent amounts of 

representative viral proteins. In IFN-exposed T12 cells infected with WT and Us3-R strains, 

reduced levels of all proteins examined were observed, demonstrating the antiviral effects of IFN. 

Strikingly, expression of ICP27, ICP8 and ICP5 were decreased to undetectable levels in IFN-

exposed, ∆Us3-infected cells. These findings indicate that Us3 promotes 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. β-actin was 
used as a loading control. IE: immediate-
early; E: early; L: late. 



 

 

 

 

127

4.3.4 Us3 Does Not Impact Phosphorylation of eIF-2α 

 One of the best characterized IFN-inducible antiviral effectors is double-stranded RNA 

(dsRNA)-activated protein kinase (PKR), which phosphorylates eIF-2α, resulting in global shut-

down in the host translation machinery to prevent viral protein synthesis (15). To counteract the 

activity of PKR, the viral protein ICP34.5, which belongs to the L kinetic class, forms a complex 

with protein phosphatase 1α (PP1α) to de-phosphorylate eIF-2α and alleviate the shut-down of 

protein synthesis mediated by PKR (385). 

 Based on the antiviral activity of PKR, the defect in viral protein expression in IFN-

exposed, ∆Us3-infected cells might be caused by IFN-induced PKR activity, and Us3 might 

function to counteract enhanced PKR activity to promote viral protein expression. To test this 

hypothesis, exposure to IFN or carrier, and infection with the HSV-2 strains were repeated as 

described previously, and cell lysates were examined for their level of phosphorylated eIF-2α by 

western blotting (Figure 4-17). As a positive control for eIF-2α phosphorylation, uninfected, 

carrier-exposed T12 cells were treated with 0.5mM sodium arsenite for 30 minutes prior to 

analysis. Arsenite causes translational arrest in cells by promoting phosphorylation of eIF-2α in a 

heme-regulated inhibitor kinase (HRI)-dependent manner (386, 387). As expected, increased 

levels of phosphorylated eIF-2α were observed in arsenite-exposed T12 cells and IFN exposure 

alone failed to enhance the phosphorylation of eIF-2α. However, the level of phosphorylated eIF-

2α was dramatically decreased in cells infected with WT, ∆Us3 or Us3-R strains that had not 

been exposed to IFN, suggesting that the activity of ICP34.5 is not affected by the absence of Us3. 

In cells exposed to IFN, levels of phosphorylated eIF-2α increased to a similar level for all 
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viruses tested. Overall, the data indicate that Us3 does not promote viral protein expression by 

facilitating eIF-2α dephosphorylation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-17. Us3 does not impact phosphorylation of eIF-2α. T12 cells were exposed to 
1000 U/mL IFN or carrier for 18 hours, and infected with HSV-2 WT, ∆Us3 and Us3-R 
at a MOI of 0.1. At 24 hours post infection, cell lysates were prepared, and probed for 
ICP27, ICP5, total eIF-2α and phosphorylated eIF-2α ((P)eIF-2α), as described in 
Materials and Methods. As a positive control for eIF-2α phosphorylation, uninfected, 
carrier-exposed T12 cells were treated with 0.5mM sodium arsenite for 30 minutes prior 
to analysis. β-actin was used as a loading control. 



 

 

 

 

129

4.3.5 Viral Gene Transcription of HSV-2 ∆Us3 Strain is Significantly Reduced in 

Interferon-Exposed Cells 

 To test if the defect in viral protein expression in IFN-exposed, ∆Us3-infected cells occurs 

at the level of transcription, I performed a RT-PCR analysis of RNA isolated from infected T12 

cells (Figure 4-18A). T12 cells were exposed to IFN or carrier and infected with the HSV-2 

strains as described previously. At 24 hours post infection, total RNA was isolated from infected 

cells and the levels of ICP0, ICP8 and gC transcripts were analyzed by RT-PCR. In cells exposed 

to carrier, the WT, ∆Us3, and Us3-R strains produced similar levels of the viral transcripts. By 

contrast, reduced levels of ICP0 transcripts were detected in IFN treated T12 cells infected with 

the ∆Us3 strain, and ICP8 and gC transcripts were decreased to undetectable levels, suggesting 

that IFN also inhibits transcription of viral genes in the absence of Us3.  

The reduction in viral transcript levels was quantified by qRT-PCR (Figure 4-18B). 

Relative amounts of the viral transcripts to 18S rRNA were calculated for each treatment, and 

fold change in expression was calculated by dividing the relative amounts of transcript from 

carrier-exposed cells by the relative amounts from IFN-exposed cells. The fold-change values 

from the ∆Us3 and Us3-R strains were normalized to the WT strain and plotted in Figure 4-18B. 

Compared to cells infected with the WT or Us3-R strains, a 6-fold higher inhibition in the 

expression of ICP0 was observed in IFN-exposed cells infected with the ∆Us3 strain. ICP27 and 

gC showed a similar extent of inhibition of expression, approximately 7-fold higher than WT and 

Us3-R. Inhibition in the expression of ICP8 was less affected by the lack of Us3 in IFN-exposed 

cells, resulting in a 3-fold higher inhibition than WT and Us3-R. Overall, the results from the RT-

PCR and qRT-PCR analyses indicate that Us3 promotes viral gene transcription in IFN-exposed  
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Figure 4-18. Us3 promotes viral gene transcription in IFN-exposed cells. T12 cells were exposed to 

1000 U/mL IFN or carrier for 18 hours, and mock-infected or infected with HSV-2 WT, ∆Us3 and Us3-
R at a MOI of 0.1. At 24 hours post infection, total RNA was extracted analyzed by RT-PCR and 
quantitative RT-PCR (qRT-PCR) to determine the expression levels of viral immediate-early (ICP0 and 
ICP27), early (ICP8) and late (gC) transcripts. (A) Analysis of viral transcripts by RT-PCR. For the 
NoRT control, reverse transcriptase was omitted from a duplicate of IFN+Us3-R sample during the 
cDNA synthesis step. 18S rRNA was used as a control for total RNA. (B) The expression levels of 
ICP0, ICP27, ICP8 and gC transcripts were quantified by qRT-PCR. The relative ratio of each viral 
mRNA to 18S rRNA was calculated as described in Materials and Methods. Fold-change in expression 
for each viral transcript was determined by dividing the relative ratio obtained from the carrier-exposed 
cells by the relative ratio obtained from the IFN-exposed cells. For normalization, the fold-change 
values obtained from ∆Us3 or Us3-R were divided by those values from WT. Reported values represent 
the average and standard error of the mean of three biological replicates. RT: reverse transcription; IE: 
immediate-early; E: early; L: late. 
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cells. Notably, the transcriptional defect of the ∆Us3 strain in IFN-exposed cells was observed as 

early as 3 hours post infection (Appendix E). 

 

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

In previous experiments, I demonstrated that the ∆Us3 strain has a replication defect in 

IFN-exposed cells, due to suppression of viral gene transcription. These findings are consistent 

with a model that, after IFN exposure, Us3-mediated disruption of PML-NB prevents the 

transcriptional silencing of viral genomes. To begin to test if this failure in viral gene 

transcription is due to the lack of Us3s ability to disrupt PML-NBs, the number of PML-NBs in 

IFN-exposed and HSV-2-infected cells was examined by indirect immunofluorescence 

microscopy, along with the expression of ICP0 as a marker for virus infection. In cells exposed to 

IFN and infected with WT or Us3-R strains, 75% and 63% of WT and Us3-R infected cells 

lacked PML-NBs, respectively (Figure 4-19A, upper row). For cells infected with ∆Us3, the 

proportion of cells showing complete disruption of PML-NBs was decreased to 43%. Strikingly, 

while 9% of cells infected with WT or Us3-R showed 10 or more PML-NBs, the proportion was 

increased to 28% in cells infected with ∆Us3 (Figure 4-19A, bottom row). This increase was 

correlated with an increase in the overall average numbers of PML-NBs per cell in cells exposed 

to IFN and infected with the ∆Us3 strain. In the absence of infection, T12 cells responded to IFN 

by producing twice as many PML-NBs than carrier-exposed cells (Figure 4-19B). Infection of 

IFN-exposed cells with WT or Us3-R strains reduced the average number of PML-NB from 32 to 

2 per cell. By contrast, approximately 8 PML-NBs per cell were detected in cells infected with 

the ∆Us3 strain, representing a 4-fold increase in the number of PML-NBs in the absence of Us3.  
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Figure 4-19. Us3 is necessary for efficient disruption of PML-NBs in IFN-exposed cells. T12 
cells were seeded on glass-bottom dish and exposed to 1000 U/mL IFN or carrier for 18 hours. 
Cells were then mock-infected or infected with HSV-2 WT, ∆Us3 and Us3-R at a MOI of 1, and 
at 8 hours post infection, cells were fixed and immunostained with antisera specific for ICP0 and 
PML. 100 mock-infected or infected cells were randomly selected and scored for ICP0 
localization and PML-NBs by confocal microscopy. (A) For each infection, cells showing the 
following patterns were counted from the selected 100 cells, and the numbers are shown in 
percentages: pan-nuclear localization of ICP0 with complete disruption of PML-NBs (top row) 
and punctate localization of ICP0 with relatively intact PML-NBs ( >10 PML-NBs per cell) 
(bottom row). (B) PML-NBs were counted in 100 mock-infected or infected cells randomly 
selected. Average numbers of PML-NBs per cell are shown with error bars indicating the 
standard error of the mean. 
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Thus, these results indicate that Us3 plays an important role in disrupting PML-NBs in cells 

exposed to IFN. 

 

4.3.7 Knocking Down PML Partially Recovers Replication of HSV-2 ∆Us3 Strain in 

Interferon-Exposed Cells 

 If Us3 promotes virus replication in IFN-exposed cells by disrupting PML-NBs, then 

replication of ∆Us3 should be recovered in cells lacking PML. To test this hypothesis, I utilized 

an siRNA to knock down PML. To validate that PML was knocked down in cells transfected with 

siRNA against PML (siPML), siRNA-transfected cells were analyzed by indirect 

immunofluorescence microscopy and western blotting. In the microscopy analysis, exposure to 

IFN increased the average number of PML-NBs from 11 to 20 in cells transfected with the 

negative control siRNA (Figure 4-20A and 4-20B). This result was expected because 

transcription of the PML gene is stimulated by IFN (334, 335). Interestingly, a few PML-NBs 

persisted in siPML-transfected cells, showing an average of 2 PML-NBs per cell in the absence of 

IFN exposure. Nonetheless, siPML inhibited the IFN-mediated increase in PML-NBs, as siPML-

transfected and IFN-exposed cells contained on average 3 PML-NBs, showing an increase of only 

one PML-NB compared to the carrier-exposed counterparts. This decrease in PML-NBs in 

siPML-transfected cells was associated with a decrease in the level of PML protein. As shown in 

Figure 4-20C, in siPML-transfected cells, the level of all PML isoforms were dramatically 

decreased compared to cells transfected with the negative control siRNA, indicating that siPML 

successfully knocked down PML (Figure 4-20C, “carrier”). Moreover, in cells transfected with 

negative control siRNA, cells exposed to IFN produced a higher level of PML than cells exposed  
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Figure 4-20. siRNA designed against PML successfully knocks down PML in T12 cells. (A) 
T12 cells were transfected with 100 pmol of siRNA against PML (siPML) or negative control 
siRNA (Neg Ctrl siRNA) for three times with 24-hour intervals. 1000 U/mL IFN or carrier 
was added to siRNA-transfected cells during the last 18 hours of incubation. At total 72 hours 
post transfection, cells were fixed and immunostained with antiserum specific for PML, along 
with Hoechst 33342. Stained cells were examined by confocal microscopy and representative 
images are shown. (B) PML-NBs in 50 randomly-selected cells were scored. Average 
numbers of PML-NBs per cell are shown with error bars indicating the standard error of the 
mean. (C) siRNA transfection and IFN exposure were performed as described in (A). At total 
72 hours post transfection, cells were infected with HSV-2 WT, ∆Us3 and Us3-R at a MOI of 
0.1. At 24 hours post infection, cell lysates were collected and analyzed by western blotting 
using antisera reactive against PML and β-actin. β-actin was used as a loading control. For 
the anti-PML blot, a short exposure and a long exposure are shown. 
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to carrier, consistent with the IFN-induced increase in PML-NBs (Figure 4-20C, “carrier” and 

“IFN”). However, the level of PML remained unchanged in siPML-transfected and IFN-exposed 

cells, compared to the carrier-exposed counterparts, suggesting that siPML transfection is 

sufficient to reverse the IFN-mediated induction of PML expression. Therefore, both western 

blotting and microscopy analyses validated the siRNA-based approach to knock down PML and 

PML-NBs even in IFN-exposed cells. 

In cells infected with HSV-2, IFN exposure prevented the loss of PML induced by virus 

infection (Figure 4-20C). In carrier-exposed and negative siRNA-transfected cells, infection with 

all three HSV-2 strains resulted in degradation of PML to an undetectable level. By contrast, in 

IFN-exposed and negative siRNA-transfected cells, HSV-2 infection failed to induce degradation 

of PML, and the level of PML was similar to IFN-exposed uninfected cells. Conversely, in 

siPML-transfected cells, the level of PML was decreased to an undetectable level in all samples, 

including those exposed to IFN. 

To quantify the effect of PML knock-down and determine if PML knock-down 

recovered the replication of HSV-2 in a Us3-specific manner, siRNA-transfected cells were 

exposed to IFN and infected with the HSV-2 strains. At 24 hours post infection, total progeny 

virus was harvested from the supernatant and cells, and virus yield was determined by titration on 

Vero cells. Fold inhibition was calculated and normalized as described in Table 4-2. In cells 

transfected with the negative control siRNA, the ∆Us3 strain showed approximately 17-fold 

higher inhibition in virus yield in IFN-exposed cells, than WT or Us3-R strains (Table 4-4). By 

contrast, in cells transfected with siPML, the level of inhibition of the ∆Us3 strain was only 5-

fold higher than WT and Us3-R, a remarkable recovery compared to cells transfected with the  
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Table 4-4. Effects of siRNA against PML on virus sensitivity to type I interferon 

siRNA Virus Strain 
Gene 

Inactivated 
-IFN / +IFN 

Ratioa 
-IFN / +IFN Ratio 

Normalized to WTb 

Negative 
Control 
siRNA 

HSV-2 186 WT None 142 1 

HSV-2 186 ∆Us3 Us3 1912 17 +/- 8 

HSV-2 186 Us3-R None 99 0.83 +/- 0.26 

siPML 

HSV-2 186 WT None 9.9 1 

HSV-2 186 ∆Us3 Us3 41 5.4 +/- 2.2 

HSV-2 186 Us3-R None 9.8 1.3 +/- 0.47 

 

aThe ratio was determined by dividing the virus yield obtained at 24 hours post infection from the 
carrier-exposed cells by the titers obtained from the IFN-exposed cells. Each ratio represents an 
average from three independent experiments.  
 
bThe –IFN/+IFN ratios obtained from the ∆Us3 and Us3-R strains were divided by the ratio 
obtained from the WT strain. Each normalized ratio represents an average and standard error of 
the mean from three independent experiments. –IFN: mock-treated cells; +IFN: IFN-exposed 
cells. 
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negative control siRNA (Table 4-4). Thus, these data suggest that Us3 counteracts PML-mediated 

antiviral activities in IFN-exposed cells. 

 

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

Strain in Interferon-Exposed Cells 

A number of studies have reported that Us3 orthologues phosphorylate HDACs to 

relieve transcriptional silencing of the viral genome. Thus, I examined if Us3 inactivates HDACs 

to promote viral gene transcription in IFN-exposed cells, by using sodium butyrate (NaBu), a 

global HDAC inhibitor. In these experiments, T12 cells were exposed to IFN or carrier for 18 

hours and co-treated with 10µL of 1M NaBu, in a final concentration of 5mM, or 10µL water 

(H2O) for an additional 6 hours. Cells were then infected with the HSV-2 strains at a MOI of 0.1, 

and, at 24 hours after infection, viral proteins and transcripts were analyzed by western blotting 

and qRT-PCR as described in Sections 4.3.3 and 4.3.5. As shown in Figure 4-21A, NaBu 

treatment increased the level of viral proteins in IFN-exposed, WT or Us3-R-infected cells. 

However, it failed to recover protein expression in ∆Us3-infected cells. Consistent with this 

observation, NaBu did not reverse the impaired viral gene transcription in IFN-exposed and 

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

gene transcription in IFN-exposed cells does not involve inactivation of HDACs. 
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Figure 4-21.  Inactivation of HDACs does not promote ∆Us3 virus gene expression in 
IFN-exposed cells. T12 cells were exposed to IFN or carrier for 18 hours, and co-treated 
with 10µL of 1M sodium butyrate (NaBu), in a final concentration of 5mM, or 10µL 
water (H2O) for additional 6 hours. NaBu is a global inhibitor for 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 analyzed by (A) western blotting and (B) 
qRT-PCR. Fold change values were calculated and normalized as described in Figure 4-
18B. The bars represent average of three biological replicates, and error bars are the 
standard error of the mean between experiments. α, anti. 
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4.4 Us3 Disrupts PML-NBs through Its Interaction with KLHL21 

The previous sections described the novel activity of Us3 in the disruption of  

PML-NBs, which is associated with Us3’s contribution to viral gene transcription in cells 

exposed to IFN. However, the molecular mechanism by which Us3 interacts with PML-NBs, 

induces the degradation and dispersal of the PML isoforms, and eventually leads to the 

disassembly of PML-NBs remains unclear. Given that proteasome activity is important for Us3-

mediated disruption of PML-NBs, this involvement of proteasome activity is, in turn, indicative 

of possible involvement of the host cell ubiquitylation machinery during Us3-mediated disruption 

of PML-NBs. Based on the identification of KLHL21 as a potential interaction partner of PRV 

Us3b (51), I hypothesized that Us3 disrupts PML-NBs via its interaction with KLHL21. In this 

section, the interaction between Us3 and KLHL21 was characterized by yeast two-hybrid assays 

and co-IP assays, and the co-localization of Us3 and KLHL21 to PML-NBs by 

immunofluorescence assay. Furthermore, the requirement of KLHL21 for Us3-mediated PML-

NB disruption was examined by knocking down KLHL21 with siRNA. Having also been 

identified as a candidate interaction partner for PRV Us3b (51), EGFR Pathway Substrate 8 

(Eps8), a cellular protein involved in the remodeling of actin cytoskeleton via the GTPase Rac, 

was included in the yeast two-hybrid assays as a Us3 binding control. 

 

4.4.1 Mapping the Eps8 and KLHL21 Interaction Sites in PRV Us3 

 To further characterize the Us3-KLHL21 interaction, I mapped the KLHL21 interaction 

site in PRV Us3a and Us3b using a yeast two-hybrid assay. Yeast expression plasmids for full-

length PRV Us3a KD/D223A and PRV Us3b KD/D169A had already been constructed by former 
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members of our laboratory, Dr. Mathew Lyman and Jessica Randall. C-terminal and N-terminal 

truncation fragments of PRV Us3a were constructed by PCR and cloned into the yeast expression 

vector pGBKT7. Full-length and Us3 truncation mutants were used as the bait for yeast two-

hybrid interactions. For the prey, the yeast expression vector pACT2, and Eps8 and KLHL21 

cloned into pACT2 were used. Eps8 was included in the assay as a binding control to speculate if 

the intrinsic structure of Us3 was relatively intact in the truncation fragments. To assess yeast 

two-hybrid interactions, diploid yeast cells containing both bait and prey plasmids, were grown 

on Trp-/Leu-/His- (medium stringency) and Trp-/Leu-/His-/Ade- (high stringency) drop-out 

media. Only the bait and prey pairs showing strong protein-protein interactions would allow the 

yeast cells grow on high stringency drop-out media. 

 The results from the yeast two-hybrid assays are summarized in Figure 4-22. Full-length 

PRV Us3a and Us3b interacted with Eps8 and KLHL21. However, while Us3b showed strong 

interaction with Eps8 and KLHL21, Us3a formed a strong interaction only with Eps8, and an 

interaction of intermediate strength with KLHL21.  

For the Us3 N-terminal truncation mutants, interaction with Eps8 was lost after deletion 

of the N-terminal 101 residues of Us3b (∆N101), while the interaction with KLHL21 remained 

intact. However, deletion of additional 36 residues (∆N147) resulted in a loss of interaction 

between KLHL21 and Us3b. These results indicate that the region between the residues 101 and 

147 is necessary for Us3 to interact with KLHL21, and the region between the residues 55 and 

101 interacts with Eps8. 
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Figure 4-22. Mapping of the Us3-KLHL21 interactions using a yeast two-hybrid assay. Truncation fragments of PRV Us3a were generated by 
PCR and cloned into the yeast expression vector pGBKT7, containing the Gal4 DNA binding domain. The haploid yeast strain y187 was then 
transformed with plasmids expressing full-length or truncation fragments of PRV Us3a and Us3b or pGBKT7 empty-vector, and mated with 
another haploid strain of yeast, yCH1, which had already been transformed with plasmid expressing Eps8 and KLHL21, fused to the Gal4 
activation domain, or pACT2 empty-vector. Yeast two-hybrid interaction between Us3 and Eps8 or KLHL21 was assessed by growing diploid 
yeast cells on the Trp-/Leu-/His- (medium stringency) and Trp-/Leu-/His-/Ade- (high stringency) drop-out medium. Numbers in the names of 
truncation fragments indicate the numbers of amino acids deleted from the N- or C-terminus of PRV Us3a. Color domain legends for the 
truncation fragments are omitted (shown in beige), with the exception of the kinase catalytic domain (shown in purple). +, yeast two-hybrid 
interaction only on the medium stringency medium; ++, interaction on the high stringency medium; -, no interaction; KD, kinase-dead. 
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Regarding the C-terminal truncation fragments of PRV Us3, none of the mating pairs 

showed yeast two-hybrid interaction with KLHL21 and Eps8. As the western blots indicated that 

all the proteins were present in the yeast cells, it can be argued that the C-terminal fragments 

cannot interact with KLHL21 due to the loss of the intrinsic structure of Us3 as suggested by the 

lack of yeast two-hybrid interaction with Eps8. As expected, interaction was not observed in the 

pairs including pGBKT7 or pACT2 empty vector, validating that observed interactions were 

driven by Us3 and KLHL21. Importantly, similar experiments performed in our laboratory, by Dr. 

Renée Finnen, demonstrated an interaction between HSV-2 Us3 and KLHL21, suggesting that 

interaction with KLHL21 is a feature conserved amongst Us3 orthologues (388). 

 

4.4.2 Acidic Residues within the Region A.A. 55-101 Impact Us3-KLHL21 Interaction 

The results from the yeast two-hybrid assays performed between PRV Us3 fragments and 

KLHL21 and Eps8 suggest that the N-terminal region plays a role in mediating the interaction 

between Us3 and its potential substrates. As shown in Figure 4-23A, protein alignments revealed 

that the region between A.A. 85 and 90 of PRV Us3a contains six acidic residues that are highly 

conserved between PRV, HSV-1, BHV-1 and EHV-1 Us3 orthologues. I hypothesized that these 

well-conserved acidic residues may be important for the interaction between Us3 and KLHL21. 

To test this hypothesis, the six acidic residues were targeted for substitution to alanine by site-

directed mutagenesis, and yeast two-hybrid interaction between the alanine mutants of Us3a 

(Us3a Ala) and Us3b (Us3b Ala) and KLHL21 and Eps8 was examined as described previously.  

The results are shown in Figure 4-23B. The interaction between Us3a and Eps8 was lost 

after the substitution of the six acidic residues to alanine, while the interaction with KLHL21 
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Figure 4-23. Acidic residues within the amino acids 85-90 in PRV Us3a are involved in the 
interaction between Us3a and its partners. (A) Amino acid sequence of the potential interaction 
site in PRV, and sequence alignment with homologous sequences in HSV-1, BHV-1 and EHV-
1. The residues are numbered with respect to PRV Us3a, and acidic residues 85-90 were 
substituted to alanine. (B) Yeast two-hybrid interaction of PRV Us3a KD/D223A, Us3b 
KD/D169A and the mutants with residues 85-90 substituted to alanine (Us3a Ala and Us3b 
Ala) on a high-stringency plate. 
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was significantly enhanced. This was not the case for Us3b; the alanine substitutions in Us3b did 

not affect the ability of Us3b to interact with Eps8 and KLHL21. These results suggest that, in the 

presence of the first N-terminal 50 residues only found in Us3a, the acidic residues 85-90, or the 

conservation of overall acidity in this region may be critical for Us3-Eps8 interaction, whereas 

inhibitory for Us3-KLHL21 interaction. 

 

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

To examine if Us3 interacts with KLHL21 in mammalian cells, I performed a series of 

co-IP assays. In the first set of co-IP experiments, HEK 293T cells were co-transfected with 

plasmids expressing PRV Us3a or Us3b fused to EGFP, and mouse KLHL21 (mKLHL21) fused 

to a FLAG tag (Figure 4-24A). Empty vector plasmids expressing EGFP and FLAG tags alone 

were included as negative controls. At 48 hours post transfection, cell lysates were harvested, and 

Us3 and mKLHL21 were immunoprecipitated with anti-EGFP antibody and anti-FLAG affinity 

gel respectively. The top row of Figure 4-24A shows that all proteins were expressed at 

detectable levels. Immunoprecipitation for KLHL21 is shown in the middle row of Figure 4-24A; 

anti-FLAG affinity gel successfully pulled down both Us3a and Us3b along with mKLHL21, but 

not EGFP alone. In the reciprocal co-IP, as shown in the bottom row of Figure 4-24A, anti-EGFP 

antibody immunoprecipitated Us3a, Us3b and EGFP from the cell lysates. However, mKLHL21 

was pulled down only with Us3a and Us3b. I also detected the interaction between PRV Us3 and 

KLHL21 during PRV infection; PRV Us3b was successfully pulled down with mKLHL21 from 

cells transfected with plasmid expressing mKLHL21 fused to a FLAG tag, and infected with PRV 

Bartha strain at a MOI of 10 for 6 hours (Figure 4-24B). 
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Figure 4-24. PRV Us3a and Us3b interact with mouse KLHL21 (mKLHL21) in co-transfected 
cells and during PRV replication.  

(A) HEK 293T cells were transfected with the indicated combinations of plasmids. At 48 hours 
post transfection, cells were harvested and cell lysates were immunoprecipitated with antiserum 
specific for GFP or anti-FLAG affinity gel.  Lane 1: EGFP-PRV Us3b + FLAG-mKLHL21; 
Lane 2: EGFP-PRV Us3a + FLAG-mKLHL21; Lane 3: EGFP empty-vector + FLAG-
mKLHL21; Lane 4: EGFP-PRV Us3b + FLAG empty-vector.  

(B) HEK 293T cells were transfected with plasmid encoding FLAG-mKLHL21 or FLAG 
empty-vector. At 24 hours post transfection, cells were mock-infected or infected with PRV 
Bartha at a MOI of 10 for 6 hours. Cell lysates were immunoprecipitated using anti-FLAG 
affinity gel. Lane 1: FLAG-mKLHL21 only; Lane 2: FLAG-mKLHL21 + PRV Bartha; Lane 3: 
FLAG empty-vector + PRV Bartha. Positions of molecular weight markers in kDa are shown on 
the left side of each blot. α, anti. 
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To examine the interaction between HSV-2 Us3 and human KLHL21 (hKLHL21), I used 

HEK293T cells co-transfected with plasmids expressing FLAG-tagged hKLHL21 and HSV-2 

Us3 WT or two kinase-dead mutants, KD/K220M and KD/D305A. As shown in Figure 4-25A, 

immunoprecipitation of hKLHL21 with anti-FLAG affinity gel pulled down all three species of 

Us3, suggesting that kinase activity is not necessary for Us3 to interact with KLHL21. Interaction 

between HSV-2 Us3 and hKLHL21 was also detected by co-IP from cells transfected with 

plasmid expressing FLAG-tagged hKLHL21 and infected with HSV-2 HG52 at a MOI of 10 for 

6 hours (Figure 4-25B). Overall, the co-IP experiments indicate that Us3 orthologues from HSV-

2 and PRV interact with KLHL21 in mammalian cells, and this interaction occurs during an early 

stage of virus replication, by 6 hours post infection. 

 

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

Having demonstrated that Us3 interacts with KLHL21 in mammalian cells, I set out to  

define the subcellular localization of PRV Us3 and KLHL21. Vero cells were co-transfected with 

plasmids expressing FLAG-tagged mKLHL21 and EGFP-tagged PRV Us3a and Us3b, in kinase-

active and kinase-dead forms. At 24 hours post transfection, cells were immunostained with 

antisera specific for the FLAG peptide and PML, and examined by confocal microscopy. When 

expressed alone, Us3a was localized primarily in cytoplasm and plasma membrane, consistent 

with previous observation (2). In a sub-population of cells, Us3a was reproducibly observed to 

form nuclear speckles (Figure 4-26, “Us3a”). On the other hand, Us3b was localized primarily to 

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

(A) HEK 293T cells were transfected with the described combinations of plasmids. At 48 
hours post transfection, cells were harvested and cell lysates were immunoprecipitated with 
anti-FLAG affinity gel. Lane 1: HSV-2 Us3 wild-type (WT) + FLAG-hKLHL21 (Human 
KLHL21); Lane 2: HSV-2 KD/K220M + FLAG-hKLHL21; Lane 3: HSV-2 Us3 KD/D305A 
+ FLAG-hKLHL21; Lane 4: pCI-NEO empty-vector + FLAG-hKLHL21; Lane 5: HSV-2 Us3 
WT + FLAG empty-vector.  

(B) HEK 293T cells were transfected with plasmid encoding FLAG-hKLHL21 or FLAG 
empty-vector. At 24 hours post transfection, cells were mock-infected or infected with HSV-2 
HG52 at a MOI of 10 for 6 hours. Cell lysates were immunoprecipitated using anti-FLAG 
affinity gel. Lane 1: FLAG-hKLHL21 + HSV-2 HG52; Lane 2: FLAG empty-vector + HSV-2 
HG52.  Positions of molecular weight markers in kDa are shown on the left side of each 
blot.α, anti. 
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Figure 4-26. PRV Us3 and KLHL21 interaction recruits Us3 to PML-NBs. To investigate whether 
Us3-KLHL21 nuclear structures were themselves PML-NBs, or in close association with PML-NBs, 
Vero cells were co-transfected in combinations of plasmids expressing EGFP-tagged PRV Us3a, Us3b, 
Us3a KD/D223A, Us3b KD/D169A, and EGFP tag alone, with FLAG-tagged mouse KLHL21 or 
FLAG empty-vector. At 24 hours post transfection, cells were fixed andstained with mouse 
monoclonal antiserum against FLAG peptide and rabbit polyclonal antiserum against PML, followed 
by staining with an Alexa 647-conjugated donkey anti-mouse IgG, and an Alexa 568-conjugated goat 
anti-rabbit IgG. Stained cells were examined by confocal microscopy, and representative images are 
shown. All species of PRV Us3 were localized to nuclear structures in the presence of KLHL21. These 
structures were often found adjacent to PML-NBs, and some of the structures showed co-localization 
with PML-NBs. Note that Us3b KD localized more prominently with PML-NBs in the presence of 
KLHL21. This is likely due to the inability of Us3b KD to cause disruption of PML-NBs. For cells 
transfected with the pair of EGFP-tagged Us3a and FLAG-tagged KLHL21, the cell showing the 
majority of Us3a in cytoplasm was chosen to show Us3-KLHL21 nuclear structures more clearly. 



 

 

 

 

149

Interestingly, co-transfected cells expressing Us3a or Us3b with mKLHL21 showed 

formation of nuclear speckles, reminiscent of PML-NBs (Figure 4-26, “Us3a + KLHL21” and 

“Us3b + KLHL21”). Due to the abilities of Us3a and Us3b to disrupt PML-NBs, it was difficult 

to assess whether these Us3-KLHL21 nuclear speckles were localized to PML-NBs in cells 

expressing kinase-active forms of Us3a and Us3b. However, in cells expressing kinase-dead 

forms, co-localization of Us3a, Us3b and KLHL21 to PML-NBs was readily observed; some 

Us3-KLHL21 nuclear speckles showed complete overlap with PML-NBs, while others showed 

partial overlap, positioned in close proximity (Figure 4-26, “Us3aKD + KLHL21” and “Us3bKD 

+ KLHL21”). The formation of nuclear speckles and localization to PML-NBs was not observed 

when mKLHL21 was co-expressed with EGFP (Figure 4-26, “EGFP + KLHL21”). Overall, these 

results suggest that PRV Us3a and Us3b are recruited to PML-NBs through their interaction with 

KLHL21. 

 

4.4.5 HSV-2 Us3 and KLHL21 Co-Localize to PML-NBs 

To test if HSV-2 Us3 localizes to PML-NBs in the presence of human KLHL21, I 

repeated the immunofluorescence microscopy assay using Vero cells transfected with plasmids 

expressing HSV-2 Us3 WT or KD/D305A, and FLAG-tagged hKLHL21. Unlike its relative in 

PRV, HSV-2 Us3 WT did not show clear re-localization to PML-NBs when co-expressed with 

hKLHL21 (Figure 4-27, “Us3 + KLHL21”). However, when the kinase-dead mutant of Us3 was 

co-expressed with hKLHL21, the formation of nuclear speckles containing both Us3 and 
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Figure 4-27. HSV-2 Us3 and KLHL21 interaction recruits Us3 to PML-NBs. Vero cells were co-
transfected in combinations of plasmids expressing HSV-2 Us3 and Us3 KD/D305A or pCI-neo empty 
vector with FLAG-tagged human KLHL21 or FLAG empty-vector. At 24 hours post transfection, cells 
were fixed and stained with rat polyclonal antiserum against HSV-2 Us3, mouse monoclonal antiserum 
against FLAG peptide and rabbit polyclonal antiserum against PML, followed by staining with Alexa 488-
conjugated donkey anti-rat IgG, Alexa 647-conjugated donkey anti-mouse IgG, and Alexa 568-conjugated 
goat anti-rabbit IgG. Stained cells were examined by confocal microscopy, and representative images are 
shown. Only HSV-2 Us3 KD/D305A was observed to localize to nuclear structures in the presence of 
KLHL21. These structures were often found adjacent to PML-NBs, and some of the structures showed co-
localization with PML-NBs. This is likely due to the effect of substrate trapping by kinase-dead mutant, 
where the structures formed by Us3 KD/D305A and KLHL21 were held much strongly. The structures 
formed by kinase-active Us3 and KLHL21 are possibly in much fewer numbers and masked by the 
majority of Us3 not in complex with KLHL21. Lastly, for cells transfected with the pair of HSV-2 Us3 
KD/D305A and FLAG-tagged KLHL21, the cell showing the majority of Us3 KD in cytoplasm was chosen 
to show Us3-KLHL21 nuclear structures more clearly. 
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hKLHL21 was observed reproducibly in a sub-population of cells (Figure 4-27, “Us3KD + 

KLHL21”). As previously seen with PRV Us3 and mKLHL21, these nuclear speckles showed 

complete or partial overlap with PML-NBs. When HSV-2 Us3 KD/D305A was expressed alone, 

Us3 was primarily localized to the nucleus, without formation of nuclear speckles (Figure 4-27, 

“Us3KD”). Interestingly, when hKLHL21 was expressed alone, hKLHL21 was frequently 

observed to form nuclear speckles localized to PML-NBs (Figure 4-27, “KLHL21”), which 

supports our hypothesis that interaction with KLHL21 enables Us3 to localize to PML-NBs. 

Lastly, despite the absence of co-localization of HSV-2 WT Us3 and hKLHL21 to PML-NBs in 

co-transfected cells, in a sub-population of HSV-2 HG52-infected cells expressing FLAG-tagged 

hKLHL21 where PML-NBs remained intact, Us3 co-localized to PML-NBs along with 

hKLHL21, suggesting that HSV-2 Us3 is localized to PML-NBs in infected cells likely through 

its interaction with KLHL21 (Figure 4-28). 

 

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

We determined that Us3 orthologues from HSV-2 and PRV are capable of disrupting 

PML-NBs in transfected and infected cells (26). Providing a clue to the underlying mechanism, it 

was demonstrated in Section 4.1.1 that proteasome activity is involved in this process. 

Considering that KLHL21 has been shown to act as a substrate adaptor protein for the Cul3 

ubiquitin ligase complex, my previous observation that interaction with KLHL21 recruits Us3 to 

PML-NBs, thus, seems linked to the involvement of the proteasome during Us3-mediated 

disruption of PML-NBs. Accordingly, I hypothesized that KLHL21 is necessary for Us3 to 

localize to PML-NBs and subsequently induce disruption of PML-NBs. 
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Figure 4-28. HSV-2 Us3 and KLHL21 interaction recruits Us3 to PML-NBs during HSV-2 
replication. Vero cells were transfected with plasmid expressing FLAG-tagged human KLHL21 
or FLAG empty-vector. At 24 hours post transfection, cells were infected with HSV-2 HG52 at a 
MOI of 10. At 6 hours post infection, cells were fixed and incubated with 1mg/mL human IgG in 
1% BSA/PBS to block viral glycoproteins from binding to rabbit antiserum. Cells were then 
immunostained with rat polyclonal antiserum against HSV-2 Us3, mouse monoclonal antiserum 
against FLAG peptide and rabbit polyclonal antiserum against PML, followed by staining with 
an Alexa 488-conjugated donkey anti-rat IgG, an Alexa 647-conjugated donkey anti-mouse IgG, 
and an Alexa 568-conjugated goat anti-rabbit IgG. Stained cells were examined by confocal 
microscopy. For cells transfected with FLAG-tagged KLHL21 and infected with HSV-2 HG52, 
the cell showing the majority of Us3 in cytoplasm was chosen to show Us3-KLHL21 nuclear 
structures more clearly. 
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To test this hypothesis, an siRNA-based approach was used to knock down KLHL21 in 

CNE-2Z cells. CNE-2Z cells were chosen, since KLHL21 siRNA was designed specifically for 

human KLHL21, and therefore, we could not use Vero cells for these particular experiments. To 

validate siRNA-based knock-down of KLHL21 in CNE-2Z cells, cells were transfected with 100 

pmol of negative control siRNA or siRNA against KLHL21. At 48 and 72 hours post transfection, 

cell lysates were analyzed by western blotting. As shown in Figure 4-29A, in cells transfected 

with siRNA against KLHL21, the level of KLHL21 was significantly decreased compared to cells 

transfected with the negative control siRNA, indicating that siRNA against KLHL21 successfully 

knocked down KLHL21 in CNE-2Z cells. Notably, the level of PML remained unchanged in 

KLHL21 siRNA-transfected cells, as compared to cells transfected with negative control siRNA. 

After the validation of the KLHL21 siRNA, we examined if Us3 could disrupt PML-NBs  

in KLHL21 knock-down cells. siRNA transfection was repeated in CNE-2Z cells, and, at 72 

hours post transfection, cells were transfected with plasmids encoding HSV-2 Us3 WT, EGFP or 

HSV-1 ICP0. Plasmids encoding EGFP and ICP0 were used as negative and positive controls for 

PML-NB disruption, respectively. At 24 hours after the transfection with plasmids, cells were 

immunostained with antisera specific for PML, and Us3 or ICP0, and PML-NBs were examined 

by confocal microscopy. As shown in Figure 4-29B and 4-29C, cells that did not express Us3, 

EGFP or ICP0 showed an average of 15 PML-NBs per cell, regardless of the siRNA used. 

However, in cells expressing Us3, the fate of PML-NBs was dependent on availability of 

KLHL21. While cells expressing Us3 that had been transfected with negative control siRNA 

showed a significant decrease in the number of PML-NBs compared to untransfected counterparts 

(9.9 PML-NBs/cell vs. 17.4 PML-NBs/cell), those that had been transfected with siRNA against 
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Figure 4-29. Us3 is unable to disrupt PML-NBs after KLHL21 knock-down. (A) To validate 
that siRNA against KLHL21 knocks down KLHL21 in CNE-2Z cells, cells were transfected 
with 100 pmol of KLHL21 siRNA or negative control siRNA. At 48 and 72 hours post 
transfection, cell lysates were harvested and analysed by western blotting. β-actin was used as a 
loading control. (B) CNE-2Z cells were seeded on glass-bottom dishes and transfected with 100 
pmol of KLHL21 siRNA or negative control siRNA. At 48 hours post transfection, siRNA 
transfection was repeated. At 72 hours post transfection, cells were transfected with plasmids 
encoding HSV-2 Us3, HSV-1 ICP0 and EGFP. HSV-1 ICP0 and EGFP were used as positive 
and negative controls for PML-NB disruption, respectively. At 24 hours after plasmid 
transfection, cells were fixed and stained with rabbit polyclonal antiserum specific for PML 
along with rat polyclonal antiserum against HSV-2 Us3 or mouse monoclonal antiserum 
against HSV-1 ICP0, followed by staining with Alexa 568-conjugated goat anti-rabbit IgG, and 
Alexa 488-conjugated donkey anti-rat IgG or Alexa 488-conjugated donkey anti-mouse IgG. 
Stained cells were examined by confocal microscopy, and z series of cells were acquired with a 
step size of 0.4 µm. Representative z-projectile images are shown. (C) CNE-2Z cells were 
transfected with siRNA and plasmids encoding the proteins indicated on the x axis, and stained 
as described above for panel B. Stained cells were examined by confocal microscopy, and 
PML-NBs were counted in 40 transfected cells (dark gray bars) as well as in 40 non-transfected 
cells (light gray bars) in the same dish. The bars represent average of three independent 
experiments for no-siRNA, Us3- and EGFP-transfected cells, and two independent experiments 
for ICP0-transfected cells. Error bars are the standard error of the mean between cells. 
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KLHL21 contained a similar number of PML-NBs to their untransfected counterparts (15.5 PML-

NBs/cell vs. 17.1 PML-NBs/cell). KLHL21-dependent disruption of PML-NBs was only 

observed in Us3-expressing cells; the average numbers of PML-NBs in ICP0- and EGFP-

expressing cells were not significantly affected by knock-down of KLHL21. Therefore, these 

results strongly suggest that KLHL21 is necessary for Us3 to disrupt PML-NBs. 

 

4.4.7 Interferon Sensitivity of HSV-2 Strains is Increased in KLHL21 Knock-Down Cells 

If Us3 requires KLHL21 to disrupt PML-NBs, then knocking down KLHL21 will 

compromise virus growth in IFN-exposed cells due to loss of Us3’s ability to disrupt PML-NBs. 

To test this hypothesis, it was necessary to first validate that siRNA against KLHL21 also works 

in T12 cells, whose responsiveness to IFN and IFN-mediated inhibition of virus replication have 

been characterized (Section 4.3). T12 cells were transfected with 100pmol of siRNA against 

KLHL21 or negative control siRNA. At 48 hours post transfection, siRNA transfection was 

repeated, and IFN or carrier was added to siRNA-transfected cells during the last 18 hours of 

incubation. At a total of 72 hours post transfection, cell lysates were collected and analyzed by 

western blotting.  

As shown in Figure 4-30A, in T12 cells transfected with siRNA against KLHL21, the 

level of KLHL21 was significantly decreased compared to cells transfected with the negative 

control siRNA, indicating that siRNA against KLHL21 successfully knocked down KLHL21 in 

T12 cells. IFN exposure did not alter the level of KLHL21 as compared to the carrier-exposed 

counterparts, suggesting that expression of KLHL21 may not be inducible by IFN stimulation. 

To examine if virus replication becomes compromised after KLHL21 knock-down,  
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Figure 4-30. KLHL21 is necessary for optimal growth of HSV-2. (A) T12 cells were transfected 
with 100 pmol of KLHL21 siRNA or negative control siRNA. siRNA transfected was repeated at 
48 hours post transfection. At 54 hours after the first round of siRNA transfection, 1000 U/ml 
universal type I IFN or 0.1% BSA/PBS (carrier) was added to siRNA-transfected cells. At 72 
hours after the first round of siRNA transfection (ie. after 18 hour-incubation with IFN), cells 
were harvested and analyzed by western blotting. β-actin was used as a loading control. (B) 
siRNA transfection and IFN treatment were performed as described for panel A. At 72 hours after 
the first round of siRNA transfection, cells were infected with HSV-2 186 WT, ∆Us3 or Us3-R 
strains at a MOI of 0.1. At 24 hours post infection, total progeny virus was harvested and titered 
on Vero cells. To assess the effect of KLHL21 knock-down on virus growth, the fold-change in 
virus yield was calculated by dividing the virus titer from cells transfected with negative control 
siRNA by the virus titer from cells transfected with KLHL21 siRNA. The bars represent average 
of three independent experiments, and error bars are the standard error of the mean between 
experiments. α, anti. 
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siRNA transfection and IFN exposure were repeated in T12 cells, and cells were infected with 

HSV-2 186 WT, ∆Us3, and Us3-R strains at a MOI of 0.1. At 24 hours post infection, total 

progeny virus was harvested, and virus yield was determined by titration on Vero cells. To assess 

the effect of KLHL21 knock-down, fold change in virus yield was calculated by dividing the 

virus titer from cells transfected with negative control siRNA by the virus titer from cells 

transfected with siRNA against KLHL21. As shown in Figure 4-30B, in cells exposed to carrier, 

all virus strains experienced a 3-fold decrease in virus yield in KLHL21 knock-down cells. The 

extent of decrease in virus yield after KLHL21 knock-down was greater in IFN-exposed cells; 

WT, ∆Us3, and Us3-R strains showed 6.9-, 13.6- and 12.8-fold decreases in IFN-exposed, 

KLHL21 knock-down cells, respectively. Thus, these results suggest that KLHL21 is necessary 

for optimal levels of HSV-2 replication, especially in IFN-exposed cells to counteract IFN-

induced antiviral effects. 
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Chapter 5 

Discussion 

5.1 Us3 Disrupts PML-NBs 

 PML-NBs are discrete, dynamic nuclear bodies named for PML, their main structural 

component and one that plays a key role in diverse cellular processes, including the DNA damage 

response, apoptosis, senescence and cellular antiviral defenses (55-57, 59). Aside from 

performing these diverse functions in the nucleus, cytoplasmic PML has been found to regulate 

apoptosis by modulating calcium release from the endoplasmic reticulum (389). Representative 

members of all three herpesvirus subfamilies encode proteins that disrupt PML-NBs. In the case 

of alphaherpesviruses, ICP0 orthologues have a well-documented ability to disrupt PML-NBs 

through the targeted degradation of PML via ICP0 E3 ubiquitin ligase activity (59, 390).  

  Recently, a large screen for HSV-1 proteins that disrupt PML-NBs revealed that, in 

addition to ICP0, the products of the UL8.5, UL14, and Us10 genes also share this ability (349). 

While this screen did not identify Us3, work done in our laboratory demonstrated that PML-NBs 

were disrupted in cells expressing catalytically-active Us3 from HSV-2 and PRV, but not in cells 

expressing catalytically-inactive Us3 orthologues (26). These findings indicate that the ability of 

Us3 to disrupt PML-NBs is conserved between diverse alphaherpesviruses, and that Us3-

mediated phosphorylation of an as yet unknown target is required for this activity. Furthermore, 

based on the findings that infection with the Us3-null PRV strain resulted in an increase in the 

number of PML-NBs as compared to cells infected with the WT or Us3-repaired PRV strains, this 

Us3 activity occurs not only in transfected cells but is also relevant during virus infection (Figure 

4-2). The proteasome inhibitor, MG132, dramatically reduced Us3-mediated PML-NB disruption, 
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suggesting that the degradation of one or more cellular proteins is required for this Us3 activity 

(Figure 4-1, Table 4-1). The target of this proteasome activity is not likely PML protein, as Us3 

expression did not lead to detectable PML protein degradation in infected cells (Figure 4-3). 

Nonetheless, the involvement of proteasome activity suggests that Us3 may utilize the host 

ubiquitylation pathway to disrupt PML-NBs.  

 Due to the dynamic nature of PML-NBs, which undergo reorganization in response to 

various external and internal stimuli, any apparent disruption of PML-NBs requires careful 

inspection and analysis. For example, in the experiments described in this study, PML-NB 

disruption could be the result of cytotoxicity from the over-expression of Us3 in transfected cells. 

However, the reorganization of PML-NBs observed in my studies is seemingly different from the 

processes occurring in cells undergoing apoptosis that have been described in the literature. A 

number of studies have demonstrated an initial increase in the number of PML- and Sp100-

positive nuclear bodies in cells undergoing apoptosis (55, 89). This apparent increase is due to the 

formation of microbodies composed of small PML-NB fragments that have broken away from 

unstable PML-NBs during the restructuring of the nucleus and fragmentation of chromatin. 

However, even at very early times post-transfection, when Us3 expression was barely detectable, 

formation of microbodies was not observed in cells expressing Us3 (Appendix F). Indeed, many 

studies have indicated that Us3 actively prevents apoptosis (Section 2.7.1). Thus, it is not likely 

that Us3-induced PML-NB disruption is a secondary effect of apoptosis. 

 Another possibility is that PML-NB disruption can be elicited by changes in nuclear 

structure. It is well known that Us3 modifies a number of nuclear proteins including those that 

influence the structural integrity of the nuclear lamina. Several laboratories have reported that 

Us3 induces solublization of the nuclear lamina by phosphorylating lamin A/C and emerin (37, 



 

 

 

 

161

290). Thus, it is possible that PML-NB disruption is a downstream effect of Us3-elicited 

disturbance of nuclear architecture. While formally possible, my data and those of others argue 

that this is not the case. First, I have observed PML-NB disruption as early as 6 hours post-

transfection, when the level of Us3 is barely detectable and nuclear structure appears to be intact 

(Appendix F). Second, Bjerke and Roller reported that both WT and a kinase-dead mutant of 

HSV-1 Us3 were able to induce disruption of lamin B and lamin A/C in transfected Vero cells 

(391). By contrast, our analysis indicated that kinase-dead forms of Us3 do not induce PML-NB 

disruption, suggesting that the loss of nuclear structural integrity following degradation of lamin 

proteins is not related to Us3-induced PML-NB disruption. Furthermore, a recent study 

demonstrated that disassembly of the nuclear lamina following the elimination of lamin A/C 

enhanced the mobility of PML-NBs, but did not change the number and size of PML-NBs, 

providing another line of evidence for the active role of Us3 in disruption of PML-NBs (392). 

 It is curious that alphaherpesviruses encode multiple activities directed at disrupting 

PML-NBs. In light of the recent finding that the activities of ICP0 orthologues from several 

different alphaherpesviruses display variability in their ability to disrupt PML-NBs (20), 

functional redundancy in an alternate viral protein could be a plausible means by which the 

viruses ensure that PML-NB disruption continues to occur. Clearly, the elimination of these 

structures is key to successful virus replication. While ICP0 targets PML protein for degradation, 

Us3 appears to disrupt PML-NBs without degrading PML. In the case of HSV-1 infection, PML-

NB disruption occurs during the first 4 hours of infection (206, 208, 344). As HSV-1 Us3 is an 

early-late protein, it could be argued that PML-NBs are disrupted prior to Us3 synthesis. 

However, the kinetics of Us3 expression in other alphaherpesviruses can be much earlier. Indeed, 

the HSV-2 and PRV Us3 orthologues can be detected as early as 2 hours post-infection (46). 
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These findings suggest that, for at least HSV-2 and PRV, both Us3 and ICP0 are available prior 

to complete dissolution of PML-NBs. Moreover, because both Us3 (238, 264-266) and ICP0 

(174-181) are virion tegument proteins, these proteins are also delivered to the infected cell upon 

virus entry. It will be important to examine the ability of Us3 to disrupt PML-NB in the absence 

of ICP0 and vice versa in order to sort out the relative contributions of each protein in this process. 

At this time is not clear how the products of the UL8.5, UL14 and Us10 genes target PML-NBs. 

Additionally, how these multiple activities are coordinated during virus infection remains 

unknown. 

  

5.2 Us3 Targets Specific PML Isoforms for Disruption 

To further characterize the mechanism by which Us3 mediates PML-NB disruption,  

a series of co-transfection assays was performed to examine the PML isoform specificity of Us3. 

Unlike HSV-1 ICP0, which caused degradation of all PML isoforms tested, Us3 was found to 

target PML I for proteasome-independent degradation (Figure 4-4 and 4-5) and PML III, IV, V, 

and VI for dispersal (Figure 4-6 and 4-7). Interestingly, PML II was refractory to Us3-mediated 

degradation or dispersal (Figure 4-8). These results suggest that although ICP0 disrupts PML-

NBs through degradation of all PML isoforms, Us3 displays specificity for certain PML isoforms. 

Additionally, in contrast to ICP0, which preferentially degrades SUMOylated PML, Us3 induced 

degradation of both the non-SUMOylated and SUMOylated forms of PML I, and did not alter the 

SUMOylation status of other PML isoforms, suggesting that Us3 does not interfere with PML 

SUMOylation to disrupt PML-NBs. Furthermore, based on the isoform-specific activities of Us3, 

it is possible that the ability of Us3 to disrupt a PML-NB depends on the relative composition of 



 

 

 

 

163

PML isoforms. In other words, Us3 may be able to disrupt only a sub-population of PML-NBs, 

likely those mainly composed of PML I, III, IV, V and/or VI, but not PML II. This may partially 

explain why a few PML-NBs were frequently found resistant to Us3-mediated disruption in most 

experiments. The isoform specificity of Us3 identified in the co-transfection assays was also 

demonstrated in the alternative transfection assays that utilized stable cell lines expressing 

individual PML isoforms in the virtual absence of endogenous PML (Figure 4-10). 

 As an alternative mechanism to Us3-mediated degradation of PML I, the Us3-induced 

loss of PML I observed in the Us3 and PML I co-transfection assay could be explained by Us3 

inhibition of PML I expression at the transcriptional and/or translational levels in a kinase-

dependent manner, thereby reducing the amount of PML I. However, considering that all the 

plasmids used for the Us3 and PML isoform co-transfection assays were cloned in a similar 

fashion, and that PML isoforms were expressed under the control of the same promoter, it is 

unlikely that Us3 specifically blocks the expression of PML I from the plasmid. Furthermore, Us3 

has been shown to act as a transcriptional and translational activator rather than a repressor (39, 

43-45). Therefore, the most likely scenario appears to involve Us3-mediated degradation of PML 

I. To identify the potential element in PML I that determines degradation in the presence of Us3, 

the structure of PML I may be considered. PML I is unique among all PML isoforms in that it 

contains sequences expressed from the PML exon 9, which may confer susceptibility to Us3-

mediated degradation. It would be interesting to examine whether adding the PML exon 9 

sequences to the C-termini of PML II, III, VI, V, or VI could lead to degradation of these PML 

isoforms in the presence of Us3. 

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

the size of plaques formed by HSV-2 186, ∆Us3, 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, III, IV, and VI cells, in 

which Us3 is capable of degrading or dispersing the PML isoforms (Figure 4-11). These defects 

could be due to antiviral activities mediated by these PML isoforms that the virus can overcome 

in the presence of Us3. Consistent with this hypothesis, in PML II cells where PML II was not 

targeted by Us3 for degradation or dispersal, the absence of Us3 did not lead to a significant 

reduction in plaque size. To my surprise, the ∆Us3 strain did not show defects in plaque size in 

PML V cells, despite that Us3 was previously found capable of dispersing PML V. It is likely that 

other viral proteins participate in counteracting the antiviral effect of PML V. Alternatively, PML 

V may not have an antiviral effect against HSV-2, as suggested by previous observation that 

over-expression of PML V in cells knocked down for endogenous PML did not affect HSV-2 

replication (353).  

 The physiological explanations as to why PML II is resistant to Us3-mediated disruption 

could be two-fold. First, the inability of Us3 to target PML II for disruption is consistent with the 

previously-reported pro-viral role of PML II. Studies have shown that the effect of PML II on 

virus replication is distinct between HSV-1 and HSV-2, as PML II has been shown to restrict 

HSV-1 replication, but facilitate HSV-2 replication (307, 353). Therefore, it seems feasible that 

the inability of Us3 to target PML II for disruption has not been subjected to selective pressures 

in the course of HSV-2 evolution, since it is not associated with a fitness cost to HSV-2 

replication. Second, the finding is also consistent with the shift of PML mRNA balance by HSV-

2 ICP27. Within 3 hours post infection, HSV-2 ICP27 binds to PML pre-mRNA, and switches 

the splicing of PML II transcripts to PML V (353). Therefore, Us3 may not target PML II, since 

the expression of PML II is down-regulated by ICP27 at a very early stage of virus infection, and 

thus, PML II would not impose a significant antiviral barrier, if any, in infected cells. It would be 



 

 

 

 

165

interesting to examine if the same isoform specificity is exhibited by PRV Us3. With respect to 

the molecular basis for PML II resistance to Us3, the sequences expressed from the PML exon 7b, 

which are only found in PML II, may render PML II refractory to Us3-mediated dispersal. Since 

PML III, which contains sequences from frame-shifted exon 7b, is dispersed by Us3, expression 

from the PML exon 7b in the correct reading frame seems essential for resistance to Us3-

mediated disruption.  

Of all the cell lines examined, the ∆Us3 strain showed the greatest reduction in plaque 

size in PML IV cells (Figure 4-11). This finding was both interesting and surprising, because the 

extent of reduction was very significant, despite the presence of ICP0. Many studies have 

reported that, by recruiting p53 and factors in charge of p53 regulation, including Mdm2, PML IV 

executes apoptosis in response to apoptotic stimuli (68, 93, 111, 134, 136-139). Perhaps it is no 

coincidence that PML IV has been implicated in apoptosis, and that Us3 has been implicated in 

the prevention of virus-induced apoptosis as well as apoptosis induced by many agents and 

environmental stimuli (30, 268, 269, 273-276). In light of my findings, it was reasonable to 

consider that Us3-mediated dispersal of PML IV contributes to Us3 anti-apoptotic activities. 

However, in contrast to my prediction, complementation of the PML K/D cells with PML IV did 

not increase staurosporine-induced apoptosis, suggesting that the observed reduction in plaque 

size by the ∆Us3 strain is not attributable to the apoptotic capability of PML IV (Figure 4-14). 

Furthermore, the replication of HSV-2 strains was not significantly affected in PML IV cells, 

compared to their replication in parental and PML K/D cells (Figure 4-12 and 4-13). Therefore, it 

is likely that the reduced plaque size of the ∆Us3 strain in PML IV cells is caused by inhibited 

virus cell-to-cell transmission through unknown PML IV activities. However, the possibility that 

PML IV inhibits viral replication of the ∆Us3 strain independently of its apoptotic activities, and 
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that this inhibition is only detectable at a very low MOI, should be considered. For the plaque size 

assay, the virus inputs were controlled to be approximately 100 PFU, resulting in an average MOI 

of 0.0001, whereas at least 100,000 PFU of each virus strain were inoculated for the virus growth 

assay to an average MOI of 0.1. This difference represents a 1000-fold higher viral input used for 

the virus growth assays, which might have provided significantly more viral proteins to 

compensate for the absence of Us3 and overcome any PML IV-mediated antiviral effects. 

 

5.3 Us3 Interacts with KLHL21 to Disrupt PML-NBs 

 The involvement of the proteasome during Us3-mediated disruption of endogenous PML-

NBs suggests that Us3 may utilize the host ubiquitylation machinery to disrupt PML-NBs. Indeed, 

a possible role of Us3 in the modulation of host ubiquitylation pathway was reported by Sen et al., 

where Us3 reduced poly-ubiquitylation of TRAF6 in a kinase-dependent manner to block the 

TLR2 signaling pathway (50). In agreement with this hypothesis, specific interactions between 

PRV and HSV-2 Us3 orthologues and KLHL21 were demonstrated in transfected and infected 

cells by a series of yeast two-hybrid and co-IP assays, indicating that the interaction between Us3 

and KLHL21 is a conserved feature of Us3 orthologues from diverse alphaherpesviruses (Figure 

4-22 to 4-25). Interaction with KLHL21 recruited Us3 to PML-NBs, and KLHL21 was found to 

be crucial for Us3’s ability to disrupt PML-NBs (Figure 4-26 to 4-29). This requirement for 

KLHL21 in Us3-mediated disruption of PML-NBs was reflected in the necessity of KLHL21 for 

optimal levels of virus replication (Figure 4-30). 

 The results of yeast two-hybrid assays indicate that amino acid residues 101-147 may be 

the KLHL21 interaction sites within PRV Us3 (Figure 4-22). However, it should be noted that the 
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interaction between Us3 and its target may not occur simply by sequence recognition, since 

several of the PRV Us3 truncation mutants, such as Us3∆C32, failed to show yeast two-hybrid 

interactions, despite the presence of potential KLHL21 interaction site. This indicates that the 

potential interaction site alone is not sufficient to mediate protein-protein interaction between Us3 

and its interaction partner. Thus, a model to explain Us3-KLHL21 interaction can be derived such 

that protein-protein interaction between these proteins is achieved by recognition of structure, 

rather than linear amino acid sequence. To achieve strong protein-protein interaction, Us3 and its 

partner(s) not only require an interaction site but also other external residues to maintain the 

interaction site in its intrinsic secondary or tertiary structure. It appears that residues both 

proximal and distal to the interaction site are necessary to maintain the structural integrity of the 

interaction site, although it remains unclear which residues are required and how they are 

involved. For PRV Us3, one possible explanation is that deletion of C-terminal 32 residues is 

sufficient to disrupt the overall structure and attenuate interaction with Eps8 and KLHL21, 

whereas the N-terminal truncation fragments sustained their interactions with Eps8 and KLHL21 

even after deletion of N-terminal 100 residues. Therefore, C-terminal residues approximately 200 

residues distant from the interaction site may be required for the proper folding of the interaction 

site. 

 Us3-KLHL21 interactions via structural recognition may also explain the differing effects 

of Us3 alanine substitution mutations on Us3-Eps8 and Us3-KLHL21 interactions (Figure 4-23). 

In previous work, our laboratory determined that the N-terminal 54 amino acids only present in 

Us3a contain the mitochondrial localization signal that allows Us3a to localize to mitochondria, 

but not Us3b (2). However, it remains unclear how the mitochondria localization signal in the N-

terminus of Us3a functions dominantly over the nuclear localization signal that was determined to 
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be present between the residues 55-156. The authors suggested that the basic residues 10-20 in 

the N-terminus of Us3a form an intramolecular interaction with the acidic residues 71-92. This 

interaction may mask the nuclear localization signal of Us3a, and results in the predominant 

localization of Us3a in the cytoplasm and plasma membranes (2). This folding in the N-terminus 

of Us3a may be critical for Us3a–Eps8 interaction, as the mutation of acidic residues 85-90 to 

alanines abolished the interaction between Us3a and Eps8 (Figure 4-23). By contrast, the N-

terminal folding of Us3a may block the interaction between Us3a and KLHL21, since the Us3a-

KLHL21 interaction was enhanced after the mutation to alanine (Figure 4-23). 

 Considering that KLHL21 acts as an adaptor protein for the Cul3 ubiquitin ligase complex, 

it seems feasible that the involvement of proteasome during Us3-mediated disruption of PML-

NBs is linked to the co-localization of Us3 and KLHL21 to PML-NBs. Supporting this 

speculation, Us3 lost its ability to disrupt PML-NBs in KLHL21 knock-down cells (Figure 4-29). 

Thus, I propose the following model for Us3 mediated disruption of PML-NB: Us3 interacts with 

KLHL21, which may have already formed a complex with Cul3 ubiquitin ligase, and this 

interaction, in turn, recruits the entire protein complex to PML-NBs, allowing ubiquitylation and 

degradation of unidentified target(s) residing within or proximal to PML-NBs, and subsequently 

leading to disassembly of PML-NBs. 

The role of Us3 kinase activity remains unclear. In contrast to our previous observation 

that only catalytically-active Us3 leads to disruption of PML-NBs, the kinase activity of Us3 does 

not seem to alter Us3 interaction with KLHL21. Catalytically-inactive Us3 showed the formation 

of nuclear speckles with KLHL21 in immunofluorescence microscopy assays, and was able to 

pull down KLHL21 in the co-IP experiments in the same manner as catalytically-active Us3 

(Figure 4-24 to 4-27). Therefore, it is possible that, although not required for physical interaction 
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with KLHL21, Us3-mediated phosphorylation may be crucial in inducing ubiquitylation of the 

unknown substrate by KLHL21 and Cul3. Indeed, several studies have reported that 

phosphorylation of ubiquitylation substrates or components of ubiquitin ligase complex, such as 

substrate adaptors, enhances ubiquitylation and subsequent degradation of the substrate (393-395). 

These findings suggest that Us3 may target Cul3; other components of the Cul3 ligase complex, 

such as ROC-1; or the unknown substrate for phosphorylation, and that this Us3-mediated 

phosphorylation is essential in driving Cul3-mediated ubiquitylation of the substrate. 

Alternatively, Us3 may phosphorylate KLHL21, and this phosphorylation may mimic the signal 

necessary to activate KLHL21 as a substrate adaptor for Cul3. Hence, it will be important for 

future investigation to determine which component of the KLHL21-Cul3 ubiquitin ligase 

complex is phosphorylated by Us3. 

This model suggests a novel biological function for KLHL21. As a substrate adaptor 

protein for the Cul3 ubiquitin ligase complex, KLHL21 recruits Aurora B, a cellular kinase 

involved in mitosis, to the Cul3 ubiquitin ligase complex, and to induce subsequent ubiquitylation 

of Aurora B by Cul3 (52). Our model suggests that KLHL21 may have an additional role as a 

modulator of PML-NBs. This is not too surprising, since one of its relatives, KLHL20, has been 

shown to induce poly-ubiquitylation and proteasome-dependent degradation of PML by the Cul3 

ubiquitin ligase complex, and lead to disruption of PML-NBs under hypoxic conditions (117). 

Thus, it is possible that KLHL21 recruits the Cul3 ubiquitin ligase complex to an unknown 

cellular protein that affects the integrity of PML-NBs, as discussed in more detail below. 

KLHL21-induced ubiquitylation and subsequent degradation of this target protein results in 

disruption of PML-NBs. Our observation that KLHL21 alone can localize to PML-NBs supports 

a possible role for KLHL21 in the integrity of PML-NBs (Figure 4-27). However, since the over-
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expression of KLHL21 did not seem to alter PML-NBs, and the KLHL21 knock-down showed 

that the average number of PML-NBs and the level of PML protein were not significantly 

changed in cells transfected with siRNA against KLHL21, KLHL21-mediated disruption of 

PML-NBs may only occur under certain conditions, as was observed with KLHL20, and 

interaction with Us3 may allow KLHL21 to by-pass activation by an upstream signaling cascade 

(117).  

 

5.4 Proposed Model: Us3-KLHL21 Interaction Recruits the Cul3 Ubiquitin Ligase 

Complex to PML-NBs 

The proposed mechanism by which Us3 disrupts PML-NBs via its interaction with 

KLHL21 shows similarities and differences from the mechanisms employed by other herpesvirus 

proteins to disassemble PML-NBs early in their infection. The common theme shared between 

Us3, ICP0 and EBNA1 is that all three viral proteins depend on the host ubiquitylation machinery 

and proteasomal activity to disrupt PML-NBs. However, in contrast to ICP0 and EBNA1, Us3 

achieves its goal by inducing degradation of a cellular protein that is not PML protein itself. 

Furthermore, unlike IE1 and BZLF-1, Us3 does not alter the SUMOylation status of PML 

(Figures 4-3, 4-4, 4-6, 4-7, 4-8, 4-20). Rather, the PML-NB disruption mechanism of Us3 most 

resembles that of ORF61, an ICP0 ortholgue expressed by VZV. Similar to ICP0, VZV ORF61 

contains a RING domain and a SIM, and its RING domain has been shown to mediate the 

ubiquitin ligase activity of ORF61 in vitro (20, 396). However, unlike its HSV-1 relative, ORF61 

disrupts PML-NBs without inducing degradation of PML or altering the SUMOylation status of 

PML, and does not show a strong localization to PML-NBs when expressed alone or during VZV 
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infection, analogous to what has been observed with Us3 (348, 396, 397). For VZV ORF61, its 

RING and SIM domains are required for its ability to disrupt PML-NBs (348). Based on these 

findings, the authors suggested that ORF61 localizes to PML-NBs via interaction between its 

SIM and SUMOylated PML in PML-NBs, and recruits an unknown cellular protein through its 

RING domain to dislodge SUMOylated PML from PML-NBs, resulting in disassembly of PML-

NBs (348). 

Based on this potential mechanism by which ORF61 disrupts PML-NBs, it may be 

speculated that yet-unknown cellular proteins are capable of disturbing the integrity of PML-NBs 

without altering the level and modification status of PML. Perhaps, the opposite scenario may 

exist as well, in which yet-unknown cellular proteins stabilize the interactions between PML and 

other PML-NB resident proteins into PML-NBs to strengthen the structural integrity of PML-

NBs, in assistance to the nucleation mediated by interactions between the RBCC motifs of PML 

and between SUMO moieties and SIMs of PML-NB resident proteins. Considering the diverse 

structures of PML-NB resident proteins, along with the possible presence of at least six different 

isoforms of PML with unique C-termini in a single PML-NB, an additional level of stabilization 

by cellular proteins, that act as molecular staples to secure PML-NB resident proteins together, 

may be important in assembling and maintaining the structural integrity of PML-NBs. The 

existence of these “staple” proteins could partially explain as to how PML VI, when expressed 

alone, forms into PML-NBs that are seemingly indistinguishable from NBs formed by other SIM-

containing PML isoforms, despite its lack of SIM. However, if the strength of interaction between 

the resident proteins, assisted by the “staple” proteins, is too strong, dynamic exchange of 

resident proteins in and out of PML-NBs will be disabled. Thus, to allow some extent of 

structural flexibility and modulate the rate of exchange of the resident proteins, especially when 
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cells are under stress, regulatory mechanisms that control the addition and elimination of the 

“staple” proteins to and from PML-NBs, for example by degradation, would be necessary. 

The above scenario may also explain the recruitment of KLHL21 and possibly the Cul3 

ligase complex to PML-NBs by Us3. Although KLHL21 has been shown to induce mono-

ubiquitylation of Aurora B kinase, the possibility that it is also capable of inducing poly-

ubiquitylation and proteasome-dependent degradation of uncharacterized substrates cannot be 

excluded. The structural and functional similarities shared among the members of the KLHL 

protein family as substrate adaptors for Cul3-mediated poly-ubiquitylation and protein 

degradation support this possibility (6). After recruitment to PML-NBs, KLHL21 and the Cul3 

ubiquitin ligase complex may induce degradation of one or more cellular proteins that function as 

“staple” proteins, resulting in the loss of stable interaction between the resident proteins and the 

eventual disassembly of PML-NBs (Figure 5-1). 

To incorporate the PML isoform-specific activities of Us3 into this scenario is more 

challenging, since Us3 leads PML isoforms to three distinct fates: degradation, dispersal and 

resistance. As Us3 induces dispersal in the majority of PML isoforms, the target protein for 

KLHL21-mediated degradation is most likely a universal “staple” protein that is capable of 

stabilizing interactions between all PML isoforms (Figure 5-1A). The only exception would be 

PML II, which may not be supported by the “staple” protein, possibly due to its exon 7b-derived 

C-terminal tail that may inhibit the interaction between the “staple” protein and PML II, or favor 

interactions with other PML-NB resident proteins. The “staple” protein may protect PML I from 

a proteasome-independent mechanism, for example proteolysis by proteases. Alternatively, the 

“staple” protein may stabilize the interaction between PML I and PML-NB resident proteins in 

the same manner as other non-PML II isoforms. It could be that, after the degradation of the 
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Figure 5-1. (A) “Staple” proteins act as molecular staples to secure PML-NB resident proteins together. “Staple” proteins targeted by Us3-mediated 
degradation (white) may function as a universal “staple” protein that is capable of stabilizing interactions between all PML isoforms, with the exception of 
PML II. The “staple (white)” protein may also protect PML I from a proteasome-independent degradation, for example proteolysis by proteases (pink). 
Alternatively, each “staple (white)” protein may be unique in that each strengthens the association of PML I, III, IV, V or VI with PML-NB resident proteins, 
while others could prevent PML I degradation. These proteins may share a common structural feature recognized by the Kelch domain of KLHL21. The 
association of PML II with PML-NB resident proteins may by stabilized by a separate set of “staple (orange)” proteins that are not targeted by Us3. (B) Us3 
interacts with KLHL21, which may have already formed a complex with Cul3 ubiquitin ligase, and this interaction, in turn, recruits the entire protein complex 
to PML-NBs, allowing ubiquitylation (solid arrows) and degradation of “staple (white)” proteins. Us3 may target Cul3; other components of the Cul3 ligase 
complex, such as ROC-1; KLHL21or the “staple (white)” protein for phosphorylation (P). (C) Degradation of “staple (white)” proteins subsequently leads to 
disassembly of PML-NBs. PML II may remain associated with PML-NB resident proteins, as the “staple (orange)” proteins are not targeted for degradation. S, 
SUMO moieties; ub, ubiquitin moieties. 
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“staple” protein by KLHL21, the dispersed PML I molecules may be recognized by their exon 9-

derived sequences, and become subjected to degradation elsewhere in the nucleus or cytoplasm. 

In this alternative case, the degradation of PML I represents a downstream effect of Us3-mediated 

disruption of PML-NBs, rather than a cause.  

On the other hand, multiple proteins may be targeted by KLHL21 for degradation. In 

other words, some of these target proteins could strengthen the association of PML I, III, IV, V 

and VI with PML-NB resident proteins, while others could stabilize PML I to prevent PML I 

degradation. These proteins might share a common structural feature recognized by the Kelch 

domain of KLHL21. 

 

5.5 Us3 May Disrupt PML-NBs to Promote Viral Gene Transcription in IFN-

Exposed Cells 

 What might be the physiological consequences of Us3-mediated disruption of PML-NBs? 

One possibility is that Us3 targets PML-NBs for disruption in order to access HDACs, which are 

known to be PML-NB resident proteins (398). The Us3 orthologues encoded by several members 

of the Alphaherpesvirinae have been shown to phosphorylate and inhibit HDACs, which has been 

postulated to relieve transcriptional silencing of the viral genome (44, 45, 289, 294, 399). It may 

be that PML-NB disruption is a pre-requisite for efficient HDAC phosphorylation by Us3. 

Alternatively, Us3 may disrupt PML-NBs to prevent virus-induced apoptosis. Although the 

mechanism by which Us3 functions in this capacity is not fully understood, it has been suggested 

that Us3 modification of multiple cellular targets is required because Us3 protects cells from 
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apoptosis induced by diverse stimuli. In light of our findings, it is reasonable to consider that 

Us3-mediated PML-NB disruption contributes to a wide spectrum of Us3 anti-apoptotic activities. 

A third possibility, which was examined in my studies, is that Us3-mediated PML-NB 

disruption contributes to viral resistance to IFN-mediated antiviral effects. The coordinated 

activities of ISG direct the first line of antiviral defenses by limiting virus replication and spread 

and enhancing the adaptive immune response. Thus, the ability of virus to evade and blunt the 

IFN response is a determining factor for viral virulence and persistence in hosts. Compared to 

other viruses, such as vesicular stomatitis virus, an RNA virus often used to study the antiviral 

effects of IFNs, herpesviruses have a relatively high resistance to IFN, partially owing to their 

large genome capacities to encode multiple IFN antagonists. These factors are capable of 

interfering with various components of the host IFN response system, which would otherwise 

detect viral invasion, trigger the production of IFN, relay signals from activated IFN receptors, 

and activate the expression of ISG. This multifaceted blockade in the host IFN response system, 

conferred by multiple IFN antagonists, ensures the virus to counteract the IFN-mediated 

immunity in a variety of cell types that the virus would encounter during the course of natural 

infection, from the initial site of infection to a destination for latency. Indeed, in cultured cells, 

most IFN-sensitive HSV mutants can reverse their IFN sensitivity and undergo replication to 

extents similar to their WT counterparts depending on the cell type and MOI, demonstrating that 

HSV is well equipped with multiple back-up strategies. 

Section 4.3 describes an additional component of the HSV-2 anti-IFN strategy. It was 

found that the growth of a HSV-2 strain deficient in the expression of Us3 is sensitive to IFN to a 

much greater extent than the WT and repaired strains, and that this hypersensitivity is due to IFN-

induced suppression of viral gene transcription (Table 4-2, Figure 4-18). The finding that the 
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absence of Us3 affected the transcription of IE genes, which are expressed before the de novo 

synthesis of Us3, strongly suggests the contribution of tegument-associated Us3. This IFN-

induced silencing of the ∆Us3 strain is associated with deficient disruption of PML-NBs by the 

virus in IFN-exposed cells (Figure 4-19). Accordingly, siRNA knock-down of PML demonstrated 

that Us3 counteracts PML-mediated antiviral effects in IFN-exposed cells (Table 4-4). These 

results support and extend the argument raised by Piroozmand and colleagues that HSV-1 Us3 

contributes to viral resistance to IFN as well as ICP0, ICP34.5, Us11 and UL13, the four viral 

proteins that have already been characterized to perform anti-IFN activities in HSV-1 infection 

(297). 

  

5.6 Proposed Model: Tegument Us3 Disrupts PML-NBs via Its Interaction with 

KLHL21 and Promotes Viral Gene Transcription in IFN-Exposed Cells 

Based on the necessity of Us3 for the expression of IE viral transcripts in IFN-exposed 

cells and evasion from the IFN-induced, PML-mediated antiviral barrier, I propose the following 

model (Figure 5-2). In IFN-exposed cells, the mRNA and protein expression levels of PML and 

other PML-NB resident proteins, such as Sp100, are induced, resulting in growth of PML-NBs in 

size and number. Upon infection and delivery of the viral genome into the nucleus, this IFN-

induced growth enhances PML-NB-mediated silencing of the viral genome, efficiently preventing 

viral gene expression. In return, Us3 brought into the cell via the tegument induces disruption of 

PML-NBs, which leads to alleviation of this transcriptional silencing and promotion of 

expression of immediate-early genes, including ICP0. ICP0 and Us3 then work by distinct  

 



 

 

 

 

177

 

Figure 5-2. (A) In IFN-exposed cells, the mRNA and protein expression levels of PML and other PML-NB 
resident proteins, such as Sp100, are induced, resulting in growth of PML-NBs in size and number. Upon 
infection and delivery of the viral genome into the nucleus, this IFN-induced growth enhances PML-NB-
mediated silencing of the viral genome, efficiently preventing viral gene expression. (B) Us3 brought into 
the cell via the tegument interacts with KLHL21, which may have already formed a complex with Cul3 
ubiquitin ligase, and this interaction, in turn, recruits the entire protein complex to PML-NBs, allowing 
ubiquitylation and degradation of “staple” proteins.  (C) Degradation of “staple” proteins leads to 
disruption of PML-NBs, which leads to alleviation of PML-NB-mediated transcriptional silencing of the 
viral genome and promotion of viral gene transcription, including de novo expression of ICP0 and Us3. (D) 
ICP0 and Us3 then induce ubiquitylation and degradation of distinct targets to ensure efficient disruption of 
PML-NBs and the disarming of PML-NB-mediated antiviral defense mechanisms. S, SUMO moieties; ub, 
ubiquitin moieties. 
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pathways to ensure efficient disruption of PML-NBs and the disarming of PML-NB-mediated 

antiviral defense mechanisms. 

In reviewing the proposed model, it is noteworthy that, although siRNA-mediated knock-

down of PML caused remarkable recovery of the replication of the ∆Us3 strain in IFN-exposed 

cells, it did not cause complete recovery (Table 4-4). This may be due to the following reasons: 1) 

the presence of persistent PML-NBs, 2) the action of Sp100 and other PML-NB resident proteins, 

or 3) the involvement of other ISG activities. Regarding the first possible cause, we observed that 

the siRNA against PML (siPML) used in our siRNA assays successfully knocked down a large 

proportion of all PML isoforms, as shown in the western blot analysis, and that such siPML-

mediated knock-down of PML was maintained even after exposure to IFN, nullifying IFN-

induced expression of PML (Figure 4-20C). However, the same analysis also indicated that a 

small proportion of PML remained in siPML-transfected cells. This finding was consistent with 

the presence of few PML-NBs remained in siPML-transfected cells. Presuming that the 

composition of these persistent PML-NBs does not change during siRNA transfection, it is 

possible that they are capable of functioning as IFN-induced antiviral effectors and can inhibit the 

replication of ∆Us3 in IFN-exposed cells by exerting transcriptional silencing, albeit to a lesser 

extent than they do so in cells transfected with the negative control siRNA.  

The contribution of other PML-NB resident proteins should be noted as well. Previous 

research has shown that PML-NB-like structures composed of other PML-NB resident proteins, 

such as Sp100 and hDaxx, are recruited to the viral genome, even in the absence of PML (302, 

305, 321). As some of the PML-NB resident proteins, including Sp100, are inducible by IFN, 

increased levels of these proteins may compensate for the loss of PML in IFN-exposed cells, and 

participate in IFN-induced silencing of the viral genome. Thus, in order to fully recover the 
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replication capacity of the ∆Us3 strain, it may be necessary to knock down PML, Sp100, and/or 

other antiviral PML-NB resident proteins in combination.  

Alternatively, considering the vast range of its potential target proteins, Us3 may interfere 

with IFN action via multiple mechanisms targeting the activities of other ISGs, such that lack of 

Us3 cannot be fully compensated by inhibiting PML or PML-related activities alone. For example, 

although this study focused mainly on the role of Us3 in promoting viral gene transcription, Us3 

may also interfere with IFN action on a translational level. Us3 has been shown to phosphorylate 

TSC2 to bypass the Akt activation step and constitutively activate the mTOR1 pathway, 

promoting viral mRNA translation (39). Thus, it is possible that the Us3-mediated activation of 

the mTOR1 pathway in IFN-exposed cells brings the balance of translation regulation against 

PKR-mediated translational arrest. However, the contribution of Us3 to enhancing translation 

may not be significant, since the Akt/mTOR pathway is known to be activated in response to IFN 

to increase translation of ISGs (15). Thus, in our experimental setting, the mTOR1 pathway might 

have already been activated after IFN exposure alone, and not have required the contribution of 

Us3. On the other hand, with the identification of more than 300 ISGs in response to type I IFN, 

the possibility remains that Us3 may also interfere with ISGs that are not directly involved in 

transcriptional or translational regulation in IFN-exposed cells (400-402). For example, ISGs 

involved in mediating IFN-induced apoptosis could be potential targets for Us3. 

Lastly, the model proposed here implies the existence of functional redundancy between 

ICP0 and Us3 during virus-induced disruption of PML-NBs in IFN-exposed cells. Such 

redundancy is not unusual, and it is known that two other HSV proteins, ICP34.5 and Us11, act in 

parallel to prevent the activity of the common target, PKR. ICP34.5 recruits PP1α to reverse 

PKR-mediated phosphorylation of eIF-2α, while Us11 binds to PKR and prevents its activation 
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(385, 403-406). As the two proteins are expressed at different times during infection, with 

ICP34.5 expressed prior to Us11, it has been suggested that ICP34.5 and Us11 interfere with PKR 

activity by distinct mechanisms at discrete times in the replication cycle (405, 407). The 

possibility of such cooperation between Us3 and ICP0 emphasizes the importance of eliminating 

PML-NBs for efficient viral replication, especially in IFN-exposed cells, to overcome the 

antiviral activity enhanced above the resting level. Moreover, the redundancy and cooperation 

between ICP0 and Us3 may provide viruses with plasticity. For example, the ICP0-deficient 

strain of HSV-1 is hypersensitive to IFN in Vero cells, but not to the same extent in other cell 

lines, such as human diploid fibroblast (HF) and mouse embryonic fibroblast (MEF) cells (339, 

408). Thus, it is possible that Us3 activity against IFN action may compensate for the lack of 

ICP0 in HF and MEF cells, and promote the replication of the ICP0-deficient virus to a level 

similar to that of the WT virus. This functional redundancy of ICP0 and Us3 may function as a 

fail-proof strategy for ensuring optimal virus replication in various cell types with distinct 

biological properties, including IFN responsiveness, expression patterns of ISG, and relative 

levels of PML isoforms and KLHL family members. If PML-NB disruption via one pathway 

becomes less efficient, such as when ICP0-mediated degradation of PML is restricted due to 

sequestration of ICP0 in the cytoplasm by cytoplasmic PML (409), or when Us3-mediated 

dispersal of PML-NBs is blocked by low availability of KLHL21, compensation could be 

achieved by disruption via the remaining unperturbed pathway. The extent of this compensation 

would vary depending on the cell type, from full compensation, as seen in HF and MEF cells, to 

at least a partial compensation, as seen in Vero cells. 

 Currently, it is difficult to clearly differentiate the contribution of Us3 from that of ICP0 in 

virus resistance to IFN, based on my observation that Us3 is needed for full expression of ICP0 in 
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IFN-exposed cells. Thus, a possible caveat to our model and interpretations is that Us3-mediated 

transcription of viral genes occurs through an unidentified mechanism that does not involve PML 

and PML-NBs, and the defect in PML-NB disruption in IFN-exposed, ∆Us3-infected cells may 

be more attributed to insufficient ICP0. Yet, our analyses may provide a counter-argument for 

this caveat. Figure 4-20C shows that, in IFN-exposed cells, despite the infection with the HSV-2 

strains and presence of ICP0, the level of PML remained equivalent to that of IFN-exposed, 

uninfected cells (compare the last three lanes to the second lane of the left panel). This suggests 

that, in IFN-exposed cells, there is not enough ICP0 to degrade a significant portion of PML 

regardless of the virus strain used. This result is in contrast to my microscopy data (Figure 4-19), 

which shows a significant decrease in the average number of PML-NBs in IFN-exposed cells 

infected with the WT and Us3-R strains. Therefore, when the level of PML is enhanced by IFN, 

above ICP0’s capacity, the contribution of Us3 in disrupting PML-NBs may become evident 

Clearly, it will be important to examine the ability of Us3 to disrupt PML-NBs and promote viral 

gene transcription in IFN-exposed cells in the absence of ICP0 and vice versa in order to sort out 

the relative contributions of each protein in this process. 
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Chapter 6 

Summary and Future Directions 

 Based on our finding that Us3 orthologues are capable of disrupting PML-NBs (26), the 

studies described in this thesis were aimed to determine the mechanism underlying Us3-mediated 

PML-NB disruption, and examine the physiological contribution of this novel Us3 activity to 

virus replication. Consistent with our observation in transfected cells, PML-NBs were disrupted 

in cells infected with PRV strains in a Us3-dependent manner. While loss of PML-NBs in 

response to Us3 expression was prevented by the proteasome inhibitor, MG132, Us3-mediated 

degradation of PML was not observed in cells infected with PRV, suggesting that Us3-mediated 

PML-NB disruption involves proteasome-dependent degradation of an unknown target protein(s).  

Although it was demonstrated that Us3 disrupts PML-NB in a proteasome-dependent 

manner, Us3 did not target the PML protein for degradation or alter PML protein SUMOylation. 

These findings indicate that Us3 disrupts PML-NB by a mechanism that has not been previously 

described. PRV and HSV-2 Us3 orthologues interacted with KLHL21 during virus replication, 

mediated by a region contained in the N-terminus of Us3. Interestingly, PRV and HSV-2 Us3 

were re-localized to PML-NBs when co-expressed with KLHL21, suggesting that interaction 

between Us3 and KLHL21 is necessary for Us3 to target PML-NBs. In support of this idea, 

siRNA-mediated knock-down of KLHL21 prevented Us3-mediated PML-NB disruption and 

inhibited virus replication. Taken together, these findings suggest that a Us3-KLHL21 complex 

recruits the Cul3 ubiquitin ligase to PML-NBs, where subsequent ubiquitylation of unknown 

target(s) leads to PML-NB disassembly. 
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Since it has been well established that PML is an important antiviral effector induced by 

IFN, Us3 may contribute to viral resistance to IFN by disrupting PML-NBs. Indeed, in contrast to 

untreated cells, significant reductions in virus yield, and viral proteins and transcripts of all 

kinetic classes were observed in IFN-exposed cells infected with ∆Us3. Consistent with the role 

of PML-NB in IFN-mediated antiviral defenses, disruption of PML-NBs was less efficient in 

IFN-treated T12 cells infected with the ∆Us3 strain, and knocking-down PML by siRNA 

transfection partially recovered the replication of ∆Us3 strain in IFN-exposed cells. Therefore, 

through disruption of PML-NBs, the tegument-delivered Us3 may alleviate IFN-induced, host-

mediated transcriptional silencing of the viral genome, allowing efficient viral gene expression 

and replication in cells exposed to IFN. 

In summary, I would like to propose the following model to describe the mechanism and 

function of Us3-mediated PML-NB disruption: In cells exposed to IFN, the expression of PML 

and several PML-NB resident proteins is induced, and PML-NBs grow in size and number. Upon 

infection, the viral genome becomes associated with PML-NBs, and viral gene transcription is 

silenced by the transcriptional repressors in PML-NBs. When delivered into the host cell via the 

tegument, Us3 recruits the Cul3 ubiquitin ligase complex to PML-NBs via its interaction with 

KLHL21. This allows KLHL21 to mediate ubiquitylation and proteasome-dependent degradation 

of unknown cellular protein(s) that stabilizes interactions between PML isoforms, excluding PML 

II, and other PML-NB resident proteins, leading to disassembly of PML-NBs. This releases the 

viral genome from PML-NB-mediated transcriptional silencing, allowing expression of IE genes 

including ICP0. ICP0 and Us3, then, work in distinct pathways to continue the elimination of 

PML-NBs and ensure the optimal level of viral gene expression (Figure 5-1 and 5-2).  

 Although Us3 has been known to be a tegument protein for many years, its exact role as a 
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tegument protein has not been clearly demonstrated (34, 50, 179, 238, 265, 410, 411). Reports on 

diverse functions of Us3 to date describe its functions relatively late in infection and attribute 

most of these functions to de novo synthesized Us3. The findings reported in this thesis provide a 

clue to the possible role of tegument associated Us3 in utilizing the host ubiquitylation machinery 

to disarm antiviral defenses and ensure the optimal level of virus replication. However, as 

fascinating as these findings may be, many questions still remain to be answered. For future study, 

it is a priority to examine if the Us3-KLHL21 complex is able to recruit the Cul3 ubiquitin ligase 

complex, and identify the substrate(s) for ubiquitylation. A mass spectrometry-based analysis of 

purified Us3-KLHL21 complexes would be useful to identify potential candidates. Moreover, as 

my model addresses a potential role of tegument Us3, it would be important to determine if 

tegument-associated Us3 is capable of interacting with KLHL21, and to test if KLHL21 is 

packaged into virion via its interaction with Us3. Furthermore, to examine if the PML isoform 

specificity of Us3 affects the role of Us3 in viral resistance to IFN, stable cell lines that express 

individual PML isoforms with ISRE and GAS could be generated and used to test if IFN-induced 

expression of each isoform could inhibit the replication ∆Us3. In addition, testing if KLHL21 

interacts with PML in an isoform-specific manner by co-IP and microscopy will help to 

understand the mechanism underlying the PML isoform specificity of Us3. Lastly, isolation of 

Us3 mutants specifically defective in PML-NB disruption will allow the exploration of how Us3-

mediated PML-NB disruption contributes to a wide spectrum of Us3 activities, including 

inhibition of apoptosis. Identifying the residues within the KLHL21 interaction site of Us3 that 

are critical for interaction with KLHL21, and introducing mutations into these residues will help 

to construct a Us3 mutant that cannot interact with KLHL21 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 Disrupt PML-NBs 

 

 

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

 Family Virus Mechanism of Action Ref. 

DNA 
virus 

Papillomaviridae HPV 

1) L2 does not induce disruption of PML-
NBs, but induces degradation of Sp100 
2) E4 forms nuclear inclusions and induces 
disruption of PML-NBs by relocating PML to 
the periphery of the nuclear inclusions 

(144-
146) 

Adenoviridae Ad5 

1) E4 ORF3 reorganizes PML-NBs into 
elongated track-like structures 
2) pIX induces the formation of dynamic 
nuclear inclusions to sequester PML 

(141-
143) 

Polyomaviridae JCV 
PML-NBs are disrupted during a late phase of 
JCV infection 

(147) 

RNA 
virus 

Orthomyxoviridae 
Influenza 

A 
Influenza A infection increases the number 
and decreases the size of PML-NBs 

(154) 

Picornaviridae EMCV 
3C protease disrupts PML-NBs by inducing a 
proteasome-dependent degradation of PML 

(151) 

Rhabdoviridae 
Rabies 
virus 

1) P protein disrupts PML-NBs by 
sequestering PML in the cytoplasm 
2) P3 increases the size of PML-NBs 

(148, 
149) 

Retroviridae HIV-1 

1) Preintegration complexes triggers the 
cytoplasmic export of PML (controversial) 
2) PML aggregation in syncytia elicited by 
Env 

(152, 
153) 

Arenaviridae LCMV 
Z disrupts PML-NBs by redistributing PML 
from PML-NBs into the cytoplasm 

(150) 
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Appendix B 

Primer Sequences – Plasmid Construction 

 

Table B- 1. Oligonucleotide primers used for plasmid construction. 

Name Sequence 

mKL21-FLAG BG2F 5’-AATAGATCTCATGGAGCGGCCGGCGCCTTTGG-3’ 

mKL21-FLAG BH1R 5’-AATGGATCCCTAATGCAGCTCCTCGGGGTTCTGTGG-3’ 

hKL21-FLAG BG2F 5’-AATAGATCTCATGGAGCGACCGGCGCCCCTGG-3’ 

hKL21-FLAG BH1R 5’-AATGGATCCCTAGTGCAGCTCATCGGGGTCC-3’ 

Us3Ntrunc-1 
(Us3∆N101) 

5’-CGCGGATCCGCATGATCGTCACGGACCTGGGCTTCGAGG-3’ 

Us3Ntrunc-2 
(Us3∆N147) 

5’-CGCGGATCCGCATGGGCATGCTGCTGCAGCGCCTGTCC-3’ 

Us3Ntrunc-3 
(Us3∆N194) 

5’-CGCGGATCCGCATGGACATGCGCGACGCCGGGTGCG-3’ 

Us3Ntrunc-4 
(Us3∆N248) 

5’-CGCGGATCCGCATGGCGGCGCCCAACTTTTACGGGCTCG-3’ 

Us3Ntrunc-5 
(Us3∆N290) 

5’-CCGGAATTCCGGATGGCCTACCCCAAGACGATCACCGGC-3’ 

Us3Ntrunc-6 
(Us3∆N350) 

5’-CCGGAATTCCGGATGGTGGCTCGCCTCGGGCTGCCCG-3’ 

Us3Bam-R 5’-CATAGGATCCTTATACGGTCCACATTCC-3’ 

Us3Ctrunc-1F 
(Us3∆C32) 

5’-CCGGAATTCCGGATGTTGGCGATGTGGAGATGGGTCACC-3’ 

Us3Ctrunc-1R 
(Us3∆C32) 

5’-CGCGGATCCGCCTCGGGCAGCCCGAGGCGAGCCACG-3 

Us3a 85-90 AlaF 5’-GCAGCTGCAGCGGCCGCAGGAGGGCTGACGCGGCAGGCC-3’ 

Us3a 85-90 AlaR 5’-TGCGGCCGCTGCAGCTGCCCCGCTGCTGTCGCCGTCG-3’ 

Us3b ER1F 5’-CCGGAATTCCGGATGGCCGACGCCGGAATCCC-3’ 
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Appendix C 

Primer Sequences – RT-PCR and qRT-PCR 

Table C- 1. Oligonucleotide Primers Used for RT-PCR and qRT-PCR 

Assay 
Target 

Transcript 
Forward Primer Reverse Primer 

RT-PCR 

ICP0 5’-GATCGGATCCGGCGCTGGGGAGAGA-3’ 5’-GATCGTCGACCCGAGTGTTAGCTCCC-3’ 

ICP8 5’-ATGGACACCAAGCCCAAAACGACGACC-3’ 5’-GTTCCCGGCGTCGCGCGCGCCCCGCTGG-3’ 

gC 5’-ATGGCCCTTGGACGGGTGGGCCTAGCCG-3’ 5’-CCACGTCAGCTGGCAGGTGAAGGTGCGC-3’ 

Us3 5’-CCGAATTCGATGGCCTGTCGTAAGTTTTGTGG-3’ 5’-ACAGAATTCTCATTTTGCCAGGGTCGAAGG-3’ 

18S rRNA 5’-TTCGGAACTGAGGCCATGAT-3’ 5’-CGAACCTCCGACTTTCGTTT-3’ 

qRT-PCR 

ICP0 5’-ACCATCCCGATAGTGAACGA-3’ 5’-TTGCCCGTCCAGATAAAGTCCA-3’ 

ICP27 5’-TTCTGCGATCCATATCCGAGC-3’ 5’-AAACGGCATCCCGCCAAA-3’ 

ICP8 5’-AGGACATAGAGACCATCGCGTTCA-3’ 5’-TGGCCAGTTCGCTCACGTTATT-3’ 

gC 5’-AAATCCGATGCCGGTTTCCCAA-3’ 5’-TTACCATCACCTCCTCTAAGCTAGGC-3’ 

18S rRNA 5’-TTCGGAACTGAGGCCATGAT-3’ 5’-CGAACCTCCGACTTTCGTTT-3’ 
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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 assay. Plasmids encoding WT 
HSV-2 Us3 (Us3) or KD/D305A (Us3 KD) were co-transfected into HEK 293T cells with a 
plasmid encoding EGFP-tagged PML isoform IV. As a positive control, a plasmid encoding 
HSV-1 ICP0 was also co-transfected with EGFP-PML IV. The pCI-neo vector was used as a 
negative control. At 24 hours post transfection, cell lysates were collected and analyzed by 
western blotting, using antisera reactive against EGFP, Us3, ICP0, and β-actin. β-actin was 
used as a loading control. For the anti-EGFP blot a short exposure and a long exposure are 
shown. The asterisk likely represents SUMOylated forms of PML IV. α, 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-exposed cells at early times in 
virus replication. T12 cells were exposed to 1000 U/mL IFN 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 hours post 
infection, total RNA was extracted analyzed qRT-PCR to determine the expression levels 
of the viral immediate-early gene ICP27, as described in Materials and Methods. The 
relative ratio of ICP27 transcripts to 18S rRNA was calculated as described in Materials 
and Methods. For normalization, the fold-change values obtained from ∆Us3 or Us3-R 
were divided by those values from WT. Reported values represent the average and 
standard error of the mean of three technical replicates from a single set of biological 
samples. 
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Appendix F 

Us3 Induces Disruption of PML-NBs at Early Times after Transfection 

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


