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Abstract 

 

 Infection of most cell types with herpes simplex virus (HSV) mutants 

lacking the activation functions of VP16 and/or ICP0 results in repression of viral 

gene expression.  However, the human osteosarcoma cell line U2OS supports the 

replication of VP16 and ICP0 mutants to nearly wild type levels.  Prior to the 

studies presented in this thesis, the basis for the permissivity of U2OS cells to 

VP16 and ICP0 mutants had not been explored.  Here, somatic cell fusion assays 

were used to determine that U2OS cells support the replication of VP16 and ICP0 

mutants due to a defect in an innate gene silencing mechanism.  The artificial 

induction of interferon stimulated genes that occurs during the somatic cell fusion 

assays is not the basis for the observed repression of viral gene expression.  As 

one means of identifying components of the antiviral pathway defective in U2OS 

cells, restrictive cell types were treated with kinase inhibitors and infected with 

VP16 and/or ICP0 mutants.  Although several compounds were identified which 

compensate for the defect in gene expression of VP16 mutants, these drugs also 

stimulate mutant virus gene expression in U2OS.  Thus, U2OS are most likely not 

defective in the cellular signalling pathway(s) targeted by these compound(s).  

Finally, the importance of VP16 and ICP0 in modulating chromatin structure on 

the viral genome in both restrictive and permissive cells was examined, 

uncovering an essential role for both proteins in altering histone occupancy and 

acetylation levels.  Importantly, U2OS cells have a defect in the chromatin-based 

pathway targeted by ICP0.  However, evidence suggests that the ability of VP16 
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and ICP0 to affect histone occupancy and acetylation levels is not required for 

viral gene expression.  Taken together, the results of this thesis demonstrate that 

U2OS cells support the replication of VP16 and ICP0 mutants due to a defect in 

an innate antiviral mechanism which does not involve the targets of several well 

characterized kinase inhibitors.  The significance of the defect in a chromatin-

based pathway targeted by ICP0 in U2OS cells remains to be elucidated.  
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1.1 The Herpesviridae family 

 

Herpesviridae is a family of large, enveloped, double-stranded DNA viruses 

which replicate in the nucleus of mammalian cells.  This family of viruses is 

characterized by their distinctive pattern of gene expression during lytic infection, 

their ability to establish latent infections in their host and a variety of structural 

features.  All members of the Herpesviridae have an envelope with glycoprotein 

spikes, a proteinaceous tegument layer and an icosahedral capsid surrounding the 

linear dsDNA genome.  Numerous different herpesviruses have been identified to 

date, with eight known to cause disease in humans which can involve skin lesions, 

tumour formation, encephalitis and several other outcomes (110). 

The Herpesviridae family is subdivided into Alphaherpesvirinae, 

Betaherpesvirinae, and Gammaherpesvirinae on the basis of factors such as host 

range, growth rate and cell type in which latency is established.  The 

Alphaherpesvirinae subfamily includes herpes simplex viruses (HSV) 1 and 2 

which predominantly cause oral and genital herpetic lesions respectively, and 

varicella zoster virus (VZV), the causative agent of chickenpox and shingles.  

These viruses typically have a broad host range, quickly destroy infected cells, 

spread rapidly in culture, and establish latency in sensory ganglia.  The 

Betaherpesvirinae include human cytomegalovirus (HCMV), human herpesvirus-

6 (HHV-6), and HHV-7.  They generally have a restricted host range, grow 

slowly and establish latency in cell types including kidneys and secretory glands.  

Finally, the Gammaherpesvirinae are exemplified by Epstein-Barr virus (EBV) 
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and Kaposi‟s sarcoma-associated herpesvirus (KSHV) and often infect and 

establish latency in lymphoid tissue (110). 

 

1.2 The Herpes Simplex virus lytic lifecycle 

 

1.2.1 The HSV-1 virion 

 

Using cryo-electron tomography, the HSV virion was determined to be a 

spherical particle with an average diameter of 186 nm (225 nm when the 

glycoprotein spikes are included) (131). 

 

1.2.1.2 The envelope 

The lipid membrane of HSV is derived from a host cytoplasmic membrane, 

although the exact cellular compartment is still controversial (350, 398).  

Embedded within this membrane are nine viral glycoproteins (gB, gC, gD, gE, 

gG, gH, gI, gL and gM).  Additionally, at least two nonglycosylated intrinsic 

membrane proteins (UL20, US9) and potentially more (UL24, UL43 and UL34) are 

also found in the lipid membrane (110).  The viral glycoproteins are non-

randomly arranged in spikes projecting from the viral envelope and play roles in 

mediating attachment and entry into target cells (360). 
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1.2.1.2 The tegument 

The tegument, defined as the region between the lipid membrane and the 

icosahedral capsid, is composed of over 20 viral proteins (368).  Within the 

tegument there are interactions between tegument proteins, as well as between 

tegument proteins and the capsid and envelope proteins (390).  Proteins packaged 

in the tegument are involved in stimulating viral gene expression (VP16; (39)), 

releasing viral DNA from the capsid (VP1-2; (16)) and making the host cell more 

conducive to viral replication (ICP0; described in more detail below).  The 

tegument also contains vhs, a protein that induces degradation of cellular and viral 

mRNAs (206, 286). 

 

1.2.1.3 The capsid 

The HSV capsid is composed of 162 capsomeres in a T = 16 icosahedral 

symmetry.  There are 12 pentons on the vertices and 150 hexons on the edges and 

faces (110).  VP5 is the major capsid protein, found at both the pentons and the 

hexons (418).  VP26 is also found at each hexon (419), while a trimer formed 

from one copy of VP19C and two copies of VP23 interact with two capsomeres 

each (418).  The UL6 protein forms a dodecamer through which the viral DNA is 

packaged (381).  VP24 is a capsid protease and plays a role, along with UL16, in 

DNA encapsidation (273, 307). 
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1.2.1.4 The viral genome 

The HSV-1 genome packaged in the capsid is a linear, double-stranded DNA 

molecule (181).  The polyamine spermine is thought to interact with the viral 

DNA (122).  The genome is approximately 152 kbp in length with a G + C 

content of 68%.  It encodes at least 80 proteins (110). 

The HSV genome is composed of covalently linked unique long (UL, 108kb) 

and unique short (US, 13kb) segments flanked by inverted repeats (391).  The long 

and short segments can invert relative to one another, resulting in 4 possible 

conformations of the viral genome found in equimolar ratios in a virus population 

(71, 145). 

 

1.2.2 Viral attachment and entry 

 

Initial binding of the virus to the cell surface is mediated by gC and/or gB, 

which interact with glycosaminoglycans, namely the heparan sulphate moieties, 

on cell surface proteoglycans (149, 345, 404).  In the absence of gC, gB or 

heparan sulphate, infectivity of the virions is greatly reduced but not abolished, 

indicating that other glycoproteins and cell surface moieties can mediate the initial 

attachment step (13, 130, 148, 149, 345). 

Following attachment, gD interacts with its cognate receptor.  There are three 

different families of receptors with which gD can interact (56, 120, 267, 347, 394, 

396).  Herpesvirus entry mediator (HVEM) is a member of the tumour necrosis 

factor (TNF) receptor family and is expressed in T and B lymphocytes, epithelial 
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and fibroblast cells but not neurons (156, 205, 242, 267).  Nectin-1 is a member of 

the immunoglobulin superfamily and is expressed on epithelial cells, fibroblasts 

and neurons and plays important roles in cell adhesion (322).  Finally, gD can also 

interact with specific sites in heparan sulphate which are generated by 3-O-

sulfotransferases (347). 

Binding of gD to one of the above receptors results in conformational changes 

which trigger recruitment of gB as well as the gH/gL heterodimer and results in 

membrane fusion (111, 333).  gD, gB, gH/gL and the gD receptor are sufficient 

for entry.  It is currently unknown whether the fusion peptide required for 

membrane fusion resides in the gH or gB glycoproteins (147).  The role of gL in 

this process is also unclear.  This glycoprotein does not encode a transmembrane 

domain and may be required for the correct folding and trafficking of gH to the 

cell surface (159).   

Viral entry can also occur through endocytosis.  The viral particles escape the 

endocytic vesicle through fusion mediated by gD, gB and gH/gL (280).  Entry of 

the virus through endocytic vesicles in the absence of gD results in vesicles fusion 

with the lysosomal compartment, viral particle degradation and apoptosis (417).   

 

1.2.3 Delivery of the HSV genome to the nucleus 

 

The process of attachment, binding and penetration is fast, taking only several 

minutes (157).  From the site of de-envelopment, the viral capsid is delivered to 

the nuclear pore, where the DNA is injected into the nucleus.  Tegument proteins 
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are also released.  Empty capsids are detected in the cytoplasm shortly after 

infection, suggesting that release of the viral DNA also occurs rapidly (15).   

Movement of capsids from the membrane to the nuclear pore relies on the 

microtubule minus-end directed motors dynein and dynactin (77, 355).  The 

component(s) of the capsid which interact with the microtubule motors is 

unknown; VP26 interacts with components of the dynein light chain, but is not 

necessary for transport (76).  At the nuclear pore, importin-β, along with the Ran 

GTPase cycle is necessary for docking of the capsid and injection of viral DNA in 

vitro (285).  The large tegument protein VP1-2 has been implicated in release of 

DNA from the capsid.  VP1-2 may require cleavage by a serine or cysteine 

protease to release the viral DNA (174). 

 

1.2.4 Initiation of the HSV lytic replication cycle 

 

The tegument proteins released into the cytoplasm by fusion play important 

roles in making the cellular environment conducive to viral replication.  

Tegument proteins include VP16, which is required for efficient IE gene 

expression (Reviewed in (405)) and vhs, which nonspecifically targets 

cytoplasmic mRNA, resulting in a general cessation of host gene expression 

(Reviewed in (354)). Other viral proteins are required to alter nuclear morphology 

early in infection to initiate lytic replication. 
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1.2.4.1 Alterations in nuclear architecture mediated by HSV 

Viral transcription, DNA replication and encapsidation occur in the nucleus.  

HSV subverts several nuclear processes in order to carry out these processes.  

Remodeling of the nuclear architecture aids in replication compartment formation, 

egress and blocks cellular antiviral responses. 

   

  1.2.4.1.1 Alteration of ND10 structures 

One of the first detectable changes in the infected cell nucleus following 

injection of the viral DNA is the accumulation of ND10 domain components 

adjacent to the incoming viral genomes (96).  ND10 domains (also known as 

Promyelocytic Leukemia (PML) nuclear bodies) are dynamic structures which 

require the PML protein for their formation and harbour many other cellular 

proteins, either permanently or transiently (Reviewed in (371)).  These nuclear 

structures have been implicated in a wide range of cellular processes, including 

oncogenesis (324), the DNA damage response (72), apoptosis (18), senescence 

(25), the ubiquitin pathway (278), the IFN response and viral infection (91).   

Transcription of the ND10 constituent proteins PML and Sp100 is directly 

induced by IFN through the IFN stimulated response elements (ISREs) found 

within their promoters (128, 359).  IFN induction results in both an increase in 

size and number of ND10 domains (129), directly implicating these structures in 

the antiviral response. 

Studies using both fixed and live cells indicate that ND10 components are 

non-randomly distributed at the nuclear rim following directional infection with 
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HSV (96, 104).  This is due to de novo accumulation of ND10 components at the 

incoming viral genome rather than migration of pre-formed ND10 domains (96).  

The rapid recruitment of ND10 components to incoming viral genomes could be 

the result of chromatinization or a DNA damage response elicited by the viral 

genome (88).  DNA repair proteins, such as ATM, RPA, γH2A.X, are found, at 

least transiently, in ND10 domains (14, 41).  In addition, ND10 domains also 

harbour proteins involved in chromatin modifications, including the ATP-

dependent chromatin remodeling Swi/Snf family member ATRX (164), hDaxx, 

which interact with histone deacetylases (HDACs) (164), the heterochromatin-

associated protein HP1 (341) and the histone chaperone HIRA (414).  

Interestingly, knockdown of PML results in dispersal of other ND10 component 

proteins such as Sp100 and hDaxx, however these components still migrate to and 

nucleate at incoming viral genomes in the absence of PML (103).   

HSV encodes a regulatory protein which interacts with ND10 domain 

components.  The immediate early (IE) protein ICP0 precisely colocalizes with 

PML and Sp100 at very early times after infection and mediates their proteasome-

dependent degradation (94, 95, 244, 245).  How ICP0 interacts with ND10 

domain components and the functional significance will be outlined below. 

 

  1.2.4.1.2 Viral replication compartment formation 

The viral genomes that initially associate with ND10 domains have a high 

probability of forming viral replication compartments (104).  These replication 

compartments contain viral regulatory proteins, such as ICP4, as well as the 
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components of the DNA replication machinery (110).  DNA replication, late (L) 

gene expression and encapsidation all take place in replication compartments, 

which eventually expands to fill almost the entire nucleus (110).  Along with the 

expansion of the replication compartments, cellular chromatin is marginalized and 

condensed around the nuclear periphery, while the nuclear volume increases up to 

two times (266).   

The marginalization of cellular chromatin to the nuclear periphery provides a 

significant impediment to nuclear egress.  In addition, the chromatin is further 

surrounded by the nuclear lamina, a mesh-like network of lamin A/C and lamin B 

which interacts with the inner nuclear membrane as well as chromatin to provide 

stability and shape to the nucleus.  During infection with HSV, the nuclear lamina 

and chromatin domains are disrupted so that viral replication compartments can 

then reach the nuclear membrane (348, 349).  This disruption involves the 

redistribution of lamin A/C and lamin-associated protein B and requires the viral 

proteins UL31 and UL34 (348, 349).   

 

 

1.2.5 Viral gene expression and DNA replication 

 

HSV gene expression follows a temporally regulated program.  Firstly, IE 

genes are stimulated by the tegument-associated protein VP16.  IE genes encode 

regulatory proteins which play roles in stimulating viral gene expression and 

counteracting antiviral responses.  Next, IE proteins stimulate early (E) gene 
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expression, some of which are involved in DNA replication.  Finally, late (L) 

gene expression occurs, and proteins involved in capsid assembly and egress are 

made. 

 

 1.2.5.1 Function of VP16 

VP16, encoded by the UL48 gene, is a 490 amino acid, 65 kilodalton (kDa) 

phosphoprotein and an essential structural component of the tegument (110).  

There are 500 – 1000 molecules of VP16 in the tegument that are released into the 

cytoplasm upon fusion of the host and viral membranes (405).  Once in the 

cytoplasm, VP16 interacts with the cellular protein HCF and is transported to the 

nucleus (408).   

Viral IE promoters contain a specific regulatory sequence, TAATGARAT 

(where R represents purine), in one or several copies upstream of the cap site, 

which is recognized by the cellular POU-domain containing transcription factor 

Oct-1 (116, 194).  The VP16-HCF complex recognizes both Oct-1 and sequences 

in the IE promoter to form the specific activator complex (121, 176, 192, 194, 

225, 281, 363).  VP16 contains a C-terminal acidic activation domain that is 

critical for stimulating viral gene expression in the absence of cellular or viral 

protein synthesis (380).   

In heterologous systems, the VP16 activation domain interacts with 

components of the Mediator complex (160, 265), general transcription factors 

including TFIIA (186), TFIID (161, 183), TFIIB (125, 222), TFIIH (407), TATA-

binding protein (TBP) and TBP-associated factors (33), histone acetyltransferases 



  12 

(HAT) (190, 199, 259, 384) and ATP-dependent chromatin remodeling 

complexes (137, 259, 274).  These interactions result in the recruitment of RNA 

polymerase II, stimulation of open complex formation and subsequent gene 

expression. 

In contrast, much less is known about the complexes recruited to IE promoters 

by the VP16 activation domain during lytic HSV infection.  Recent work using 

chromatin immunoprecipitation (ChIP) has demonstrated that TBP and RNA 

polymerase II recruitment depends on the presence of the VP16 activation 

domain, while recruitment of Oct-1 and VP16 itself does not (150).  The HATs 

CBP and p300 also depend on the VP16 activation domain for their recruitment, 

while the ATP-dependent chromatin remodeling complexes Brg-1 and Brm have 

reduced, but not abrogated recruitment in the absence of the VP16 activation 

domain (150).  Thus, VP16 is thought to stimulate viral gene expression in a 

manner similar to that observed in heterologous systems. 

The activation domain of VP16 also plays an important role in maintaining 

low levels of histone proteins on the viral genome during lytic infection (150, 

202), which will be discussed in detail below. 

 

 1.2.5.2 Phenotype of VP16 mutants 

VP16 is an essential component of the tegument (2, 395) and as such, viruses 

with complete deletions of the UL48 open reading frame cannot be propagated in 

culture.  VP16 deletion mutants can be grown on complementing cell lines, which 

provide VP16 in trans and form a normal tegument within the viral particles 
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(395).  These mutants display normal IE gene expression, but show a severe 

defect in viral particle assembly on non-complementing cell lines (395). 

VP16 also interacts with the tegument protein vhs both in vitro and within 

infected cells (184, 351).  Infection with VP16 mutants incapable of interacting 

with vhs results in an almost complete inhibition of host and viral mRNA 

synthesis (209), suggesting the interaction with VP16 may be important in 

tempering the nuclease function of vhs. 

Several different approaches have been taken to mutagenize the VP16 protein.  

These include truncation (209, 352, 370), linker insertion (3) and point mutations 

(64, 369) which affect the binding of VP16 to DNA and to its associated protein 

complexes.   

The viral mutant in1814 has a 12 base pair insertion within the UL48 open 

reading frame which results in a protein that cannot interact with Oct-1 and HCF 

(3).  Accumulation of IE RNAs is decreased up to 5-fold with this mutant, which 

displays a high particle-to-plaque forming unit (PFU) ratio (3). 

Several mutants have also been constructed with truncations of the activation 

domain (V422, RP5 (352, 370)).  Similar to in1814, IE RNA accumulation is 

greatly decreased with these mutants, and reduced titres on Vero cells are 

observed (352).  The defect in gene expression with the V422 mutant is more 

severe than the in1814 mutant (270).  Recruitment of TBP, RNA polymerase II, 

CBP and p300 is diminished in the absence of the VP16 activation domain, 

correlating with decreased gene expression (150).  Thus, it is thought that an 
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absence of VP16 activation function decreases the probability that a viral particle 

will initiate the lytic cycle of infection.   

The defect in gene expression with VP16 mutants can be complemented by 

two distinct mechanisms.  Firstly, the cytodifferentiating agent hexamethylene 

bis-acetimide (HMBA) aids in reactivation of latent genomes in explant culture 

(20, 213, 397) and stimulates gene expression from VP16 mutant genomes (248, 

304).  HMBA directly stimulates IE gene expression to levels approaching that of 

wild type virus (248) but is only effective when added to culture media within a 

limited time frame before or immediately after infection (248).  The mechanism 

by which HMBA stimulates HSV IE gene expression has not been elucidated.  

Recent evidence suggests that the compound activates the phosphoinositol 3-

kinase (PI3K)/Akt pathway, which in turn phosphorylates HEXIM1 and releases 

the transcriptional elongation factor P-TEFb from an inhibitory complex resulting 

in increased transcription (62).   

Infection of the human osteosarcoma cell line U2OS also results in IE gene 

expression from a VP16 mutant genome (352).  Plaque assays reveal that VP16 

mutants can replicate to nearly wild type levels in U2OS cells (270, 352), which 

also complement the defects of ICP0 mutants (409). 

 

 1.2.5.3 IE gene expression 

Five IE genes have their expression stimulated by VP16.  Four of these genes 

(ICP0, ICP4, ICP22 and ICP27) encode proteins which have important regulatory 

roles in viral gene expression at the transcriptional and post-transcriptional levels 
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(110).  The fifth, ICP47 is dispensable for replication in cell culture (231), but 

plays an important role in immune evasion in the host. 

 

  1.2.5.3.1 ICP47 

ICP47 is a 12 kDa protein encoded by the α47 gene located in the unique short 

segment of the viral genome (110).  ICP47 is a cytoplasmic protein which 

physically interacts with TAP (transporter associated with antigen processing) 

(115, 151).  This protein is necessary and sufficient for the inhibition of TAP-

mediated translocation of antigen-derived peptides across the endoplasmic 

reticulum (ER) membrane (9, 378).  This prevents the assembly of peptides with 

Class I major histocompatability complex (MHC) and subsequent expression on 

the cell surface (9, 378), rendering cells resistant to lysis by HSV-specific CD8+ 

CTL (152, 411).   

 

  1.2.5.3.2 ICP22 

ICP22 is a 68 kDa protein encoded by the α22 gene in the unique short region 

of the viral genome (110).  ICP22 is serine, threonine and tyrosine phosphorylated 

(308, 310, 311), nucleotydylated by casein kinase II (CKII) (22, 264) and is 

detected in at least seven different isoforms on denaturing polyacrylamide gels.  It 

has two nuclear localization signals (362) and is detected in discrete nuclear 

bodies along with ICP4 and RNA polymerase II after initiation of viral DNA 

replication and phosphorylation by the viral protein UL13 (166, 216).  A UL13 

mutant displays the same phenotype as an ICP22 mutant, highlighting the role of 
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virus-mediated phosphorylation in ICP22 function (308, 310).  Additionally, 

ICP22 may be phosphorylated by the viral kinase US3 (308). 

The role of ICP22 in viral infection remains enigmatic.  ICP22 mutants can 

replicate efficiently in Vero and HEp-2 cells (300), but are restricted for growth in 

some rodent cell lines and human fibroblasts (339).  This growth restriction is not 

MOI-dependent and is the result of decreased late gene expression (339).  

Additionally, ICP22 has been implicated in regulating the expression of ICP0 but 

may also play a role in repressing IE gene expression (310, 339).   

ICP22 and UL13 are required for the activation and post-translational 

modification of cdc2, as well as the degradation of cyclins A and B (4, 5, 7).  The 

viral DNA processivity factor UL42 replaces cyclin B as the binding partner for 

cdc2 (5) and recruits a modified form of topoisomerase IIα (6).  Topoisomerase 

IIα may be required for untangling the newly synthesized viral DNA, allowing for 

efficient late gene expression (6). 

ICP22 also mediates the modification of the carboxy-terminal domain (CTD) 

of RNA polymerase II (316).  While the CTD is normally phosphorylated on both 

Serine 2 and Serine 5 during active transcription, a modified form of the CTD, 

phosphorylated only on Serine 5 is detected during HSV infection (113).  There is 

a specific loss of the Serine 2-phosphorylated form of RNA polymerase II 

mediated by the proteasome and dependent on ICP22 (67, 112, 113).  

Additionally, both ICP22 and UL13 are required to induce the Serine 5 modified 

form of RNA polymerase II (113, 230).   
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  1.2.5.3 ICP27 

ICP27 is a multifunctional 63 kDa protein encoded by the UL54 gene (110).  

Several different protein motifs are found in ICP27 including an RGG-box RNA 

binding domain (256, 330), a nuclear localization signal (254), and C-terminal 

protein-protein interaction motifs (389, 416).  At early times post-infection, ICP27 

is found diffusely throughout the nucleus, whereas at later times it is found within 

replication compartments and in the cytoplasm (255, 292, 330, 356). 

ICP27 plays roles in both activation and repression of viral gene expression 

(247, 320).  Deletion mutants of ICP27 overexpress some E genes, make greatly 

decreased amounts of viral DNA, make only low levels of leaky-late proteins and 

do not express true late proteins (247, 252, 315).  Some E genes, including the 

DNA replication proteins, require ICP27 for efficient expression (249, 326, 383), 

suggesting the decrease in viral DNA replication is due to insufficient expression 

of these proteins (383). 

ICP27 interacts with the CTD of RNA polymerase and relocalizes it to viral 

transcription centres (67).  It also interacts with the chaperone Hsc70, which plays 

a role in the degradation of Serine 2 phosphorylated RNA polymerase CTD (218). 

ICP27 may stimulate expression of some L genes with weak polyadenylation 

signals by altering the specificity of the polyadenylation machinery in order to 

stimulate 3‟-end mRNA processing (249-251, 332).  In addition, ICP27 plays a 

critical role in inhibiting host cell mRNA splicing at early times post-infection, 

which aids in the shut off of host protein synthesis (140, 141).  ICP27 acts by 

preventing spliceosome assembly (223).  It interacts with spliceosome 
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components such as snRNPs (243), SR proteins (331), p32 (34), the essential 

spliceosome assembly factor SAP145 (35) and the kinase SRPK1 (338).  Its 

interaction with SRPK1 diverts this protein to the nucleus, resulting in 

hypophosphorylation of SR proteins and stalling of spliceosome assembly (338). 

ICP27 also plays an essential role in exporting intronless HSV transcripts to 

the cytoplasm (330), which normally occurs very inefficiently in mammalian cells 

(236).  ICP27 interacts with two different RNA export receptors: Aly/REF (49, 

188) and TAP/NXF (48, 170, 171).  Recent evidence suggests that only the 

interaction with TAP/NXF is essential in viral mRNA export (170). 

As well as preventing splicing of cellular mRNAs, ICP27 stabilizes some 

cellular RNAs containing AU-rich instability elements in a process involving the 

p38 stress-activated protein kinase pathway (63).  Additionally, ICP27 interacts 

with translation initiation factors and has been implicated in regulating translation 

of a subset of viral mRNAs in vivo (82).  Finally, ICP27 has been implicated in 

altering several cellular signaling pathways.  ICP27 activates the p38 and JNK 

stress activated protein kinase pathways (142).  In addition, it mediates NFκB 

activation through the loss of IκBα (182).  It can also regulate the IFN response by 

downregulating Stat1 phosphorylation and preventing Stat1 translocation to the 

nucleus (169).   

 

  1.2.5.3.4 ICP4 

ICP4 is a 175 kDa protein encoded by two copies of the α4 gene located in the 

inverted repeat region flanking the unique short segment of the viral genome 
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(110).  Early in infection, ICP4 is found diffuse within the nucleus (185).  At later 

times it is recruited into globular viral replication compartments (69) dependent 

on viral DNA replication (185).  Experiments following ICP4 dynamics in live 

infected cells indicate that the protein also localizes to small punctuate structures 

adjacent to ND10 domains shortly after infection (104).   

ICP4 acts both as a transcriptional activator and repressor.  In the absence of 

ICP4, the only gene products made during infection are ICP0, ICP6, ICP22 and 

ICP27 (73), implicating this protein in the induction of E and L genes. ICP4 binds 

DNA as a dimer and recognizes both consensus and non-consensus sequences 

(191, 261, 262).  For ICP4 to activate transcription it must bind 3‟ to a 

transcriptional start site which contains a TATA box and initiator element (42, 

132).  ICP4 facilitates the binding of TBP (as a component of TFIID) to the 

TATA box (127) mediated through TAF250 and the C-terminal region of ICP4 

(43).  At some viral promoters, ICP4 also facilitates binding of TFIIA (412).  

High mobility group protein 1 (HMG1) associates with this complex and may 

bend the DNA (42).  The binding of these proteins facilitates formation of the 

transcription pre-initiation complex. 

ICP4 also represses transcription from its own promoter, as well as those of 

the ICP0, ORF P and ORF O genes (198, 272).  ICP4 binds across the 

transcriptional start sites of these genes and blocks the formation of pre-initiation 

complexes (132, 272).   
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1.2.5.3.5 ICP0 

ICP0 is an 100 kDa protein encoded by the α0 gene.  This gene is located 

within the inverted repeat region flanking the unique long segment of the viral 

genome (110).   

 

   1.2.5.3.5.1 Function of ICP0 

ICP0 localizes to the nucleus at early times after infection.  Initially, ICP0 can 

be detected colocalizing precisely with ND10 domain components such as PML 

and Sp100 (95, 244, 245).  At later times ICP0 accumulates and fills the nucleus.  

When DNA replication is initiated ICP0 then shuttles to the cytoplasm (177, 233, 

387), which may be due to an interaction between ICP0 and cyclin D3 (177, 387).  

Treatment of cells with the proteasome inhibitor MG132 results in ICP0 

remaining in the nucleus (233, 386).   

ICP0 is one of the few HSV transcripts that are spliced.  The N-terminus 

contains a C3HC4 RING (Really Interesting New Gene) zinc finger motif that 

functions as an E3 ubiquitin ligase (83, 89, 114).  It also contains a nuclear 

localization signal (84), an USP7 interaction domain (84, 85) and a 

multimerization domain (52, 99).  ICP0 is nucleotydylated by CKII (22) and 

contains at least seven different phosphorylation signals, some of which are 

targets of UL13 (282) and the cellular protein cdc2 (7).  Mutations in these 

phosphorylation sites do not affect the E3 ligase activity of the enzyme in vitro, 

but the protein no longer colocalizes with conjugated ubiquitin or disrupts ND10 

in vivo (27, 68). 
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One of the first activities ascribed to ICP0 was its ability to act as a strong 

transactivator of viral and cellular genes in both transfection and infection assays 

(Reviewed in (87)).  ICP0 does not bind DNA, but has been shown to interact, 

and work synergistically, with ICP4 to stimulate gene expression (84, 410).  ICP0 

expression results in enhanced accumulation of viral mRNAs, and acts at or 

before initiation of transcription (or both) (173).  The RING domain of ICP0 is 

critical for its ability to stimulate viral gene expression (83). 

ICP0 colocalizes with conjugated ubiquitin and interacts with the proteasome 

(86, 287, 386) as well as the E2 conjugating enzyme cdc34 (386) in infected cells.  

Mutations in the RING domain abrogate the association with ubiquitin and 

proteasomes, as well as the transactivating activity of ICP0 (30, 85, 94).  ICP0 

also interacts with the ubiquitin specific protease USP7 or HAUSP (herpesvirus-

associated ubiquitin specific protease) which protects it from autoubiquitination 

and increases its stability (26, 40). 

ICP0 associates with centromeres in both mitotic and interphase cells which is 

dependent on an intact RING domain (92).  Cycling cells are blocked at an 

unusual stage of mitosis called pseudo-prometaphase in the presence of ICP0 (92, 

226) resulting from the proteasome-dependent degradation of the centromeric 

protein CENP-C (92, 226).  Aditionally, both CENP-B (227) and the histone 

variant CENP-A (228) are destabilized by ICP0.  This degradation causes 

significant ultrastructual changes to the kinetochore, although the relevance of this 

in regards to HSV infection is unclear (228). 
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Perhaps the most well studied function of ICP0 is its ability to interact with 

and cause the destruction of ND10 domains.  Viral genomes are associated with 

ND10 at early times post-infection while ICP0 precisely colocalizes with several 

ND10 component proteins (95, 244, 245).  This results in the proteasome-

dependent loss of several isoforms of PML which are conjugated with the small 

ubiquitin-like modifier SUMO (47, 94).  Mutant forms of PML which cannot be 

modified with SUMO are not degraded by ICP0 (29).  ICP0 does not directly 

ubiquitinate PML in vitro, indicating other viral and/or cellular factors are 

required for this effect (29).  In the presence of exogenously overexpressed PML, 

ND10 domains remain intact but are highly reorganized in the presence of ICP0 

(106).  In addition, high MOI infection with ICP0 mutants causes the 

reorganization of ND10 (103), suggesting other viral proteins may play a role in 

this phenomenon. 

The functional significance of the dispersal of ND10 domains is still 

unknown.  Two possibilities, not mutually exclusive, can be envisioned.  First, 

ND10 domains may contain factors which are inhibitory to viral gene expression 

and hence must be dispersed or degraded.  The second possibility is that ND10 

domains sequester factors needed to enhance viral gene expression which are 

released upon dispersal.  Everett et al used shRNAs targeting PML in human 

fibroblasts and showed that knock-down of this protein increased gene expression 

and plaque formation of an ICP0 mutant virus (103).  This complementation was 

not to wild type levels however, indicating that targeting PML for destruction is 

not the only essential function of ICP0.  In the absence of PML, both Sp100 and 
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hDaxx continue to accumulate at viral genomes, suggesting that other components 

of ND10 domains also need to be degraded by ICP0 (103).  However, knockdown 

of both PML and Sp100 still does not fully complement an ICP0 mutant (101).   

ICP0 mutants are hypersensitive to the effects of IFN;  a decrease in mRNA 

accumulation and plaque formation are seen in the presence of this cytokine 

(269).  ICP0 counteracts the IFN response by preventing translocation of the 

essential transcription factor IRF3 into the nucleus and increasing the turnover of 

this protein (221).  However, ICP0 mutants are still restricted for growth in human 

fibroblasts where either IRF3 or Stat1 protein levels have been reduced using 

shRNAs (105), indicating other essential roles for this protein.  At least some of 

the antiviral effects of IFN are mediated through ND10.  IFN greatly inhibits the 

growth of ICP0 mutants in PML 
+/+

 but not PML
-/-

 murine embryonic fibroblasts 

(MEFs) (46).   

In addition to these well-studied facets of ICP0 biology, several other effects 

have been noted.  ICP0 interacts with and may stabilize the transcription-

regulatory factor BMAL1 (178).  It also interacts with and ubiquitinates the 

tumour suppressor p53 (28), although this protein is stabilized during HSV 

infection through an ICP0-independent mechanism (153).  In addition, ICP0 

interacts with elongation factor EF-1δ, which may alter translation efficiency of 

viral mRNAs (177).  Finally, ICP0 causes the proteasome-dependent degradation 

of the catalytic subunit of the protein kinase DNA PK (212).  The functional 

relevance of this finding is currently unknown.  The interaction of ICP0 with 
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histone deacetylases (HDACs) and its ability to reactivate quiescent genomes are 

the subject of a later section. 

 

   1.2.5.3.5.2 Phenotype of ICP0 mutants 

ICP0 mutant virus replication is greatly attenuated compared to wild type 

virus in a cell type- and MOI-dependent manner (366).  Infection of baby hamster 

kidney (BHK) cells with an ICP0 null virus results in a reduced yield compared to 

wild type virus (366).  In this cell type, a similar number of particles were 

produced upon high MOI infection, indicating the ICP0 null virus has a higher 

particle-to-PFU ratio (366).  This difference in viral yields was further increased 

in Vero and human foetal lung cells (366).   

Although ICP0 mutant viruses are highly restricted for growth on some cell 

types, pioneering work by Yao and Schaffer determined that the U2OS 

osteosarcoma cell line is permissive to these mutants (409).  Single step growth 

curves indicate that ICP0 null viruses produce 100-fold more virus on U2OS cells 

than Vero cells and plaquing efficiency of ICP0 null viruses is greatly enhanced 

(to levels comparable with wild type virus) (409).  

Studies have been designed to alter cell physiology in an attempt to induce 

gene expression from ICP0 mutant genomes.  It was originally noted in Vero cells 

that the plaquing efficiency of an ICP0 mutant was greatest at eight hours post-

release from growth arrest mediated by isoleucine deprivation (36).  Glutamine 

deprivation, and to a lesser extent arginine and methionine deprivation can also 

enhance plaquing efficiency of an ICP0 mutant (31).  These effects have been 
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attributed to causing cellular stress, as heat shock and UV-C irradiation can also 

enhance the plaquing efficiency of an ICP0 null mutant (32).  What common 

cellular functions are altered by these various cellular stressors is unknown. 

A detailed analysis of the fate of ICP0 null mutants after low MOI infection in 

human fibroblasts was undertaken by Everett et al (90).  The possible outcomes 

included quiescence, stalled infection, cell death or plaque formation.  In many 

cells, IE proteins were expressed to low levels.  In fewer non-productively 

infected cells, E proteins were also expressed.  Many more cells express IE 

proteins than go on to produce plaques, highlighting the stalled nature of the 

infection (90).  These results are in accord with those of Cai and Schaffer, who 

demonstrated that Vero cells infected with an ICP0 null virus expressed IE 

proteins (at levels lower than wild type virus) but expressed little to no E or L 

proteins (37).  This suggests that IE gene expression is activated mostly by VP16, 

whereas E and L gene expression may require ICP0.  Addition of an VP16 

mutation into an ICP0 mutant genome completely abrogates viral gene expression 

(270).  ICP0 provided in trans can partially complement a VP16 mutant (3), 

suggesting that ICP0 can functionally compensate for VP16 activation function.   

Everett describes the initial events after infection as a competition between 

cellular repression mechanisms and viral transactivators (87).  ICP0 gives an 

advantage to the virus through degradation of components of this repression 

mechanism.  The defect of an ICP0 null virus can be overcome by increasing 

MOI, which may be explained in several ways.  Firstly, it is possible that the 

cellular repression mechanism is titrated out with increasing genome load.  
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Alternatively, if low MOI infection results in several possible outcomes (90), 

repression may be random and in some cases incomplete.  If several genomes 

infect the same cell and produce a different complement of viral proteins, a 

productive infection could ensue.   

 

 1.2.5.4 E gene expression and DNA replication 

Early genes contain no specific sequence or common promoter element that 

identifies them as being expressed with early kinetics.  Temporally, they are 

expressed after IE proteins and are made in two general phases.  Some E genes 

are expressed early after IE protein synthesis, such as ICP8, while others are 

expressed at later times (ie, Thymidine Kinase (TK)) (155).  Expression of E 

genes requires ICP4 and its interactions with cellular transcription factors as well 

as the IE proteins ICP0 and ICP27.  Some proteins made with early kinetics are 

involved in DNA replication and nucleotide metabolism. 

The HSV genome contains three potential origins of DNA replication.  OriL is 

a 144bp palindrome sequence found in the unique long region.  OriS is a 45bp 

palindrome sequence is found in the repeat regions flanking the unique short 

region (372). 

Seven E proteins are required for viral DNA replication (45).  Along with 

several cellular components, these proteins form the complexes which bend, 

unwind and replicate the viral DNA.  Firstly, the UL9 protein binds to the origin 

of replication and bends the DNA, causing the formation of a single-stranded 

stem-loop structure (81).  ICP8, the single-stranded DNA binding protein (60), 
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binds to this region and stimulates the helicase activity of UL9, which unwinds a 

region of the DNA (23).  The helicase/primase complex consisting of 

UL5/UL8/UL52 is recruited by ICP8 and makes the primers for leading strand 

synthesis (65), which is carried out by the DNA polymerase comprised of UL30 

and UL42 (309).  This complex also contains 3‟-5‟ exonuclease and proofreading 

ability (309).   

Replication compartments are formed through the recruitment of both viral 

and cellular proteins to the replicating viral DNA, which eventually increases in 

size to fill the entire nucleus (193, 296, 313).  Cellular proteins, such as p53, Rb, 

DNA polymerase δ, DNA ligase, topoisomerase IIα, DNA polymerase α-primase, 

and the DNA damage response proteins Mre11 and ATM are all found in 

replication compartments (219, 400). 

The mechanism used to replicate the viral DNA is complex and not fully 

understood.  The linear genome circularizes by an unknown mechanism upon 

injection into the nucleus and is thought to initially undergo theta form 

replication.  At some point, replication switches to a rolling circle mechanism, 

analogous to bacteriophage lambda DNA replication (110).  The detection of 

head-to-tail concatamers late in infection supports the rolling circle mechanism 

(365).  However, analysis of newly-replicated HSV genomes by partial digestion, 

pulse field gel elecrophoresis and two dimensional gel electrophoresis suggest 

that these concatemeric DNA molecules are highly branched (343, 344, 415).  

These highly branched molecules cannot be formed by a rolling circle mechanism 

only and may require a combination of DNA replication and recombination.  
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Analysis of the concatameric DNA molecules reveals varying orientations of the 

unique long and short regions, suggesting replication and recombination may be 

functionally linked (343, 415).  Several cellular recombination proteins, such as 

RPA, RAD51, p95 and Ku86 are found in replication compartments (401, 402).  

Additionally, HSV encodes a 5‟-3‟ exonuclease, UL12, which may act in 

conjunction with ICP8 to form a viral recombinase resembling the lambda Red 

recombination system (374).   

Other E gene products are not essential for growth in cell culture, but may be 

important in non-dividing cells.  These include TK, ribonucleotide reductase, 

uracil N-glycosylase and the viral dUTPase (110). 

 

 1.2.5.5 L gene expression 

The products of L gene expression are structural proteins and those involved 

in assembly of virions and alterations of cellular membranes.  L gene expression 

occurs in replication compartments (292) and requires ICP4, ICP27 and ICP22 

(for some).  ICP8 is also required for L gene expression (117), either by making L 

promoters more accessible through viral genome rearrangement or by promoting 

transcription from progeny genomes after viral DNA replication (253). 

Two classes of L genes exist, those that are expressed prior to DNA 

replication (such as UL27 and US6) as those that are expressed after DNA 

replication (such as UL44 and US11).  Although some late genes do not require 

DNA replication to be expressed (termed „leaky-late‟), they are greatly enhanced 
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upon DNA synthesis.  The sequence components which result in a gene being 

expressed with leaky-late or true late kinetics are unknown (110).   

 

1.2.6 Viral capsid assembly and egress 

 

Capsid assembly occurs within replication compartments and does not involve 

any cellular proteins (69, 276).  Capsids are assembled around a scaffolding 

structure made of three viral proteins: VP21, preVP22a and VP24 (154).  These 

proteins are formed from the complex cleavage of the proteins from the UL26 and 

UL26.5 genes (224).  The main component of the capsid, VP5, interacts with 

preVP22a and self-assembles (276).  Hexons and pentons are included, and the 

portal proteins are added to the structure (277).  Newly synthesized viral DNA is 

packaged into the capsid during this process, and VP22a and VP21 proteins are 

removed (110). 

The mechanism of viral DNA cleavage and packaging is still under 

investigation.  Cleavage of the concatameric DNA requires two specific 

sequences, termed pac1 and pac2 (70, 388).  Two site-specific DNA breaks occur 

downstream of these sequences (70, 353, 388).  Encapsidation requires 7 viral 

proteins: UL6, UL15, UL17, UL25, UL28, UL32 and UL33.  UL15, UL28 and 

UL33 act as the terminase which cleaves viral DNA into monomers (110). 

Once the capsid is properly assembled and filled with viral DNA it exits the 

nucleus and eventually the cell.  The viral capsid is too large to exit via the 

nuclear pore, and so is thought to bud through the nuclear membrane.  The viral 
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proteins UL31 and UL34, along with the US3 protein kinase play important roles 

in altering the nuclear lamina to allow access to the nuclear envelope (348, 349).  

Budding into the perinuclear space occurs through a mechanism not fully defined 

(260).  Evidence suggests that US3, as a component of the perinuclear virion, 

phosphorylates gB to mediate fusion with the outer nuclear membrane (403).  

Unenveloped capsids in the cytoplasm then acquire a tegument layer (260) and 

bind to post-ER cytoplasmic membranes enriched in viral glycoproteins where the 

final envelope is acquired and the virus is transported to the cell surface (107, 

168, 350, 398). 

 

1.3 Herpes Simplex virus latency 

 

1.3.1 HSV primary and latent infections 

 

In humans, primary infection occurs through direct contact with the mucosal 

epithelium.  Lytic replication occurs for several days until the host adaptive 

immune response limits and eventually clears the infection.  During lytic 

infection, virus spreads to and infects sensory neurons.  The viral nucleocapsid 

travels to the cell body of the neuron in a retrograde fashion.  An initial infection 

occurs in the neurons and is eventually contained by infiltrating CD8+ T cells.  At 

least some viral genomes persist as extrachromosomal, transcriptionally silent, 

endless or circular DNA molecules (75, 258, 317, 318).  In response to a variety 

of stimuli, the virus can reactivate, replicate the genome and package viral DNA 
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into capsids.  These capsids are thought to travel via an anterograde mechanism to 

the nerve endings, where new virus is released to infect the surrounding epithelial 

cells. 

 

1.3.2 Models of latency 

 

Several different model systems have been developed to study latency, 

including those involving rabbits and mice.  The rabbit and mouse eye model 

involves corneal scarification, lytic replication and establishment of latency in 

dorsal root ganglia.  The rabbit eye model results in spontaneous reactivation 

which can be measured in tear secretions (17).  The mouse model of latency 

allows for study of latent infection in knockout mice where the immune response 

is compromised (232).  In addition, the rate of spontaneous reactivation is 

extremely low in mice, yet can be induced through treatments such as UV-light 

exposure, hyperthermia and some drug treatments (336).  In many cases, 

reactivation is studied by explanting infected trigeminal ganglia tissues and using 

in situ hybridization (ISH) or RT-PCR to detect viral transcripts or DNA. 

Although there are several systems to study HSV latency, no encompassing 

model has been derived by comparing data from different animal models. 
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1.3.3 Latency-associated transcripts 

 

Only transcripts from the LAT (latency-associated transcript) regions, which 

are located in the repeats flanking the unique long segment of the viral genome, 

can be detected during latency (110).  LATs are a series of co-linear, nuclear poly 

A
-
 transcripts of 2.0 and 1.5kbp (major LATs).  These are derived from a much 

less abundant 8.3kbp transcript, termed the minor LAT, which is transcribed 

partially antisense to the ICP0 gene (172, 392).   

The 2.0kbp LAT is an unusually stable intron that persists in a lariat structure 

(108, 373).  In neuronal cells, the 2.0kbp LAT is able to produce a second RNA of 

1.5kbp (239, 413), both of which are found diffusely in the nucleus (12).  During 

lytic infection, the 2.0kbp LAT can be detected at late times, while the 1.5kbp 

LAT cannot (124).   

As assessed by in situ PCR, the number of neurons harbouring latent genomes 

far exceeds those expressing LATs (126, 257, 312).  In fact, LATs have not been 

firmly implicated in latency establishment, maintenance or reactivation. 

One potential role of LATs is to protect the infected cells from death.  LAT
-
 

viruses induce apoptosis in rabbit neurons (290), however only some groups have 

been able to reproduce this in mice (8, 376, 377).  In addition, transfection of a 

plasmid expressing LAT protects cells from caspase-3 induced apoptosis (290, 

377).  

An alternative method of protecting cells from death could be through 

preventing viral gene expression.  LAT
-
 viruses show higher levels of viral gene 



  33 

expression both during the initial lytic infection stage in neurons as well as during 

latency (51, 118, 335).  LAT
-
 viruses cause more severe pathology in infected 

mice (376, 377).  In tissue culture, LATs also reduce viral gene expression and 

replication (238). 

Transient expression of LATs inhibits the function of ICP0 (108).  Recent 

studies have implicated micro RNAs (miRNAs) in this phenomenon.  miRNAs 

have been detected in latently infected neurons, at biologically relevant levels, 

with specificity for both ICP0 and ICP4 (382).  The miRNA targeting ICP0 is 

derived from the second exon of the spliced ~6.3kbp minor LAT, while the 

miRNA targeting ICP4 is derived from an unknown portion of the viral genome 

(382).  These miRNAs can reduce ICP0 and ICP4 protein expression in 

transfected cells, but have no effect on viral mRNA levels (382).   

 

1.3.4 Establishment and maintenance of latency 

 

After lytic replication at the primary site of infection, nucleocapsids 

(potentially with some tegument) travel to the cell body of the neuron.  For 

several days thereafter, viral gene products of all classes are detected in the 

infected neurons, and lytic infection within the neuron is controlled by the 

adaptive immune system (110).  Two populations of neurons exist in the infected 

trigeminal ganglia at this time: those that express lytic gene products and those 

that express LATs (208, 241, 335, 357, 358).   
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Latency is generally thought to be the default after a failure to launch the lytic 

cycle. In neurons, this may be due to a lack of VP16 function.  POU domain 

containing proteins may compete with Oct-1 for binding to IE promoters in 

neurons (210, 220, 302).  Additionally, HCF may be sequestered in the cytoplasm 

in neurons and hence unable to transport VP16 to the nucleus (195, 207).  

Inducible expression of VP16 has no effect on the establishment of latency, 

although this remains controversial (340) (see below).   

No one viral gene product is essential in the establishment or maintenance of 

latency.  Many times the low reactivation phenotype of a viral mutant is due to 

inefficient lytic replication at the primary site of infection (110).  Infected neurons 

can harbour anywhere from one to thousands of copies of viral DNA (334) which 

could be due to multiple viruses infecting each neuron from the primary site of 

infection, or through replication of viral DNA before the establishment of latency 

(79). 

 

1.3.5 Reactivation from latency 

 

Reactivation of latent HSV in humans can occur from injury to the infected 

neurons as well as physical or emotional stress, exposure to UV light, 

hyperthermia, or hormonal imbalances (110).  At the molecular level, the details 

surrounding reactivation are unclear.  It is thought that only a small proportion of 

neurons containing latent genomes are stimulated to reactivate, which is thought 

to be due to changes in neuronal gene expression resulting in  induction of cellular 
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factors that act on the viral genome (110).  Gene expression most likely follows 

the IE, E and L temporal pattern; provision of ICP0, ICP4 or VP16 can reactivate 

latent genomes (138). 

A recent report implicates VP16 in both the acute phase of infection in 

neurons and reactivation (375).  The authors argue that in neurons, VP16 is 

expressed with different kinetics than in most conventional cell types.  They 

present a model whereby de novo synthesis of VP16 is required to induce the lytic 

replication cycle within the neuron in order to increase the latent reservoir.  After 

establishment of latency, cellular stresses result in changes to the neuronal 

transcription patterns which uniquely affect the VP16 promoter, allowing the 

VP16 protein to be expressed in rare reactivating neurons (375).  Once enough 

VP16 is produced, IE gene expression can be stimulated and the temporal cascade 

of gene expression can initiate.   

Gene expression and DNA replication result in the production of 

nucleocapsids, tegument and envelope proteins. These may travel together or 

separately along the axon shaft to the nerve endings (211, 284, 323, 379).  

Whether viral replication results in destruction of the infected neuron, or it 

survives to be reactivated multiple times is still unknown (110).   

 

1.4 HSV quiescence 

 

Attempts have been made to mimic the latent state in more amenable tissue 

culture cell lines.  Primary human fibroblasts can be infected with wild type virus 
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at low MOI and higher than physiological temperatures resulting in a lack of gene 

expression.  Compounds such as IFN, cytosine arabinoside and acyclovir are used 

to aid in establishing „in vitro latency‟.  Reactivation is induced through removal 

of the chemical compound and decreasing temperature (for example: (319, 337, 

346, 399)).  These manipulations resulted in this system being labeled too 

artificial to mimic the molecular events of latency (110). 

Quiescence is the term used to define an infection whereby the viral genome 

can enter a non-neuronal cell, yet is maintained in a transcriptionally silent state.  

This model system is used to study the cellular mechanisms which prevent viral 

gene expression at the earliest times post-infection. 

Viruses commonly used in the study of quiescence lack the activation 

functions of proteins such as VP16 and ICP0 (KM110; (270)) or additionally 

ICP4 (in1820K; (306)) or all IE proteins (d109; (325)).  No viral gene expression 

is detected, including from the LAT region (143), even with high MOI (up to 10 

PFU/cell) infection (270, 306, 325).  Quiescent genomes are actively repressed, as 

heterologous promoters embedded within them are also silenced (167, 263, 303, 

306, 325).  For example, the ICP0 promoter is silenced during quiescent infection, 

while the same promoter within the cellular genome in cells harbouring the 

quiescent virus is active (306).  This suggests that the silencing of the viral 

genome is not DNA sequence-dependent and implies that the viral genome may 

be functionally sequestered from transcriptional machinery. 

The repression of gene expression can be broken up into at least two stages.  

In the initial stages, at early times post-infection (< 24hrs), the viral genome is 
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responsive to transacting factors, such as ICP0, VP16 or chemicals such as 

HMBA.  At later times (>24 hours), the viral genome is capable of being 

reactivated by the provision of ICP0 in trans (143, 306, 325, 366) or some newly 

identified chemical compounds (see below) but not by VP16 or HMBA (248, 

306). 

Quiescent genomes are found in the nucleus surrounded by a shell of the IFN-

inducible PML protein (97), suggesting that the viral genome may be physically 

sequestered.  Additionally, the quiescent genome may be functionally inaccessible 

through its association with histones bearing marks of transcriptional repression 

as well as the heterochromatin-associated protein HP1 (58).  HP1 is found in 

ND10 domains (93, 235, 341), suggesting a potential link between sequestering 

the quiescent genome at ND10 and assembling the viral genome into repressive 

chromatin.   

ICP0 is both necessary and sufficient for reactivation of quiescent viral 

genomes.  The ability of ICP0 to act as an ubiquitin E3 ligase, along with a 

functional proteasome system is absolutely required for reactivation (100, 143, 

366), suggesting ICP0 functions by degrading host inhibitory factors.  When 

quiescently infected cells are infected at high MOI with ICP0 mutants, no gene 

expression is detectable from the quiescent genome, highlighting the functional 

inaccessibility of the viral genome in the absence of ICP0 (263).  However, when 

quiescently infected cells are superinfected with an ICP0 mutant at low MOI, viral 

gene expression from a subset of quiescent genomes can be observed (301).  Gene 

expression from the superinfecting ICP0 mutant and the quiescent genome is 
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extremely sensitive to MOI; a high enough MOI is required to overcome the 

defect in IE gene expression of an ICP0 mutant, but cannot be so high as to cause 

competition with the reactivating quiescent genome.  Only approximately 10% of 

the quiescent genomes are reactivated by low MOI infection of an ICP0 mutant 

(301).  This would suggest that the quiescent population, much like the latent 

population in neurons, is heterogeneous or stochastic, with some genomes more 

responsive to trans-acting factors than others.   

Unlike HMBA and DMSO, which cannot reactivate quiescent genomes (248), 

sodium arsenate and gramicidin D both stimulate IE gene expression and 

reactivate ICP0 mutant genomes (305).  Sodium arsenate is an inducer of heat 

shock and oxidative stress, while gramicidin D specifically permeablizes the 

cellular membranes.  The mechanism used by these compounds to reactivate the 

genome is unknown, although they both induce rearrangements of ND10 

domains.  Similar to the results described above, only about 10% of the quiescent 

genomes are activated by these compounds (305), again suggesting a 

heterogeneous population or a stochastic process.  The discovery that chemical 

compounds can reverse the repression of the quiescent genome may provide 

insight into the function of ICP0.   
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1.5 Chromatinization of the viral genome 

 

The HSV genome is associated with histone proteins during both the lytic and 

latent stages of its lifecycle.  Gathering evidence suggests that histone occupancy 

and modifications may play an important role in regulating viral gene expression.   

Nucleosomes are comprised of four core histones (H2A, H2B, H3 and H4) 

containing N-terminal tails which can be modified in a variety of different 

manners.  Histones are commonly acetylated, methylated, phosphorylated and 

ubiquitinated (189).  These histone modifications create binding sites for multi-

protein complexes.  For example, bromodomain-containing proteins recognize 

and bind to lysine acetylated histone tails, while chromodomain-containing 

proteins recognize methylated lysine residues (342).  Acetylation of histones is 

generally correlated to transcriptional activation, as acetylation may mask the 

overall positive charge on the nucleosome (119).  Histone acetylation also recruits 

chromatin remodeling complexes which can slide or remove nucleosomes from 

the chromatin template (144, 175).  Some histone modifications are markers of 

transcription initiation, such as H3K9/14 acetylation and H3K4 methylation (19, 

364).  Other modifications occur concomitantly with RNA polymerase II-

mediated transcription and are markers of transcription elongation, such as 

H3K36 methylation (217). 
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1.5.1 Chromatinization of the viral genome during latency 

 

The global repression of gene expression during HSV latency suggests an 

epigenetic silencing mechanism.  Early studies ruled out the possibility of DNA 

methylation, and instead suggested histone modifications are involved  in 

maintaining a transcriptionally silent genome (197).  The latent genome is 

complexed with nucleosomes in a regular repeating pattern as assessed by 

micrococcal nuclease (MNase) assays (75) and histone modifications appear to 

play an important role in regulating gene expression during latency, as described 

below.   

The LAT promoter and 5‟ exon enhancer regions are hyperacetylated 

compared to the transcriptionally silent ICP0, ICP4, ICP27 and DNA polymerase 

genes (196, 197).  Part of LAT overlaps the ICP0 coding region, but histone 

hyperacetylation does not extend into the ICP0 promoter (196).  The LAT 

enhancer and 5‟ exon are bounded by CTCF binding motifs (11, 50), suggesting 

this region is insulated as its own chromatin domain within the viral genome.   

Histone hyperacetylation can still be detected within the 5‟ exon enhancer 

region of a mutant with a deletion of the LAT promoter (196).  LAT transcripts 

are not detectable in the absence of the LAT promoter, suggesting that acetylation 

is not due to RNA polymerase II-mediated transcription (196).   

Expression of LAT results in an increase in H3K9 and H3K27 methylation 

(54) (both correlated with repressed transcription and facultative heterochromatin) 

and a decrease in H3K4 methylation (associated with active transcription) on 
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several lytic genes (393).  The polycomb protein Bmi1, which methylates H3K27 

is also detectable on the latent viral genome (204).  Therefore, one role of LATs 

may be to recruit histone modification machinery to assemble repressive 

chromatin over the lytic regions of the viral genome.  However, contradictory 

evidence has been presented which suggests that H3K27 methylation and the 

association of the histone variant macroH2A (associated with transcriptional 

silencing) increases with a LAT deletion mutant (204).  The reason for this 

discrepancy has yet to be determined. 

In contrast, in the rabbit eye model LATs may be required for low levels of 

lytic gene expression during latency (123).  Higher levels of H3K4 methylation at 

the LAT enhancer as well as the ICP0 and ICP27 promoters was detected on 

LAT
+
 compared to LAT

-
 genomes.  Levels of H3K9 methylation were similar 

between the LAT
+
 and LAT

-
 viruses, suggesting the LATs are not required in this 

model to assemble the lytic regions of the genome into heterochromatin (123).  

The authors argue that contrary to the mouse model of latency, in rabbits LATs 

are required to maintain the viral genome in a more transcriptionally permissive 

state poised for reactivation. 

In the mouse explant model, reactivation results in a decrease in LAT 

acetylation, followed by a decrease in LAT abundance and an increase in 

acetylation at the ICP0 promoter (10).  Similar results were noted with an in vivo 

reactivation model using the HDAC inhibitor sodium butyrate (275).  However, 

no increase in lytic gene transcripts could be detected at 12 hours in the explant 

model (10).  Whether this is a sensitivity issue or the increase in acetylation 
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detected at the ICP0 promoter does not correlate with transcription has not been 

addressed. 

  It is important to note that not all latent genomes express LATs, therefore 

they may not be absolutely essential for chromatinization of the viral genome.  

However, the current ChIP evidence strongly suggests that histone modifications 

regulate gene expression from the latent genome. 

 

1.5.2 Chromatinization of the viral genome during lytic infection 

 

The viral genome within the nucleocapsid is devoid of histone proteins (57, 

283, 294).  Instead, it is complexed with the highly basic protein spermine (122).  

For many years it was thought that the lytic HSV genome was transcribed as a 

naked DNA template.  In support of this, GFP-tagged histone H2A is specifically 

excluded from viral replication compartments (266).  However, during lytic 

infection, viral DNA is protected from MNase (109, 215, 271; J Lacasse, L 

Schang pers comm).  As assessed by ChIP, the viral genome becomes complexed 

with histones very early after infection, although the levels appear to be much 

lower than several regions of the cellular genome used as references (150, 179).  

This may depend on the MOI used, as the viral and cellular genomes are 

associated with similar amounts of histone H3 at low MOI (55).  Assessment of 

total cellular histone content after HSV infection using western blot analysis 

indicates no significant changes in the overall amount of total or modified histone 

H3 (179).  Study of the linker histone H1 indicates that it is mobilized upon HSV 
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infection in a manner partially dependent on IE or E protein expression (61).  

Therefore, histones may be mobilized away from cellular chromatin and onto 

viral genomes at early times after infection, although this has not been directly 

tested. 

The histone chaperone HIRA is required to load the histone variant H3.3 onto 

the viral genome prior to DNA replication (295).  Knock-down of HIRA 

expression results in decreased association of H3.3 with the viral genome as well 

as decreased viral mRNA accumulation and DNA replication (295).  This 

suggests that at least some histone association with the viral genome is important 

for lytic infection, although the effects of knocking down this protein on other 

cellular processes are unclear. 

During lytic infection, viral promoters are associated with histones bearing 

marks of active transcription: H3K9/K14 acetylated histones and H3K4 

methylated histones (150, 158, 179).  The association of these marks with specific 

promoters occurs in a temporal manner which mimics viral gene expression. 

HCF, which interacts with VP16 at the viral IE promoters, also associates 

with the Set1/Ash2 H3K4 histone methyltransferase complex (406).  Knockdown 

of Set1 expression results in decreased detection of this histone modification on 

the viral genome as well as decreased viral gene expression and DNA replication, 

although these effects are most prominent at late times in infection (158).  This 

indicates that histone modifications may play an important role in regulating viral 

gene expression. 
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In addition, the abundant tegument protein VP22 interacts with the histone 

chaperone TAF-1 and prevents TAF-1 deposition of nucleosomes onto a DNA 

template in vitro (385).  In addition, overexpression of TAF-1 is inhibitory to viral 

infection (385).  Whether this interaction also occurs in the context of lytic 

infection is unknown. 

 

 1.5.2.1 The roles of VP16 and ICP0 in regulating viral chromatin 

structure 

While performing the experiments outlined in Chapters three and four, 

evidence was presented in the literature suggesting that both VP16 and ICP0 are 

involved in modulating the chromatin structure on the viral genome during lytic 

infection (55, 109, 150, 201).  Chapter five summarizes the information available 

in the field to date, thus I will defer the discussion of how these proteins function 

to affect the chromatin structure on the viral genome until Chapter five.   

 

1.6 Intracellular antiviral responses 

 

One of the major pathways activated in response to viral components is the 

IFN response.  IFN stimulates the expression of a wide range of cellular factors, 

called interferon stimulated genes (ISGs), which act to make the cell inhospitable 

to viral infection.  ISGs can be induced through both IFN-dependent and IFN-

independent pathways.  HSV is well-adapted to its host and hence encodes a wide 
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variety of proteins which act to interfere with IFN signaling or the functions of 

ISGs. 

 

1.6.1 The Interferon Response 

 

IFNs were first discovered by Isaacs and Lindenmann in 1957 (162).  IFNs 

protect cells against pathogens and have immunomodulatory and antiproliferative 

effects (361).  There are three main types of IFNs (Type I, II and III) which are 

activated via different receptors, but use many of the same signaling molecules 

and regulate some of the same genes (293). 

Viral infection can be detected through a variety of means by proteins known 

as pattern recognition receptors (PRRs).  The most well-characterized to date 

include Toll-like receptors (TLRs) and retinoic acid-inducible gene I (RIG-I)-like 

helicases (RLHs).  These proteins recognize pathogen-associated molecular 

patterns (PAMPs) and signal the production of IFN and pro-inflammatory 

cytokines (293).  IFN is secreted from the cell and acts in both an autocrine and 

paracrine manner to stimulate the production of ISGs (361). 

 

1.6.2 Interferon-stimulated genes 

 

There are over 300 ISGs stimulated by IFN (74), however only a small subset 

are required to induce an antiviral state.  HSV encodes proteins which affect the 

functions of several known ISGs. 
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The ISG protein kinase R (PKR) is activated by dsRNA.  PKR phosphorylates 

eukaryotic initiation factor (eIF) 2-α which impairs the guanine nucleotide 

exchange reaction catalyzed by eIF-2B thereby inhibiting the translation of both 

viral and cellular mRNA (53, 327, 328).  HSV encodes two proteins known to 

interfere with this pathway: the neurovirulence protein ICP34.5 and US11.  

ICP34.5 binds protein phosphatase 1α and directs it to de-phosphorylate eIF-2α 

(44, 146).  US11 is a true late RNA binding protein which physically interacts 

with PKR and prevents its activation (291, 299). 

A second set of well-characterized ISGs are 2‟5‟ oligoadenylate synthetase 

(OAS) and RNAse L which function together to degrade RNA (321).  OAS acts 

as a PRR, which recognizes dsRNA and catalyzes the formation of 

oligoadenylates with a 2‟5‟-phosphodiester bond linkage called 2‟5‟-Oligo 

Adenylic acid (2-5A) (180).  These oligomers bind to latent RNAse L, causing 

homodimerization, activation and subsequent ssRNA degradation (78).  RNA 

degraded by RNAse L can act as triggers for other cytosolic PRRs like RIG-I and 

MDA5 which results in type I IFN production (240).  US11 has also been 

implicated in preventing OAS-mediated RNA degradation either through 

sequestering dsRNA away from the protein or interacting in a high molecular 

weight complex with OAS and dsRNA (329). 

The Mx family of proteins, including MxA and MxB in humans, are 

cytoplasmic GTPases that are expressed upon IFN treatment (321).  These 

proteins are found near the smooth ER and hence are thought to survey exocytotic 

events and mediate vesicle trafficking to trap essential viral components (1, 187). 
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The functions of several other ISGs have been explored in detail, while many 

remain to be characterized.  ISG56K binds to the p48 subunit of eIF-3, inhibiting 

protein translation (136).  IP-10 (CXCL10) is an IFN-inducible chemokine which 

attracts cells of the adaptive immune system (237).  ND10 component proteins 

PML, Sp100, Sp110, Sp140, ISG20 and PA28 are all IFN-inducible (314).  

 

1.6.3 The IFN-independent response to HSV infection 

 

In some instances, the induction of ISGs can occur in the absence of IFN 

production.  Infection with several enveloped RNA and DNA viruses can induce 

ISGs, whereas infection with non-enveloped viruses does not, implicating 

membrane fusion as a potential recognition mechanism used by the cell (59).  

HSV-1 induces the accumulation of ISGs, but only in the absence of viral gene 

expression. 

Infection of human embryonic lung fibroblasts with the VP16/ICP0 double 

mutant virus KM110 or UV-inactivated wild type virus results in induction of a 

small subset of ISGs as assessed by microarray analysis (268), such as ISG56, 

MxA, OAS, PML, IP-10 and ISG15.  These ISGs act to inhibit viral replication 

and are also induced by IFN treatment (268).  In addition, Nicholl et al described 

the induction of ISG54, IFI56, ISG15, 9-27 and MxA in response to infection 

with wild type virus in the presence of the protein synthesis inhibitor 

cycloheximide, the VP16 mutant in1814 or the VP16/ICP0/ICP4 mutant in1320 

(279).  Similarly, infection with a mutant virus which does not express any IE 
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genes (d109) also induced the accumulation of a subset of ISGs (80).  Thus, one 

or more viral proteins prevent this phenomenon. 

In human fibroblasts, entry is required for the induction of ISGs.  Viral 

mutants in gB and gD which cannot fuse and enter cells do not induce ISGs (268, 

279).  ISGs are also not induced in response to enveloped viruses in the absence 

of IRF3, while IRF1, 7 and 9 are dispensable (59).  Preston et al demonstrated 

that HSV infection in the presence of cycloheximide induces a DNA binding 

complex, including IRF3 and CBP, which recognizes ISREs. 

The mechanism by which HSV prevents the induction of ISGs remains to be 

determined.  Eidson et al determined that ICP0 is involved in preventing the 

accumulation of ISGs.  Inhibiting proteasome function with MG132, as well as 

infections with viruses harbouring mutations in the RING domain of ICP0, results 

in ISG accumulation (80).  ICP0 expression does not cause the degradation of the 

signaling molecules TBK-1 or IKKε or the transcription factors IRF3 or CBP 

(221). 

Using a cell line expressing ICP0 in an inducible manner, Everett and Orr 

demonstrated that ICP0 does not prevent the induction of ISG15 in response to 

IFN or dsRNA (98).  The reason for the discrepancy between these observations 

and those previously reported is unclear.  Pre-expression of ICP0 increased HSV 

yields at low MOI in the presence of IFN, but yields were still reduced compared 

to no IFN treatment.  At high MOIs, pre-expression of ICP0 relieves IFN-

mediated repression to a greater extent (98).  It would appear that the effects of 

ICP0 and IFN is different in tissue culture than intact animals, as in mice the IFN 
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pathway plays a key role in limiting HSV infection, particularly with ICP0 mutant 

viruses (139, 214, 288, 289). 

 

When I began this project, it was understood that U2OS cells support the 

replication of both ICP0 and VP16 mutants to nearly wild-type levels, but the 

basis for this permissivity was unknown.  In order to better understand how this 

cell type could compensate for two viral proteins which function by distinct 

mechanisms, I first determined whether the permissive phenotype of U2OS cells 

was dominant or recessive in heterokaryon formed between restrictive HEL 

fibroblasts and U2OS.  In Chapter three I determined that the permissive 

phenotype of U2OS cells is recessive in somatic cell fusion assays, indicating this 

cell line lacks an antiviral response found in other restrictive cell types.  In 

Chapter four I determined that the artificial induction of ISGs that occurs via p14-

mediated fusion is not the mechanism by which viral gene expression is inhibited.   

I then tested a specific hypothesis, as described in Chapter five: Do U2OS 

cells have a defect in a chromatin-based repression system?  ChIP experiments 

indicate that both ICP0 and VP16 play roles in modulating histone occupancy and 

acetylation levels on the viral genome, suggesting this function may be important 

for stimulating viral gene expression.  Knowing that U2OS cells support the 

replication of VP16 and ICP0 mutants and have a defect in an unidentified 

antiviral pathway, I hypothesized that this cell type is defective in loading high 

levels of under-acetylated histones on the viral genome.  Using ChIP, I 

determined that U2OS cells are lacking a pathway that assembles high levels of 
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under-acetylated histones on the viral genome that is normally targeted by ICP0.  

However, as described in Chapter five, the role this chromatin-based pathway 

plays in limiting viral gene expression is unclear.   

Finally, I tested a second specific hypothesis, as described in Chapter six: Do 

U2OS cells have a defect in a signalling pathway that is required to activate the 

antiviral mechanism?  I identified several kinase inhibitors which stimulate viral 

gene expression in otherwise restrictive cell types in the absence of VP16 

activation function, but have not identified the target of these compounds.  

Additionally, I determined that these kinase inhibitors also function in U2OS cells 

to enhance viral gene expression.  Thus, U2OS cells express the target of these 

kinase inhibitors and must then support the replication of VP16 and ICP0 mutants 

through an alternative mechanism. 

The data presented in this thesis strongly supports the hypothesis that U2OS 

cells are defective in an antiviral mechanism normally targeted by ICP0 and 

VP16.  Although U2OS have a defect in a pathway involved in loading high 

levels of under-acetylated histones on the viral genome, the relevance of this to 

viral genome repression is currently unclear.  Studies into a potential defect in the 

ND10-based repression system in U2OS cells are clearly warranted, as outlined in 

the thesis discussion. 
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Chapter Two: Thesis Materials & Methods 
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2.1 Cell culture and growth of HSV 

 

2.1.1 Maintenance of mammalian cell culture 

Human U2OS osteosarcoma, HeLa cervical carcinoma, human embryonic lung 

(HEL) fibroblasts and African green monkey kidney epithelial cells (Vero) were 

obtained from the American Type Culture collection.  Cells were maintained in 

150cm
2
 tissue culture flasks (Corning) using 25mL Dulbecco‟s Modified Eagle 

Medium (DMEM) containing 10% fetal bovine serum (FBS), 50 units/mL 

penicillin and 5μg/mL streptomycin.  HEL cells were further supplemented with 

1mM sodium pyruvate.   MO59J (DNA PKcs- negative) and MO59K (DNA 

PKcs-wild type) cells, derived from a human malignant glioma, were obtained 

from Dr S. Lees-Miller.  These cells were grown in 10cm
2
 dishes in 50% 

Dulbecco‟s modified Eagle medium/50% F12 medium supplemented with 10% 

FBS and antibiotics as above.  Flasks were incubated at 37
o
C in a humidified 

atmosphere in the presence of 5% CO2.   

Cells were passaged when they reached confluency by washing once with 

phosphate buffered saline (PBS; 10mg/mL NaCl, 0.25mg/mL KCl, 1.8mg/mL 

Na2HPO4, 0.3mg/mL KH2PO4, pH7.5), trypsinizing the cells until no longer 

adherent to the flask (Trypsin, Gibco), resuspending in DMEM with additives, 

and reseeding to approximately 25% confluency using pre-warmed growth 

medium.   
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HEL cells were passaged 10-18 times, while U2OS, HeLa and Vero were 

passaged up to 50 times.  MO59J and MO59K were passaged a total of 4 times.  

To prepare for experiments the following day, U2OS, HeLa and Vero cells were 

seeded at 50% confluency.  HEL cells were seeded at 80% confluency, while 

MO59J/K were seeded at 95% confluency.  The concentration of cells was 

determined using a haemocytometer. 

To prepare stocks for freezing in liquid nitrogen, cells from subconfluent, 

actively dividing cultures were harvested and diluted to approximately 2 x 10
6
 

cells in a mixture of 50% FBS and 50% DMSO in cryovials (Nalgene).  Cells 

were left in an isopropanol cooler at -80
o
C overnight, and then transferred to 

liquid nitrogen for long term storage. 

To start cell cultures from frozen stocks, cryovials were thawed briefly at 37
o
C 

and the cells are resuspended in 10mL growth medium.  Diluted cells were 

pelleted at low speed, and then resuspended into appropriate growth medium and 

added to 75cm
2
 flasks. 

 

2.1.2 Preparation and storage of HSV stocks 

The following viruses were used in this study: 

KOS – wild type virus 

n212 – an ICP0 mutant where both copies of the ICP0 gene bear an Spe1 

linker.  This linker contains an amber chain termination codon that results in 

truncation of the ICP0 protein after amino acid residue 212 (38). 
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V422 – a VP16 mutant which includes an Nhe1 linker containing amber stop 

codons in all three frames which results in truncation of the protein after amino 

acid residue 422 (209). 

KM110 – is a VP16/ICP0 double mutant including the mutations described for 

the n212 and V422 mutants (270). 

in1814 – is a VP16 mutant with a 12bp insertion after amino acid residue 397 

which abolishes interactions with HCF and Oct-1 (3). 

in1814R – the marker rescue of in1814 (wild type strain 17+) (3). 

All HSV strains used here were propagated on U2OS cells, which complement 

both ICP0 and VP16 mutants.  Titres of wild type virus obtained from this cell 

line are approximately 2-fold lower than those obtained on Vero cells. 

To harvest cell-associated viral stocks, U2OS cells were grown to 

approximately 85% confluency in 150cm
2
 flasks.  For n212, V422, in1814 and 

KM110 stocks, cells were infected using a multiplicity of infection (MOI) of 0.05 

in serum-free medium.  KOS and in1814R infections were performed at an MOI 

of 0.03.  After one hour of infection at 37
o
C, rocking every 15 minutes, 20mL 

growth medium was added back to the flasks.  In the case of V422, in1814 and 

KM110 viral stocks, cells were additionally supplemented with 3mM 

hexamethylene-bis-acetimide (HMBA) during and after the one hour incubation 

time.  When most cells exhibited extensive cytopathic effect (approximately 3 

days with KOS, in1814R and n212 stocks, 5 days with V422, in1814 and KM110 

stocks), infected cells were collected and pelleted at 1200rpm for 5 minutes on a 

bench top centrifuge at 4
o
C.  Pelleted cells were resuspended in 1mL serum-free 
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medium per 150cm
2
 flask.  Cells were frozen at -80

o
C for 15 minutes and thawed 

at 37
o
C for 5 minutes, repeated three times.  Cells were then sonicated (Model 

550 Fisher Scientific Sonic Dismembrator) at level 7 using 3 20 second pulses 

each followed by 20 seconds on ice.  Cellular debris was separated using 

centrifugation at 2000rpm for 15 minutes on a bench top centrifuge at 4
o
C.  

Supernatants were then aliquoted as viral stocks and frozen at -80
o
C. 

To harvest cell-free virus, cells were infected as described above.  Once CPE 

had been achieved, 25mL of supernatant was carefully removed from each flask 

into a 50mL Falcon tube.  The supernatant was centrifuged at 2000rpm for 15 

minutes at 4
o
C to remove any large cellular debris.  The supernatant was carefully 

removed and added to Oak Ridge tubes (Nalgene).  These were centrifuged at 12 

000 rpm using the Avanti J-25 centrifuge and the JS 13.1 rotor (Beckman).  After 

spinning, the supernatant was carefully removed and the viral pellet was 

resuspended in 100μL of serum-free medium per 150cm
2
 flask.  These stocks 

were then aliquoted and frozen at -80
o
C. 

 

2.1.3 Titration of HSV stocks 

10μL of virus stock was diluted into 990μL of serum-free medium to create a 

1/100 dilution.  10-fold serial dilutions were made ranging from 10
-2

 to 10
-7

.  

250μL of each dilution were used to infect a confluent monolayer of U2OS cells 

in a 12-well plate.  For V422, in1814 and KM110 titrations, 3mM HMBA was 

added to each well.  After one hour of adsorption, the viral inoculum was 

removed and 1mL of DMEM containing 1% human serum was added to each 
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well.  2-3 days later, plaques were counted under a light microscope.  Wells were 

counted which contained at least 20 and no more than 200 plaques. 

 

2.1.4 Infection of mammalian cells with HSV 

Cells were plated approximately 24 hours prior to infection.  Cells were 

counted immediately prior to infection using a haemocytometer and virus was 

diluted in the appropriate amount of serum-free medium.  Adsorption was carried 

out at 37
o
C in a humidified incubator in the presence of 5% CO2.  Cells were 

rocked every 15 minutes for one hour.  Infecting media was replaced with fresh 

DMEM containing 10% FBS after acid washing (see below).  Cells were then left 

in a humidified incubator at 37
o
C for the appropriate length of time for the 

experiment. 

 

 Kinase inhibitors used in Chapter six include LY294002 (Sigma), 

LY303511 (Calbiochem), wortmannin (Sigma), NU7441 (KuDOS 

Pharmaceuticals), TBB (Sigma), TBCA (Calbiochem), rapamycin (Sigma), Torin-

1 (Dr D. Sabatini, MIT), caffeine (Sigma), DNA PK I and II (Calbiochem) and 

cycloheximide (Sigma).   

 

 2.1.5 Acid Washing mammalian cells 

After the one hour adsorption time, infecting medium was aspirated and cells 

were washed once with PBS.  Acid wash (40mM citric acid, 10mM KCl, 135mM 

NaCl, pH 3.0) was added to the cells for 30 seconds, removed and added again for 
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another 30 seconds.  Growth medium was added to neutralize the acid, removed 

and the cells were washed one more time with growth medium before DMEM 

containing 10% FBS was added to the cells for incubation. 

 

2.1.6 UV-inactivating HSV 

Viral stocks were diluted in serum-free medium to the appropriate 

concentrations for each experiment.  500μL of diluted virus was added to each 

well of a 6-well dish.  Dishes were placed in the Stratalinker 2400 (Stratagene) 

and the lids were removed.  Each dish was exposed to 2000 x 10
2
 μJ of UV 

irradiation.  This is the amount of irradiation determined to prevent IE gene 

expression by KOS at an MOI of 10 in HEL cells. 

 

2.2 Production and manipulation of plasmid DNA 

 

2.2.1 Transformation of competent bacteria 

Plasmids were transformed into Escherichia coli (E.coli) strain DH5α.  40μL 

of competent E. coli were mixed with 50ng of plasmid DNA and kept on ice.  

This mixture was transferred to a pre-chilled electrocuvette and samples were 

pulsed using a BIORAD Gene Pulser II with the resistance set at 200 ohms, the 

capacitance at 25 μfaraday and the voltage at 1.8 volts.  Immediately after pulsing, 

bacteria was added to 1mL of SOC medium (0.02g/mL Bacto-tyrptone, 5μg/mL 

Yeast extract, 5mM NaCl, 25mM KCl, 10mM MgCl2, 20mM glucose) and 

allowed to recover for 45 minutes at 37
o
C shaking at 225rpm.   200μL of these 
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cells were spread-plated onto luria broth (LB; 1% w/v bactotryptone, 0.5% w/v 

yeast extract, 1% w/v NaCl) agarose with the appropriate antibiotic marker and 

grown overnight at 37
o
C. 

 

2.2.2 Growth and maintenance of bacterial cultures 

All plasmids were maintained in the DH5α strain of E. coli.  Selection was 

performed by growing bacteria in LB in the presence of the appropriate antibiotic 

at 37
o
C, shaking at 225rpm.   For long term storage, sterile glycerol was added to 

freshly grown cultures to a final concentration of 30% in LB, mixed and 1mL 

aliquots were frozen at -80
o
C. 

 

2.2.3 Large scale preparation of plasmid DNA 

Bacteria from a single isolated colony was grown overnight (14-16 hours) in 

100mL LB plus the appropriate antibiotic at 37
o
C.  Plasmid DNA was isolated 

using the Qiagen Maxi Prep DNA isolation kit according to the manufacturer‟s 

instructions. 

 

2.2.4 Quantitation of DNA and RNA 

DNA and RNA samples were quantified by measuring their absorbance at 

260nm with an Ultraspec 3000 (Pharmacia) spectrophotometer.  4-5μL of DNA or 

RNA was diluted in 1mL of water, transferred to a quartz cuvette and its 

absorbance was measured.  The concentration was calculated automatically by the 

spectrophotometer using the conversion of 1 absorbance unit being equal to 
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50mg/mL of dsDNA or 40mg/ml of RNA.  Purity of DNA and RNA was assessed 

by comparing the ratios of absorbance at 260 and 280nm.  Generally, a ratio of 

1.7 to 2.0 was considered acceptable. 

 

2.2.5 Restriction enzyme digestion 

Restriction enzyme digestions were used to generate probe fragments for 

Northern analysis.  Restriction enzymes were purchased from New England 

Biolabs or Invitrogen.  Digests were prepared using 10μg of plasmid DNA, 10 

units of the appropriate enzyme and the appropriate buffer diluted to 1X.  Double 

digestions used a total of 10 units of enzymes and a buffer which offered maximal 

activity for both enzymes.  Digested DNA was immediately separated using 

agarose gel electrophoresis. 

To make probes for Northern blot analysis, plasmids were cut with the 

following enzymes: 

pICP22: SacI, XhoI, React 4 Buffer 

p27 (ICP27): BstXI, EcoNI, React 2 Buffer 

pTK173: PvuII, SacI, NEB#1 Buffer 

IP-10 (Image Clone 491243): HindIII, XhoI, React 2 Buffer 

MxB (Image Clone 471638): EcoRI, NotI, React 3 Buffer 

 

2.2.6 Polymerase Chain Reaction (PCR) 

PCR was used to amplify DNA sequences for use as probes in Northern 

blotting.  Generally, 50μL reactions were set up as follows: 

5μL 10X PCR buffer, 2.5μL MgCl2, 5μL each 10μM primer, 1μL 10mM dNTPs, 

0.5μL Taq polymerase, 31μL H2O 

Generally, PCR programs were set up as follows: 
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Step 1: 94
o
C for 2 min, Step 2: 94

o
C for 30 sec, Step 3: Annealing temp for 30 

sec, Step 4: 72
o
C for 1 min, Step 5: 72

o
C for 5 min, Repeat Steps 2-4 24 times 

 

PCR primers used in this study: 

To amplify the ISG56K probe fragment: 

JRS 139: CCCAGTCACGACGACGTTGTAAAACG 

JRS140: AGCGGATAACAATTTCACACAGG  Annealing 

temperature: 55
o
C 

 

To amplify the VP16 probe fragment: 

JRS87: CTCGACGACTTGGGCTTTAG 

JRS88: AGGGCATCGGTAAACATCTG  Annealing 

temperature: 55
o
C 

 

PCR reactions were immediately separated using agarose gel electrophoresis. 

 

2.2.7 DNA agarose gel electrophoresis and gel purification 

DNA fragments were separated by electrophoresis on 1% agarose gels in 1X 

TAE (40mM Tris-acetate, 2mM EDTA).  Ethidium bromide was added to gels to 

allow for visualization using an UV transilluminator.  Samples were run for 1 – 2 

hours in 1X TAE buffer at 100V. 

DNA fragments were gel purified by cutting the appropriate bands out of the 

agarose gel and following the manufacturer‟s instructions in the Qiagen Gel 

Extraction Kit. 

 

2.2.8 Random primer labelling of DNA fragments 

2μg of random hexamer DNA primers were mixed with 2.5μg of template 

DNA and water to bring to reaction to 35μL.  This mixture was heated at 95
o
C for 
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5 minutes and placed immediately on ice for 2 minutes.  Random priming was 

initiated by adding 7μL of oligo labelling buffer (30mM Tris pH 8, 3mM MgCl2, 

0.5% β-mercaptoethanol, 1.25mM dGTP, 1.25mM dATP, 1.25mM dTTP, 1.285M 

HEPES, pH 6.6), 2μL bovine serum albumin (BSA; New England Biolabs), 5μL 

α-
32

P dCTP, and 1μL Klenow (Invitrogen).  This mixture was left at 37
o
C for 30 

minutes and then 50μL Tris-EDTA (10mM Tris pH 7.0, 1mM EDTA) was added.  

The DNA was extracted using an equal volume of phenol/chloroform (Fluka).  

After spinning in a benchtop centrifuge (Eppendorf centrifuge 5417C) at 14 

000rpm for 5 minutes at room temperature, the aqueous layer was removed and 

passed through a NICK column (Amersham Pharmacia BioTech) to remove 

unincorporated nucleotides.  400μL of TE was also passed through the column.  

500μL of TE was added to the column and the eluate collected.  Radioactive 

counts were determined by measuring 2μL of eluate diluted in 5mL scintillation 

fluid (Cytoscint, MP Biomedicals) using a Beckman LS6500 scintillation 

detector.  1 x 10
7
 counts were used for each blot.   

 

2.2.9 Transfection of plasmid DNA into mammalian cells 

Transient transfections were done using two methods:  Lipofectamine 2000 

(Invitrogen) was used to transfect U2OS cells and Exgen 500 (Fermentas) was 

used to transfect HEL cells.  All transfections were carried out using the amounts 

of DNA and reagent according to the manufacturer‟s instructions.  Extremely high 

transfection efficiency can be obtained using U2OS cells (~80%), while very low 

transfection efficiency is obtained using HEL cells (~5%). 
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2.3 Isolation and manipulation of cellular RNA 

 

2.3.1 Harvesting total cellular RNA 

Monolayers were grown in 60mm dishes, washed with 5mL of PBS and 

incubated with 1mL of Trizol (Invitrogen) at room temperature.  Cells were 

scraped into 1.5mL eppendorf tubes and either frozen at -80
o
C or immediately 

extracted. 

For extractions, 200μL of chloroform was added to each sample, mixed for 3 

minutes and centrifuged at 14 000rpm for 15 minutes at 4
o
C.  The aqueous phase 

was removed and re-extracted with 200μL of chloroform and spun as above.  The 

aqueous phase was again removed, mixed with an equal volume of isopropanol 

and left for 10 minutes at room temperature.  The mixture was then spun at 14 

000rpm for 15 minutes at 4
o
C and the supernatant aspirated.  The RNA pellet was 

washed once with 70% ethanol and centrifuged at 14 000rpm for 5 minutes.  The 

ethanol was aspirated and the RNA pellet was allowed to dry for 9 minutes.  After 

this time, 40μL of DEPC-treated water was added and the dissolved RNA pellets 

were frozen at -80
o
C for 10 minutes, and then thawed at 65

o
C prior to 

quantitation. 

 

2.3.2 Northern blot analysis 

For each 10μg RNA sample, 3μL 10X MOPS (0.2M MOPS, 1mM EDTA, 

5mM NaAcetate), 5μL of formaldehyde and 15μL formamide was added.  
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Samples were denatured at 65
o
C for 15 minutes, and then left on ice for 2 minutes 

prior to loading onto a 1% agarose gel containing 2% formaldehyde, 1X MOPS 

and ethidium bromide.  Gels were run for approximately 2 hours at 100V in 1X 

MOPS running buffer.  RNA was transferred to a Genescreen Plus nylon 

membrane (NEN Life Sciences Products) in 10X SSC (1.5M NaCl, 150mM 

sodium citrate).  After an overnight transfer, membranes were UV-crosslinked 

using the Stratalinker 2400 before being hybridized with the α-
32

P-labeled probe.  

Firstly, blots were preinclubated with 5mL Express Hybridization Solution (BD 

Biosciences) at 68
o
C for 30 minutes while being rotated using an H1 16000 

hybridization incubator (Tyler Research Instruments).  The α-
32

P-labelled probe 

was denatured at 95
o
C for at least 5 minutes and added to the ExpressHyb 

solution.  Hybridization occurred for one hour at 68
o
C, followed by washes with 

Express Hybridization wash 1 (0.5% 20X SSC, 0.1% SDS) with several changes 

over 40 minutes at room temperature.  Express Hybridization wash 2 (10% 20X 

SSC, 0.05% SDS) was then used to wash 2 times for 20 minutes each while being 

rotated at 50
o
C.  Following the washes, blots were wrapped in saran wrap and 

exposed.  The α-
32

P signal was detected by exposure to Kodak Biomax MS film at 

-80
o
C. 

To remove bound probe from the membrane for the purpose of re-probing, 

blots were washed at 95
o
C for 15 minutes with stripping buffer (0.5% SDS, 

10mM Tris pH 8.0).  Blots were allowed to cool and could then be pre-hybridized 

with Express Hybridization solution again. 
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2.4 Western blot analysis 

 

Monolayers of various cells were grown in 6-well plates.  After the appropriate 

treatment and time frame, cells were harvested by washing once with PBS, then 

scraped into 100μL of 1X RIPA (50mM Tris pH 7.4, 150mM NaCl, 1mM EDTA, 

1X Complete Protease Inhibitor (Roche), 1% Triton X-100, 0.1% SDS).  Samples 

could be quantitated at this point using the BCA Protein Assay Kit (Thermo 

Scientific) according to the manufacturer‟s instructions.  6X SDS loading buffer 

(0.5M Tris pH 6.8, 30% glycerol, 1% SDS, Bromphenol blue and 0.6% β-

mercaptoethanol) was added to a final concentration of 1X and the samples were 

heated at 95
o
C for 10 minutes.  10μg of protein was loaded onto 8% acrylamide 

SDS PAGE gels along with a prestained protein marker (BIORAD).  The gels 

were electrophoresed for approximately 2 hours at 100V in 1X SDS PAGE buffer.  

Samples were transferred to a nitrocellulose membrane (Hybond ECL, Amersham 

Pharmacia) using a wet transfer apparatus (BIORAD Trans-blot cell) at 100V for 

45 minutes.  After transferring, blots were incubated for at least one hour in 5% 

skim milk/TBS Tween (25mM Tris pH 8.0, 150mM NaCl, 0.1% Tween-20) at 

room temperature, or overnight at 4
o
C. 

Primary antibodies were diluted in 5% skim milk/TBS Tween for at least one 

hour at room temperature.  Appropriate dilutions of antibody were determined 

empirically.  Three washes were then performed using TBS-Tween for 5 minutes 

each.  Secondary antibodies were diluted 1:10 000 in 5% skim milk/TBS Tween 

and incubated with the blots for at least one hour at room temperature.  Another 
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three washes were performed as above and the membrane was developed using 

the ECL+ system (Amersham Biosciences) according to the manufacturer‟s 

instructions.  Signal was detected by exposure to Fuji Super RX X-Ray film. 

To remove bound antibody for the purpose of re-probing, the membranes were 

washed with stripping buffer (0.02g/L SDS, 6.25mM Tris, pH 6.7, 7% β-

mercaptoethanol) at 55
o
C for 15 minutes.  Membranes were rinsed several times 

with TBS-Tween and 5% skim milk/TBS-Tween was added to the blots again for 

one hour prior to antibody re-exposure. 

 

2.5 Indirect immunofluoresence and microscopy 

 

2.5.1 Cell-permeable staining 

Cells were stained with one of: 15mM blue fluorescent 7-aminocoumarin 

(CMAC), 15mM far red fluorescent BODIPY methylbromide, 10mM orange 

fluorescent tetramethylrhodamine (CMTMR) or 10mM green fluorescent 

fluorescein diacetate (CFMDA), all from Molecular Probes, according to the 

manufacturer‟s instructions. 

 

2.5.2 Indirect immunofluorescence 

Monolayers on cells were grown on 18mm coverslips (Fisher Scientific) within 

12-well dishes.  These cells were fixed by washing once in PBS, then adding 5% 

formaldehyde in PBS for 10 minutes.  Cells were again washed with PBS and 

PBS containing 0.5% Nonidet P-40 was added for 10 minutes.  Cells were washed 
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three times with PBS containing 1% FBS and left in PBS/1% FBS for at least one 

hour at room temperature or overnight at 4
o
C.  Cells were then incubated with 

primary antibody diluted in PBS/1% FBS for 45 minutes, washed three times for 

5 minutes each with PBS/1% FBS then incubated with secondary antibody (anti-

rabbit or anti-mouse horseradish peroxidise) diluted in PBS/1% FBS (1:10000) 

for another 45 minutes.  After three more washes in PBS/1% FBS, coverslips 

were dipped into distilled water and inverted onto slides containing 25μL 

Vectashield (Vector Laboratories) with or without DAPI, depending on the 

experiment.  Finally, coverslips were secured using clear nail polish. 

 

2.5.3 Microscopy 

The light microscope used in our laboratory is an Olympus CK40.  The 

fluorescent microscope used was a Zeiss Axiovert 200.  The light source was an 

X-cite 120 Fluorescence Illumination System and a 40X oil immersion objective 

lens was used for all experiments.  Samples were analyzed using the Axiovert Rel. 

4.6 software.  The confocal microscope used was a Zeiss LSM 510 confocal 

microscope.  Lasers used included those giving excitation lines at 488nm, 546nm 

and 350nm.  A 40X oil immersion objective lens was used for all experiments.  

Samples were analyzed using the LSM software. 
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2.6 DNA fluorescent in situ hybridization 

 

2.6.1 Preparation of DNA probe 

The HSV DNA probe was made by removing the HSV-1 sequence with 

coordinates (79442–115152) from cosmid 56 (66) using Pac1 restriction enzyme 

digestion and purification of the ca. 35-kb fragment with an agarose gel DNA 

extraction kit (Roche). The probe was biotin labelled using the BioPrime DNA 

Labeling System (Invitrogen) according to the manufacturer's instructions, 

purified on a Chroma Spin 100 column (Clonetech) and stored in 1mL 100% 

ethanol. Before use 50μL of  probe was combined with 15μL unlabeled human 

COT-1 DNA (Invitrogen), 15μL salmon sperm DNA (Invitrogen), 30μL yeast 

tRNA (Invitrogen), 10μL 3M sodium acetate and 25μL H2O and precipitated with 

250μL 100% ethanol.  Samples were spun at 14 000 rpm at 4
o
C and washed twice 

with 70% ethanol (spinning as above), air dried for 5-10 minutes and resuspended 

in 12.5μL formamide. After incubation for 10 min at 75 °C and quick cooling on 

ice, the probe was mixed with 12.5μL 2× hybridization buffer (1 part 20× SSC, 2 

parts bovine serum albumin (10 mg/ml), 2 parts 50% dextran sulphate), boiled for 

5 min, cooled on ice and incubated at 37 °C for 30 min before use.  This probe 

can be stored at -20
o
C.  The prehybridization mix was made as described above, 

but in the place of HSV DNA, unlabeled cosmid 56 backbone derived from the 

initial Pac1 digestion was added. 
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2.6.2 DNA fluorescent in situ hybridization 

Cells grown in 4-well chamber slides (NUNC) and fixed by washing once with 

50 ml of PBS in a Coplin Jar, then once with 50mL Cytoskeletal Buffer (CSK: 

100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM PIPES pH 6.8) for 30 s, 

50 mL CSK + 0.2% Tween-20 for 30 s, then again for 30 s with 50mL CSK.  

50mL 4% paraformaldehyde was added to the Coplin Jar for 10 min.  Slides were 

stored in 50mL 70% ethanol at 4 °C until further use. Cells were dehydrated in a 

50mL ethanol series (70%, 85%, 95%, and 100%) for 2 min each, then incubated 

for 2 hours at 37 °C with 50 μg/ml RNase A (Invitrogen) in a humid chamber. 

After this incubation, the slides were washed 3 times for 5 min each at 39 °C with 

50mL 2× SSC (20× SSC: 3 M NaCl, 300 mM sodium citrate), then underwent 

another ethanol dehydration series and were incubated for 10 min at 70 °C in a 

50mL 70% formamide/2× SSC solution. The slides again underwent a 

dehydration series using ice-cold ethanol and were completely dried before the 

prehybridization step.  3 μl of prehybridization probe was added to the slides and 

spread under parafilm. The slides were incubated for 1 hour at 37 °C in a humid 

chamber, after which time the parafilm was removed and 3 μl of biotin-labeled 

probe was added.  The slides were then incubated in the humid chamber at 37 °C 

overnight. The next day, slides were washed twice at 39 °C in 50mL 1× SSC/50% 

formamide for 5 min each, once for 5 min at 39 °C in 50mL 2× SSC and twice for 

5 min at 39 °C in 50mL 1× SSC. 30 μl of Fluorescein DCS (Vector Laboratories) 

diluted 1:50 in detection buffer (1 part 20× SSC, 1part bovine serum albumin (10 
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mg/ml), 3 parts H2O) was then added to slides and spread under parafilm. The 

slides were incubated at 37 °C for 30 min in a humid chamber, after which they 

were washed once in 50mL 4× SCC at 39 °C for 5 min, once in 50mL 4× 

SSC/0.2% Tween-20 at 39 °C for 5 min, again in 50mL 4× SSC at 39 °C for 5 

min and finally once in 50mL distilled water at room temperature for 5 min. 70 μl 

of Vectashield was placed on slides, and coverslips were added and sealed with 

clear nail polish. 

 

2.7 Chromatin immunoprecipitation 

 

2.7.1 Chromatin immunoprecipitation 

In all ChIP experiments, the input doses of n212 and V422 were adjusted 

to give rise to the same levels of viral DNA as 1 PFU of KOS at 3 hours post-

infection (in the presence of PAA). The appropriate MOIs (which ranged from 

0.875 to 1.1) were determined by infecting cells with 1 PFU/cell of each virus for 

three hours and harvesting the total cellular DNA as per the ChIP protocol (up to 

and including the sonication step; see below).  The amount of viral DNA in each 

sample was then assessed by real-time PCR using primers specific for the ICP27 

gene.  

 This protocol is adapted from Cliffe and Knipe (55).  3x10
6
 HeLa or 

U2OS cells were grown in 100mm dishes and infected as appropriate.  Cells were 

fixed by the addition of 270μL of formaldehyde to a final concentration of 1% for 

10 minutes.  Cross-linking was halted by the addition of 125mM (1.15 mL) 
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glycine for 5 minutes.  Cells were washed with PBS and scraped into 1mL cold 

PBS and centrifuged at 4000 rpm for 5 minutes at 4
o
C.  The pellet was 

resuspended in 200μL 1% SDS lysis buffer (1% SDS, 10mM EDTA, 50mM Tris 

pH 8.1), left for 10 minutes on ice and diluted with 400μL with RIPA buffer 

(0.1% SDS. 1% sodium deoxycholate, 150mM NaCl, 10mM Na2PO4, 2mM 

EDTA, 1% NP40).  Samples were sonicated with a Model 550 Fisher Scientific 

Sonic Dismembrator at level 3.8 using 20 sec pulses to obtain DNA fragmented to 

200-500bp.  Samples were spun at 14 000 rpm for 10 minutes at 4
o
C. 

Supernatants were removed (600μL) and 400μL RIPA buffer was added.  

Samples were pre-cleared with 40μL protein A agarose/salmon sperm DNA 

(Millipore) for one hour rotating at 4
o
C.  After this time, samples were spun at 

3000 rpm at 4
o
C for 1 minute and the supernatant was removed to a new tube.  

10μL of sample was removed at this point as „Input‟ DNA and stored at -20
o
C.  

Protein-DNA complexes were immunoprecipitated with 5µg anti-histone H3 

antibody (Abcam, ab1791) or 10µg anti-acetyl-histone H3 antibody (Millipore 06-

599) overnight, rotating at 4
o
C.  Immune complexes were collected by incubation 

with 30μL protein A-agarose/salmon sperm DNA for 30 minutes at 4
o
C with 

rotating, followed by centrifugation at 3000 rpm for one minute at 4
o
C.  

Supernatant was removed and washes were performed at 4
o
C for 5 minutes with 

1mL low salt (150mM NaCl, 20mM Tris pH 8.1, 2mM EDTA, 1% Triton X-100, 

0.1% SDS), high salt (500mM NaCl, 20mM Tris pH 8.1, 2mM EDTA, 1% Triton 

X-100, 0.1% SDS) and LiCl buffers (0.25M LiCl, 1% NP40, 1% sodium 

deoxycholate, 1mM EDTA, 10mM Tris pH 8.1), and then two washes with TE 
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(10mM Tris pH 7.5, 1mM EDTA).  Beads were pelleted at low speed between 

washes and supernatants removed as described above.  Protein-DNA complexes 

were eluted in 200μL elution buffer (1% SDS, 0.1M NaHCO3) warmed to 65
o
C, 

rotated for 15 minutes at room temperature, incubated for 15 minutes at 65
o
C and 

rotated for another 15 minutes at room temperature.  Samples were centrifuged at 

room temperature at 3000 rpm.  Eluates were incubated at 65
o
C for at least 4 

hours in the presence of 200mM NaCl and 1µg RNase A.   

 

2.7.2 Isolation of immunoprecipitated DNA 

DNA was isolated using the Qiagen PCR Purification Kit according to the 

manufacturer‟s instructions.  DNA was eluted in 100µL H20 warmed to 65
o
C and 

the column was incubated at 65
o
C for 5 minutes.   

 

2.8 Real-time PCR 

 

10uL PCR reactions were prepared using 2µL of DNA (from above 

immunoprecipitation), 1.6µM of each primer and 2X Sybr Green Mix (20mM Tris 

pH 8.3, 100mM KCl, 6mM MgCl2, 1.6% Glycerol, 0.02% Tween-20. 4% DMSO, 

0.4mM dNTPs (each), 0.06U/µL Platinum Taq, 1X Sybr Green).  The PCR 

primers used are listed in Chapter 5.  Real-time PCR was performed using an 

Eppendorf Mastercycler Realplex
2
 PCR machine and the standard 2-step PCR 

program.   
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2.8.1 Design of Real-time PCR experiments 

Primers for Real-time PCR were designed using the PrimerQuest program 

from Integrated DNA Technologies 

(http://www.idtdna.com/Scitools/Applications/Primerquest/), using standard 

settings for Real-time PCR primer design.  All primers were designed with an 

annealing temperature of 60
o
C.  Efficiency of primer amplification was tested 

using DNA harvested from HeLa cells infected with KOS virus at an MOI of 10 

for 3 hours.  10-fold serial dilutions were performed and the RealPlex PCR 

program (Eppendorf) was used to calculate the efficiency of each primer set.  The 

specificity of each primer pair was analyzed using melting curves of each PCR 

product.   

Samples were analyzed in duplicate and relative copy numbers were 

estimated by comparison with a standard curve generated by a 10-fold dilution 

series of pooled input samples.  The Ct values for the samples in the dilution 

series was plotted against log[relative DNA copy] (10000 – 10) and the slope of 

the curve and R
2
 value were determined.  Only experiments where the slope of the 

curve was close to 3.3 (2
~3.3

 = 10) and R
2
 values were no less than 0.98 were the 

samples further analyzed.  The relative DNA copy number for each experimental 

sample was then calculated by using each Ct value in the equation obtained from 

the dilution series curve. 

Relative DNA copy numbers were obtained both for the Input DNA and 

the immunoprecipitated DNA for each experimental sample, and were compared: 

http://www.idtdna.com/Scitools/Applications/Primerquest/
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IP DNA/Input DNA.  In the case of comparing multiple IPs: [IP (1) DNA/Input 

(1) DNA] / [IP DNA (2)/Input DNA (2)]. 
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Chapter Three:  Herpes Simplex virus regulatory proteins VP16 and ICP0 

counteract an innate intranuclear barrier to viral gene expression 

 

A version of this chapter has been published:  

Hancock MH, Corcoran JA, and Smiley JR. 2006. Virology 352(1):237-52. 
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Preface to Chapter 3 

 The work in this chapter was performed as a means to examine the basis 

for the permissivity of U2OS cells to VP16 and ICP0 mutants.  It was originally 

suggested By Yao and Schaffer that U2OS cells encoded an „ICP0-like‟ activator 

of viral gene expression; however, this hypothesis had never been tested.  I felt it 

was equally possible that this cell type was lacking a component of an innate 

antiviral response that prevents viral gene expression in the absence of these 

transcriptional activators and set out to distinguish between these possibilities. 

The publication entitled “Herpes Simplex virus regulatory proteins VP16 

and ICP0 counteract an innate intranuclear barrier to viral gene expression” is the 

content of Chapter three of this thesis.  This work was published online June 5
th

 

2006 and available in print August 2006 in the journal Virology.  Jennifer A. 

Corcoran suggested the use of the reovirus p14 fusion protein as a means of 

forming heterokarya and hence was added as an author on this publication.  All 

experiments were performed by me, while writing and editing was shared 

between Dr Smiley and myself. 
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 ABSTRACT 

  HSV regulatory proteins VP16 and ICP0 play key roles in launching the 

lytic program of viral gene expression in most cell types. However, these 

activation functions are dispensable in U2OS osteosarcoma cells, suggesting that 

this cell line either expresses an endogenous activator of HSV gene expression or 

lacks inhibitory mechanisms that are inactivated by VP16 and ICP0 in other cells. 

To distinguish between these possibilities, we examined the phenotypes of 

somatic cell hybrids formed between U2OS cells and highly restrictive HEL 

fibroblasts.  The U2OS-HEL heterokarya were as non-permissive as HEL cells, a 

phenotype that could be overcome by providing either VP16 or ICP0 in trans. Our 

data indicate that human fibroblasts contain one or more inhibitory factors that act 

within the nucleus to limit HSV gene expression, and argue that VP16 and ICP0 

stimulate viral gene expression at least in part by counteracting this innate 

antiviral defence mechanism.  
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INTRODUCTION 

Innate immune defences protect eukaryotic organisms from harmful 

invaders by coupling sensor-mediated recognition of common pathogen-

associated molecular patterns to potent and specialized anti-pathogen responses 

(43, 66). In the case of antiviral defence in vertebrates, these responses include a 

variety of mechanisms that act within infected cells to inhibit virus replication. 

Some of these antiviral systems are broadly active, being able to inhibit many 

viruses; examples include the type I interferon (IFN) response and host apoptotic 

and RNA silencing pathways (2, 30, 91).  Others, such as the retrovirus restriction 

factors APOBEC3G and TRIM5α are more selective and target only a subset of 

viruses (28). Given the effectiveness of these varied intracellular antiviral 

defences, it is not surprising that most if not all viruses encode gene products that 

inactivate one or more of these host systems (2, 30, 91). Indeed, mounting 

evidence documents that the host-range of many viruses is determined by the 

balance between host innate defences and viral countermeasures (56, 88, 93). 

 

An effective viral suppressor can mask the effects of an otherwise potent 

cellular defence mechanism, hindering the initial discovery of the antiviral 

mechanism.  However, mutations that inactivate the viral suppressor often give 

rise to a host-range phenotype such that the mutant virus is able to replicate 

efficiently only in cells that lack the cognate host defence mechanism (8, 56, 88, 

93).  Such viral mutants and permissive cell variants provide powerful tools for 

the discovery and characterization of novel innate antiviral defence mechanisms. 
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In particular, somatic cell fusion experiments that probe the basis for host-range 

phenotypes have, in several cases, provided the first evidence that the viral protein 

in question acts by overcoming a cellular barrier to virus replication in restrictive 

cells (10, 55, 65, 82).  For example, HIV mutants lacking the viral vif protein can 

be propagated in only a subset of T cell lines in culture (26, 87, 92).  Studies of 

somatic cell hybrids formed between permissive and non-permissive cell lines 

revealed that the non-permissive phenotype is dominant, implying that such cells 

contain a trans-acting antiviral factor that is inactivated by vif (10, 82). These 

findings set the stage for the subtractive hybridization experiments that identified 

the cellular cytosine deaminase APOBEC3G as the antiviral factor targeted by vif 

(81).  

 

In this report we present the results of somatic cell fusion experiments that 

probe the basis for the host-range phenotype of a herpes simplex virus type 1 

(HSV-1) mutant that lacks functional ICP0 and VP16, two proteins that stimulate 

viral gene expression during the earliest stages of infection.  As elaborated below, 

our data argue that VP16 and ICP0 act at least in part by overcoming one or more 

cellular barriers to viral gene expression.  

 

HSV-1 is a significant human pathogen and the prototypical member of 

the herpesviridae, a family of large enveloped nuclear DNA viruses. Depending 

on the nature of the host cell, the virus either undergoes productive replication 

leading to cell death or establishes a latent infection (reviewed in (77)). The HSV 
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lytic cycle involves the temporally regulated expression of three sets of viral 

genes: immediate-early (IE), early (E), and late (L). This genetic program is 

initiated by the viral tegument protein VP16, which is released into the cell 

following fusion of the viral envelope with the host plasma membrane. VP16 

binds the cellular factors HCF and Oct-1 and the resulting tripartite complex then 

associates with specific target sequences within the viral IE promoters (68, 73, 85, 

96). The C-terminus of VP16 serves as a strong acidic transcriptional activation 

domain (89) that recruits factors involved in transcription initiation to the viral IE 

promoters (37, 45, 47, 58, 60, 90, 95).  VP16 stimulates the expression of five IE 

genes, four of which encode proteins that collaborate to drive progression of the 

lytic cycle into the E and L stages. One of these, ICP0, appears to act upstream of 

the other IE proteins, as it is required along with VP16 for efficient IE gene 

expression (4, 5, 20, 86). Thus, the functions of VP16 and ICP0 seem to be 

interrelated or overlapping. Consistent with this view, ICP0 expressed in trans can 

partially complement the transcriptional defect of VP16 mutants (1, 34).  

 

Viral mutants lacking the activation functions of ICP0 or VP16 display a 

greatly increased particle-to-plaque forming unit (PFU) ratio and substantially 

lower levels of IE gene expression upon low multiplicity infection of many cell 

types (1, 5, 16, 83, 86). The severity of the mutant phenotype varies between cell 

types, with primary human fibroblasts being the most restrictive (20).  In the 

absence of either or both of these proteins, the viral genome often fails to engage 

the lytic program of gene expression in restrictive cells, and instead persists in a 



  80 

transcriptionally silent, extrachromosomal state (1, 20, 35, 36, 41, 72, 74, 78, 79, 

86).  Such quiescent genomes appear to be actively repressed, as otherwise 

constitutively active heterologous promoters embedded within them are also 

silenced (41, 59, 74, 79).  Thus, VP16 and ICP0 appear to modulate the fate of 

newly delivered viral genomes, diverting them away from one or more cellular 

gene silencing systems and towards a lytic infection. 

 

ICP0 behaves as a promiscuous transactivator of viral and cellular genes in 

transient cotransfection assays (15, 27, 69, 75), reviewed in (18), and it stimulates 

expression of HSV genes belonging to all three temporal classes during lytic 

infection (4, 5, 16, 20, 42, 80, 86).  A plausible hypothesis is that it stimulates 

viral gene expression at least in part by counteracting the cellular silencing 

mechanisms alluded to above (reviewed in (18, 19, 72)).  Consistent with this 

hypothesis, ICP0 suffices to block entry into quiescence and is able to reactivate 

silenced genomes (35, 36, 41, 72, 74, 79, 86).  Little is known about the 

mechanisms underlying silencing and reactivation of quiescent HSV genomes; 

however data obtained by Preston and colleagues indicate that the newly delivered 

viral genome is gradually assembled into a functionally inaccessible configuration 

that precludes the action of many trans-acting factors, including VP16 and the 

viral DNA replication machinery (74), reviewed in (72). ICP0 is unique among 

HSV proteins in its ability to reactivate these globally repressed genomes, and 

such genomes are neither expressed nor replicated following productive 

superinfection with ICP0-deficient HSV (35, 36, 38, 59, 78). It is tempting to 
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speculate that these anti-repression activities of ICP0 also underlie its ability to 

promote efficient IE gene expression during the earliest stages of a normal HSV 

infection. However, the HSV IE promoters residing within genomes destined for 

quiescence remain responsive to transacting factors for at least one hour after 

genome delivery, and repression has been documented only after 24 hours 

exposure to the restrictive cellular environment in the absence of ICP0 (74). Thus, 

it is currently unknown whether ICP0 stimulates gene expression at early times 

postinfection by counteracting host inhibitory mechanisms.   

 

ICP0 is an ubiquitin E3 ligase that interacts with a growing list of cellular 

proteins, causing the degradation of some (reviewed in (18)). Its E3 ligase 

function is essential for transactivation and reactivation of quiescent viral 

genomes, and these processes are blocked by proteasome inhibitors (3, 14, 24, 

33).  These observations suggest that ICP0 may act by targeting cellular inhibitory 

proteins for ubiquitination and degradation.  ICP0 is known to interact with type 

II histone deacetylases (52) and components of the CoREST/REST transcriptional 

repression complex (32), suggesting a possible link with cellular repression 

mechanisms and chromatin modifications.  In addition, ICP0 causes the 

degradation of the histone variant CENP-A (51), the centromeric protein CENP-C 

(21) and the catalytic subunit of DNA-PK (48, 70), although the functional 

significance of these findings remains unknown.  ICP0 also causes the 

degradation of several ND10 component proteins, including the main structural 

protein PML (7, 22, 23).  ND10 domains are distinct nuclear substructures that 
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appear to play roles in senescence (71), apoptosis (39), DNA repair (12, 19), 

signal transduction (50) and viral replication (57, 67).  Interestingly, incoming 

HSV genomes induce de novo formation of adjacent nuclear ND10 bodies (25), 

and destruction of these domains has been correlated with ICP0 activation 

function (22, 23).  ICP0 is also critical for the resistance of HSV-1 to type I 

interferon (IFN) (13, 61, 62).  Several ND10 components are IFN-inducible (29, 

31, 84) and the antiviral effect of IFN is abrogated in PML
-/-

 mouse embryo 

fibroblasts (6). However, the precise roles of ND10 domains in modulating HSV 

gene expression and ICP0 function are not fully understood. 

 

HSV-1 mutants lacking the activation functions of either ICP0 or VP16 

display a host-range phenotype: they are impaired for growth in primary human 

fibroblasts and many established cell lines, but replicate efficiently in U2OS 

osteosarcoma cells (83, 97).  A viral mutant (KM110) that lacks both functions 

displays a similar but greatly exaggerated phenotype, being incapable of lytic 

growth or viral gene expression in normal fibroblasts even after high multiplicity 

infection (63). One possibility, originally proposed by Yao and Schaffer (97), is 

that U2OS cells express a cellular factor that activates HSV-1 gene expression, 

thus obviating the requirement for ICP0 and VP16 function;  another is that the 

permissive U2OS cells lack one or more cellular antiviral mechanisms that are 

targeted by ICP0 and VP16.  In order to distinguish between these two 

possibilities we have performed somatic cell fusion assays similar to those used to 

document the dominant blocks enforced by APOBEC3G and TRIM5α to 
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retroviral replication (10, 55, 65, 82).  We found that heterokarya formed between 

permissive and restrictive cells are completely non-permissive for KM110 IE 

gene expression, indicating that restrictive cells contain one or more rapidly 

acting dominant inhibitory factors that are absent from permissive U2OS cells. 

VP16 and ICP0 were each able to override the non-permissive phenotype; in 

contrast, as previously documented (74), only ICP0 was able to reactivate the 

viral genome following extended exposure to the restrictive cellular environment. 

Our results therefore document a dominant, innate, multi-step viral gene silencing 

pathway which can be countermanded by either VP16 or ICP0 at early times 

postinfection.   
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RESULTS 

KM110 displays a strict host-range phenotype. 

As reviewed in the Introduction, HSV-1 mutants lacking the activation 

functions of VP16 or ICP0 often enter a transcriptionally silent state following 

infection of restrictive cells such as human embryonic lung (HEL) fibroblasts. 

The HSV-1 strain KOS isolate KM110 lacks the activation functions of both 

VP16 and ICP0, and consequently displays a greatly exaggerated phenotype 

relative to either singly mutant virus.  KM110 does not express its IE genes or 

replicate following high MOI infection (10 PFU/cell) of HEL cells; the cells 

survive infection and the viral genome persists in a quiescent state for up to ten 

days (63). In contrast, KM110 is able to replicate to close to wild-type levels in 

permissive U2OS osteosarcoma cells (63).  To determine if this striking host-

range phenotype can be readily visualized at the level of individual cells in mixed 

cultures, the experiment depicted in Figure 3.1 was performed. HEL and U2OS 

cells were stained red and blue respectively with the CellTracker probes CMTMR 

and CMAC, then mixed together in a culture dish. (Control experiments 

confirmed that these and other dyes used in this study had no detectable effect on 

viral gene expression or plaquing efficiency; Figure 3A.1). The mixed culture was 

then infected with wild type HSV-1 strain KOS (Figure 3.1A and 3.1B) or 

KM110 (Figure 3.1C and 3.1D) at 10 PFU/cell.  Nine hours later the cells were 

fixed and scored for expression of the viral IE protein ICP4 by indirect 

immunofluorescence (IF) or viral DNA replication by fluorescent in situ 

hybridization (DNA FISH) using a probe spanning a large portion of the viral 
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genome. Note that the FISH assay was conducted under conditions that do not 

detect unreplicated input viral genomes. As shown in Figure 3.1A and 3.1B, 

essentially every cell in the mixed culture was infected by wild-type HSV-1, as 

evidenced by ICP4 protein production and the formation of large intranuclear 

compartments containing replicated viral DNA (replication compartments). As 

expected given the late time point analyzed, in most cells the ICP4 staining 

localized to large intranuclear structures shown previously to correspond to 

replication compartments (46).  In contrast, only the U2OS cells (blue) displayed 

evidence of ICP4 protein production and viral genome replication in the cultures 

infected with KM110: the HEL cells (red) present in the same culture were 

uniformly negative (Figure 3.1C and 3.1D). These results confirm the strict host-

range phenotype of KM110 and suggest that the single cell assays used in this 

experiment are suitable for assessing the permissivity of somatic cell hybrids 

formed between U2OS and HEL cells. 

 

Fusion per se does not affect the phenotype of U2OS or HEL cells 

In order to determine whether hybrids of permissive and non-permissive 

cells support or block the replication of KM110, we developed a transient 

heterokaryon assay (outlined in Figure 3.3 below). We elected to use the 

fusogenic reovirus protein p14, a member of the fusion-associated small 

transmembrane (FAST) protein family, as the fusion agent in these experiments 

(9).  p14 is a non-structural protein encoded by a reptilian reovirus that promotes 

cell-cell fusion, aiding rapid reovirus dissemination (9).  Cells transfected with a 
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p14 expression vector rapidly express p14 on their surface and efficiently fuse 

with neighbouring non-expressing cells, offering a simple and readily 

manipulated means of efficiently creating somatic cell hybrids.  However, as 

neither the mechanism of p14-induced fusion nor its downstream effects on other 

cellular processes are fully understood, we first asked if p14-mediated cell-cell 

fusion alters the phenotypes of U2OS or HEL cells with respect to the host-range 

of KM110. 

 

To assess the effects of fusion on U2OS cells, the cells were stained red 

with methyl bromide and one culture was transfected with a p14 expression 

plasmid; six hours later the transfected cells were mixed with those of a parallel 

culture of U2OS cells that had been infected with 10 PFU/cell KM110 one hour 

previously. The mixed culture was then incubated for nine hours, the last seven of 

which were in the presence of a polyclonal rabbit anti-p14 serum to slow the 

fusion process and prevent large homokarya from forming.  The cells were then 

fixed and scored for ICP4 production by IF.  ICP4 protein was observed in large 

replication compartment structures in 14 of 14 homokarya examined (for 

example, Figure 3.2A) and in most unfused cells.  These data indicate that U2OS 

cells remain permissive to KM110 following homotypic fusion.  

 

A similar experiment was performed using HEL cells stained green with 

CFMDA in order to determine whether fusion alters their restrictive phenotype. 

Although the transfection efficiency was much lower in these primary cells (ca. 
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5%), homokarya could nevertheless be identified.   KM110 failed to produce 

ICP4 in any of the five homokarya examined, suggesting that the restrictive 

phenotype was maintained (Figure 3.2B).  To ensure that these restrictive HEL 

homokarya contained KM110 genomes that were potentially capable of gene 

expression, we co-transfected a plasmid bearing an ICP0 cDNA driven from the 

HMCV IE promoter along with the p14-expression plasmid into HEL cells.  

When these cells were fused with HEL cells previously infected with KM110, 

ICP4 replication compartments were evident in ten of fourteen homokarya 

examined (eg., Figure 3.2C).  These results indicate that the p14-mediated cell-

cell fusion process does not alter the restrictive phenotype of HEL cells with 

respect to KM110 replication and demonstrate that ICP0 provided in trans is able 

to render HEL cells permissive for KM110 IE gene expression. 

 

Heterokarya formed between U2OS and HEL cells restrict KM110 

replication in the absence of viral activators 

It has been suggested that U2OS cells express an „ICP0-like‟ function that 

activates viral gene expression in the absence of the transactivators VP16 and 

ICP0 (97); alternatively, it is possible that these cells lack a cellular gene silencing 

mechanism or other barrier to virus replication present in restrictive HEL cells.  

Under the first scenario, heterokarya of permissive U2OS and restrictive HEL 

cells are predicted to be permissive for the replication of KM110, as the activating 

factor contributed by the U2OS cells should be able to act upon the KM110 

genome in the hybrid cells.  In contrast, the second scenario predicts that the 



  88 

heterokarya would not support viral replication, as the incoming genome would 

be silenced by the repressive mechanism contributed by the HEL cells.  

 

To distinguish between these possibilities we used the p14-mediated 

somatic cell fusion assay.  A timeline of these experiments is outlined in Figure 

3.3.  U2OS cells were stained blue with CMAC, then transfected with the p14 

expression plasmid. Five hours later the cells were mixed with HEL cells stained 

red with CMTMR that had been infected with 10 PFU/cell KM110 one hour 

previously. (The HEL cells were washed with an acid glycine solution prior to the 

addition of the U2OS cells to remove any residual bound virus that had not yet 

penetrated the plasma membrane). The mixed cultures were then incubated for a 

total of nine hours in the presence of neutralizing human anti-HSV serum.  Anti-

p14 serum was present during the last seven hours of this incubation period, to 

slow the cell fusion process.  The cells were then fixed and scored for ICP4 

expression and viral DNA replication by IF and DNA FISH, as above. Note that 

in this experimental design the parental KM110 genomes were delivered into the 

restrictive HEL cells prior to the introduction of the U2OS cells. 

 

Heterokarya were identified under the confocal microscope as cells with 

multiple nuclei that fluoresced in both the red and blue channels, indicating fusion 

between red HEL and blue U2OS cells.  In most experiments both types of nuclei 

retained their characteristic staining during the sample work-up, allowing 

straightforward discrimination between the U2OS and HEL nuclei present within 
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individual heterokarya (see for example Figure 3.4). However, the blue CMAC 

stain was occasionally lost from the U2OS nuclei during the DNA-FISH 

procedure (for example, Figure 3.6 A and 3.6 B); in such cases the HEL nuclei 

were readily identified on the basis of their red staining and the U2OS nuclei 

appeared as unstained areas in both the blue and red channels. Using this 

procedure, we found that the heterokarya formed between U2OS and HEL cells 

failed to support viral IE protein production or KM110 genome replication 

(Figure 3.4A and 3.4C). All of the several hundred heterokarya examined over the 

course of six independent experiments were uniformly negative; twenty-six and 

fifteen examples of these were photographed after staining for ICP4 or viral DNA, 

respectively. These observations suggest that U2OS cells do not harbour a 

transacting factor capable of substituting for VP16 and/or ICP0; rather the data 

imply that HEL cells contain one or more dominantly acting negative factors that 

are able to extinguish the permissive phenotype exhibited by U2OS cells. In order 

to confirm that the KM110 genomes delivered to the HEL cells prior to fusion 

with the U2OS cells were potentially capable of undergoing replication in the 

presence of transactivating proteins, in each of the six experiments described 

above some of the U2OS cells were co-transfected with an ICP0 expression 

vector and the p14 expression plasmid.  When ICP0 was thus delivered into the 

infected HEL cells via cell fusion approximately 75% of the heterokarya 

examined supported IE protein production and the infecting virus underwent 

genome replication (twenty-eight and seventeen examples of the heterokarya 

positive for ICP4 and viral DNA respectively were photographed; Figure 3.4B 
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and 3.4D).  Therefore, ICP0 provided in trans is capable of activating a viral 

genome residing in an otherwise restrictive heterokaryon.   

 

Previous work by Preston and Nicholl has shown that the IE promoters of 

HSV-1 genomes destined for quiescence are initially delivered into cells in a form 

that is susceptible to trans-activation by VP16 (74). In order to determine if this is 

also the case in our system, we also tested the ability of a VP16 expression 

plasmid to transactivate the viral genome in three of the experiments described 

above  (Figure 3.5).  The results indicated that VP16 was also capable of 

activating the newly delivered viral genome as evidenced by IE protein 

production and viral genome replication in ca. 75% of the heterokarya (eighteen 

and seven examples of these positive heterokarya respectively were 

photographed; Figure 3.5B and 3.5D).  Hence, VP16, like ICP0, can overcome the 

rapid, dominant silencing mechanism that prevents IE gene expression in HEL 

cells shortly after infection.  

 

Evidence for rapid establishment of a restrictive nuclear environment in 

heterokarya 

An interesting observation made throughout the foregoing experiments 

was that a viral DNA FISH signal was detected in both the U2OS and HEL nuclei 

within heterokarya when KM110 replication was triggered by ICP0 or VP16 (see 

Figure 3.4D and 3.5D).  The finding that the replicated DNA signal was present in 

both types of nuclei was at first glance surprising, because the virus was initially 
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delivered to the HEL cells prior to fusion with the U2OS cells. The observation 

therefore raised the possibility that not all of the input KM110 virions had 

productively docked with or delivered their genomes into the HEL cell nuclei 

prior to fusion with the U2OS cells, leaving some virions free to deliver their 

genomes to the newly recruited U2OS nuclei. Alternatively, and in our view much 

less likely, the U2OS nuclei might have been infected by transfer of un-

encapsidated viral DNA between nuclei within the heterokaryon, or via progeny 

virions being misdirected to another nucleus within the heterokaryon during viral 

egress. 

 

To distinguish between these possibilities we asked if the incoming 

KM110 genomes became more strictly committed to the HEL nuclei if the period 

between the initial infection and the onset of fusion with the U2OS cells was 

increased from one hour (as in the preceding experiments) to three, twelve, and 

forty-eight hours. As expected according to the nuclear delivery model, when 

fusion with U2OS cells expressing ICP0 was initiated three or more hours after 

infection, the DNA FISH signal was detected in only the HEL nuclei of the 

heterokarya (Figure 3.6 B and D, Figure 3.7 D, and data not shown; note that the 

CMAC staining of the U2OS nuclei was lost in the experiment depicted in Figure 

3.6 A and B but retained in the experiment shown in Figure 3.6 C and D).  These 

results strongly argue that nuclear genome delivery is complete within three hours 

of infection and imply that the DNA FISH signals within U2OS nuclei observed 

in the one-hour experiments depicted in Figure 3.4D, 3.5D, 3.6A and 3.6C arise 
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from U2OS nuclei that were infected with input KM1110 genomes shortly after 

the onset of cell fusion. If so, then the finding that such infected U2OS nuclei fail 

to the launch the viral lytic program in the absence of ICP0 or VP16 indicates that 

the restrictive factors present in HEL cells rapidly render newly recruited U2OS 

nuclei non-permissive for KM110 replication.  

 

Loss of VP16 responsiveness at late times  

The preceding data suggest that ICP0 and VP16 are both capable of 

antagonizing the action of one or more dominant inhibitory mechanisms that 

otherwise block viral IE gene expression in restrictive HEL cells. The cellular 

inhibitory mechanism(s) operate during the earliest stages of infection, and 

rapidly render U2OS nuclei non-permissive following cell fusion. Preston and 

colleagues have shown that the viral IE promoters gradually lose their ability to 

respond to VP16 provided in trans over the course of several days as HSV-1 

genomes enter quiescence in restrictive cells (74). Such genomes, however, 

continue to respond to ICP0 even after responsiveness to VP16 has been lost (74).  

The repression documented by Preston and colleagues differs from the negative 

regulation that we have detected in that repression was manifest only after 24 

hours, while the dominant inhibition that we describe acts very rapidly.  To 

determine if the repressed state characteristic of genome quiescence can be 

detected using our heterokaryon system, we infected HEL cells with 10 PFU/cell 

of KM110 two or four days prior to fusion with p14-expressing U2OS cells.  As 

expected based on the preceding experiments, the quiescent viral genome was not 
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activated following fusion of the HEL cells with U2OS cells in three independent 

experiments (Figure 3.7, Figure 3.8 and data not shown). When ICP0 or VP16 

were provided in trans, only ICP0 was capable of reactivating the genome as 

evidenced by ICP4 protein production and viral genome replication (compare 

Figure 3.7B and 3.7D to Figure 3.8B and D). We note that reactivation mediated 

by ICP0 occurred in a lower proportion of the heterokarya (approximately 25%) 

than was observed when cell fusion was initiated one hour of infection 

(approximately 75%).  The basis for this difference in efficiency remains unclear.  

These data confirm the observations of Preston and colleagues (74), and suggest 

that HSV genome silencing is a multi-step process which includes one or more 

rapidly acting innate barriers to viral gene expression that can be overridden by 

either VP16 or ICP0, followed by the slower establishment of a globally repressed 

state that can be counteracted only by ICP0. 
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DISCUSSION 

Our data provide strong evidence that human fibroblasts express one or 

more inhibitory factors that serve as an innate barrier to the activity of incoming 

HSV genomes. We further show that the HSV regulatory proteins VP16 and 

ICP0, long known to play key roles in launching the HSV lytic cycle, stimulate 

viral gene expression at least in part by counteracting this host inhibitory system. 

These studies were made possible by the availability of three key biological 

reagents: a permissive cell line, U2OS, in which HSV mutants lacking the 

activation functions of ICP0 and/or VP16 replicate freely (83, 97); a viral 

VP16/ICP0 mutant, KM110, that is unable to replicate in other cell types (63); 

and reovirus p14, a fusogenic protein which allows rapid and efficient formation 

of heterokarya (9). The exceptionally tight host-range phenotype of KM110 was 

an essential feature of our experimental design, as it allowed us to load essentially 

every cell in the culture with viral genomes via high MOI infection without 

provoking detectable viral gene expression in the restrictive HEL cells. Using 

these reagents, we show that the permissive phenotype of U2OS cells is 

extinguished in somatic cell hybrids formed with restrictive HEL fibroblasts, 

indicating that U2OS cells lack the inhibitory mechanism that precludes 

replication of KM110 in other cell types. The inhibitory mechanism acts rapidly 

and in trans to prevent expression of newly delivered viral genomes, as 

documented by the finding that U2OS nuclei within heterokarya fail to support 

KM110 gene expression or replication, even when these nuclei are seeded with 

viral genomes (Figures 3.4-3.6). Inasmuch as previous studies have shown that 
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viral genomes enter the nucleus in the absence of VP16 or ICP0 function (36, 40, 

41) the simplest interpretation is that the inhibitory system presents an 

intranuclear barrier to viral gene expression. Our data therefore indicate that one 

or more factors contributed by HEL cells are able to reconstitute an effective 

nuclear barrier in U2OS nuclei. However, it is important to stress that this result 

does not necessarily imply that the defect in U2OS cells resides in the nuclear 

repression machinery per se. Indeed, the very rapid induction of a restrictive 

intranuclear state following cell fusion is consistent with the possibility that the 

U2OS cells contain an intact nuclear repression machinery but lack a signal 

transduction pathway required for its activity. Also consistent with a signalling 

defect, reconstitution of the repression system following cell fusion appears 

remarkably robust, as it is insensitive to the relative contributions of HEL and 

U2OS cells to individual heterokarya: heterokarya containing many more U2OS 

than HEL nuclei remained completely non-permissive (Figure 3A.1).  Thus, the 

potential artefact of „diluting out‟ a potential trans-acting factor from the U2OS 

cell is most likely not occurring. 

 

Previous genetic analysis has indicated that VP16 and ICP0 make largely 

independent contributions to triggering the onset of the HSV lytic cycle, as the 

phenotype of the VP16/ICP0 mutant KM110 is much more severe than those of 

its singly mutant parents in restrictive cells (63).  However, the finding that 

KM110 and its parents replicate freely in U2OS cells suggests that the functions 

of VP16 and ICP0 are somehow related. Consistent with this hypothesis, we show 



  96 

here that the inhibitory mechanism present in HEL cells imposes requirements for 

both viral proteins in heterokarya formed with U2OS cells. Moreover, this barrier 

can be at least partially overcome at early times by over expressing either VP16 or 

ICP0. These findings lead us to propose that gene expression is inhibited via a 

multi-step antiviral gene silencing pathway, and that VP16 and ICP0 each serve as 

(incompletely effective) inhibitors of separate steps in this pathway. We further 

suggest that this gene silencing pathway is completely inactive in U2OS cells, 

accounting for the ability of these cells to “complement” defects in either or both 

viral functions. Although this model is plausible and consistent with all of the 

available data, we cannot at present exclude the alternative possibility that U2OS 

cells are defective in two or more separate anti-viral pathways, accounting for 

their ability to “complement” lesions in both VP16 and ICP0.  

 

Our finding that newly delivered HSV genomes are rapidly subjected to 

negative regulation by the host cell is novel, as is our evidence supporting roles 

for both VP16 and ICP0 in countermanding this inhibition. As reviewed above, 

ICP0 is able to reactivate repressed quiescent HSV genomes (35, 36, 38, 59, 72, 

74, 78, 79). We show here that ICP0 also acts at very early times post-infection to 

antagonize negative regulation by the host cell, long before the stable repression 

characteristic of quiescence has been established. These data indicate that the 

early transactivation function of ICP0 is accomplished, at least in part, by 

counteracting a constitutive innate barrier to viral gene expression. Such an 

activity for ICP0 has long been suggested (17, 18, 24, 32, 52), but never directly 
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demonstrated. It will be interesting to learn whether and how this activity relates 

to known biochemical activities of ICP0, such as its ability to target host proteins 

such as PML for degradation. A key question is whether early transactivation and 

reactivation of quiescent viral genomes are accomplished by the same 

mechanisms.  

  

VP16 is often regarded as a direct activator of the HSV IE genes, a role 

that is consistent with its ability to recruit components of the transcription 

initiation complex such as RNA polymerase II and TF IIB to viral IE promoters 

(37).  However studies of the activity of the VP16 activation domain in 

heterologous systems have revealed that it also targets chromatin-remodelling 

coactivators and adaptor proteins, including histone acetyltransferases (HATs) 

and ATP-dependant chromatin-remodelling complexes (45, 47, 58, 60, 90, 95). 

The interaction of VP16 with chromatin- remodelling proteins was initially 

puzzling as the HSV genome was long thought to be transcribed as naked DNA 

during lytic infection (49, 64).  However recent evidence indicates that the newly 

delivered viral genome rapidly associates with a limited number of nucleosomes 

and that the histones associated with specific viral genes display activating 

modifications that change over time in response to viral regulators in a fashion 

that reflects the sequential activation of the IE, E and L genes during the lytic 

cascade (37, 44). These data suggest that chromatin modifications might be a 

method of cellular control of HSV gene expression.  Consistent with this view, the 

C-terminal activation domain of VP16 has recently been shown to recruit HATs 
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and ATP-dependant remodelling complexes to the IE promoters during lytic 

infection of mammalian cells (37).  In addition, the activation domain induced a 

specific deficit of histones over the IE promoters (37). Thus, in addition to 

directly activating gene expression, VP16 may also specifically prevent repression 

mediated by inhibitory chromatin.  

 

The foregoing considerations raise the possibility that the host innate 

antiviral defence mechanism that we have documented acts by detecting the 

incoming HSV genome and then assembling it into repressive chromatin. Indeed, 

the inhibitory pathway leads to the global repression characteristic of genome 

quiescence, a state that is reminiscent of cellular heterochromatin. This attractive 

and readily testable hypothesis is consistent with many of the activities of ICP0 

and VP16 described above. If chromatin structure does in fact underlie HSV 

genome repression, then it seems likely that a specialized DNA replication-

independent chromatin assembly pathway (54) such as that mediated by the 

histone chaperone HIRA (76) is involved. It is interesting to note in this context 

that HIRA associates with ND10 and has been linked to gene silencing during 

cellular senescence (98); moreover it functions in Drosophila to load histones 

onto the newly delivered paternal genome immediately after fertilization (53), a 

situation perhaps analogous to chromatinization of the incoming HSV genome. In 

view of the foregoing, we speculate that U2OS cells may be defective in a signal 

transduction pathway that activates the nuclear repression system in response to 
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incoming HSV virions or genomes, or lack a specialized replication-independent 

chromatin assembly pathway and/or chromatin-dependent repression system.  
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Figure 3.1. Host range phenotype of KM110 

HEL cells (stained red with CMTMR) and U2OS cells (stained blue with CMAC) 

were mixed and infected with 10 PFU/cell of wild type HSV-1 KOS (A and B) or 

KM110 (C and D) for nine hours.  Cells were then fixed and scored for ICP4 (A 

and C) or replicated viral genomes (B and D) via IF and DNA-FISH respectively 

(green signals).  Representative fields of view are shown.  Scale bar = 10μm. 



  101 

 



  102 

Figure 3.2.  Fusion does not affect the phenotype of U2OS or HEL cells 

Homokarya formed between U2OS cells (A, stained red with methyl bromide) or 

HEL cells (B and C, stained green with CFMDA) were scored for their 

permissivity to KM110. Cells transfected with pcDNA3-p14 (A and B) or 

pcDNA3-p14 and the ICP0 expression vector pDR27 (C) were mixed six hours 

post-transfection with a parallel culture that had been infected with KM110 (10 

PFU/cell) one hour previously.  Anti-p14 antiserum was added after two hours, 

and cells were fixed and scored for ICP0 via IF (blue) seven hours later.  

Representative homokarya are shown.  Scale bar = 10μm. 
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Figure 3.3.  Experimental design 
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Figure 3.4. The restrictive phenotype of HEL cells is dominant in 

heterokarya. 

HEL cells (red) were infected with 10 PFU/cell of KM110, then fused with p14-

expressing U2OS cells (blue) one hour later as outlined in Figure 3.3. In panels B 

and D, the U2OS cells were transfected with the ICP0 expression vector pDR27 

in addition to the p14 expression plasmid. Cells were fixed 9 hours later and 

scored for ICP4 expression (A and B) and replicated viral DNA (C and D) by IF 

and DNA-FISH respectively (green signals). Representative heterokarya are 

shown.  Scale bar = 10μm. 
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Figure 3.5. The KM110 genome responds to VP16 delivered in trans one hour 

post-infection. 

HEL cells (red) were fused with U2OS cells (blue) one hour after infection with 

KM110, as in Figure 4. In panels B and D, the U2OS cells were transfected with 

the VP16 expression vector pKOS-VP16 in addition to the p14 expression 

plasmid. Cells were fixed 9 hours later and scored for ICP4 expression (A and B) 

and replicated viral DNA (C and D) by IF and DNA-FISH respectively (green 

signals). Representative heterokarya are shown.  Scale bar = 10μm. 
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Figure 3.6.   Nuclear delivery of viral genomes is complete within three 

hours. HEL cells (red) were mixed with U2OS cells (blue) expressing ICP0 and 

p14 at one (A) or three (B) hours after infection with KM110, essentially as 

outlined in Figure 3. Cells were fixed 9 hours after fusion and scored for ICP4 

expression (green signal). The images shown in panels A and B were obtained in 

an experiment where the CMAC stain was lost from the U2OS nuclei.  

Representative heterokarya are shown.  Scale bar = 10μm. 
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Figure 3.7.  Reactivation of the KM110 genome by ICP0 provided in trans 48 

hours post-infection 

HEL cells (red) were infected with 10 PFU/cell of KM110, incubated 48 hours, 

then fused with p14-expressing U2OS cells (blue) as outlined in Figure 3.3. In 

panels B and D, the U2OS cells were cotransfected with the ICP0 expression 

vector pDR27. Cells were fixed 9 hours later and scored for ICP4 expression (A 

and B) and replicated viral DNA  (C and D) by IF and DNA-FISH respectively 

(green signals). Representative heterokarya are shown.  Scale bar = 10μm. 
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Figure 3.8.  VP16 is unable to reactivate KM110 at late times post-infection. 

HEL cells (red) were infected with 10 PFU/cell of KM110, incubated 48 hours, 

then fused with p14-expressing U2OS cells (blue) as in figure 7 and as outlined in 

Figure 3. In panels B and D, the U2OS cells were cotransfected with the VP16 

expression plasmid pKOS-VP16. Cells were fixed 9 hours later and scored for 

ICP4 expression (A and B) and replicated viral DNA (C and D) by IF and DNA-

FISH respectively (green signals). Representative heterokarya are shown.  Scale 

bar = 10μm. 
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Appendix 1. Data Not Shown 

 

Figure 3A.1. The effects of membrane permeable dyes on viral infection (A) The 

effects of membrane permeable dyes on IE gene expression.  U2OS cells were 

stained with membrane permeable dyes according to the manufacturer‟s 

instructions.  Cells were then infected with 10 PFU/cell of KOS or KM110 for 9 

hours, fixed and processed for indirect immunofluorescence for ICP4.  A 

minimum of 100 cells were counted and the proportion of cells expressing ICP4 

was calculated.  (B)  The effects of membrane permeable dyes on viral 
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replication.  U2OS cells were stained with membrane permeable dyes according 

to the manufacturer‟s instructions.  Serial dilutions of KOS and KM110 were 

titrated on these cells and the number of plaques was counted after three days.  

(C)  IE gene expression is restricted, even when more U2OS than HEL nuclei are 

present in a heterokaryon.  HEL cells (stained green with CFMDA) were infected 

with 10 PFU/cell of KM110 then mixed with p14-expressing U2OS cells (stained 

blue with CMAC) 1 h later.  Cells were fixed 9 h later and scored for ICP4 

expression. 



  126 

 

 

 

 

 

 

 

Chapter Four: Cell fusion-induced activation of interferon-stimulated genes 

is not required for restriction of a herpes simplex virus VP16/ICP0 mutant in 

heterokarya formed between permissive and restrictive cells  

 

A version of this chapter has been published: 

Hancock MH, Mossman KL, and Smiley JR. 2009. J Virol 83(17):8976-9. 
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Preface to Chapter 4 

 Although I determined in the preceding chapter that p14-induced fusion 

did not alter the permissive or restrictive phenotype of U2OS and HEL cells 

respectively, it is unknown what cellular responses are triggered by this unnatural 

event.  I became aware that Dr Karen Mossman and Dr Ryan Noyce had 

determined that p14-mediated fusion results in the induction of ISGs and an 

antiviral state in some cell types.  It was therefore possible that the lack of viral 

gene expression detected in our somatic cell hybrids was due to fusion-induced 

expression of ISGs, rather than a consitutive defense mechanism counteracted by 

ICP0 and VP16.  In this chapter I outline the identification of cell lines which do 

not induce ISGs in response to p14-mediated fusion and test these cell types in 

our somatic cell fusion assays. 

The publication entitled “Cell fusion-induced activation of interferon-

stimulated genes is not required for restriction of a herpes simplex virus 

VP16/ICP0 mutant in heterokarya formed between permissive and restrictive 

cells” is the content of Chapter four of this thesis.  This work was published 

online June 17
th

 2009 and available in print September 2009 in the Journal of 

Virology.  Dr Karen Mossman is an author on this publication for providing us 

with the information regarding the induction of ISGs by p14.  All experiments 

were performed by me, while writing and editing was shared by Dr Smiley and 

myself. 
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ABSTRACT 

Herpes simplex virus VP16 and ICP0 mutants replicate efficiently in 

U2OS osteosarcoma cells but are restricted in other cell types. We previously 

showed that the restrictive phenotype is dominant in a transient cell fusion assay, 

suggesting that U2OS cells lack an antiviral mechanism present in other cells. 

Recent data indicate that unscheduled membrane fusion events can activate 

expression of interferon-stimulated genes (ISGs) in fibroblasts, raising the 

possibility that our earlier results were due to a fusion-induced antiviral state. 

However, we show here that the permissive phenotype is also extinguished 

following fusion with Vero cells in the absence of ISG induction.  
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Two herpes simplex virus (HSV) proteins play key roles in launching the 

lytic program of viral gene expression: the tegument protein VP16, and the 

immediate-early (IE) protein ICP0. VP16 contains a strong C-terminal acidic 

activation domain (38) and acts with the cellular factors HCF and Oct-1 to recruit 

factors involved in transcription initiation to the IE promoters (22-24, 26, 27, 34, 

37, 41, 45, 47, 48).  ICP0 is also required for efficient IE gene expression (4, 5, 

12, 16, 36), and can complement the defects of VP16 mutant viruses (1, 21).  

ICP0 is capable of activating expression of viral and cellular genes in transient 

cotransfection assays and stimulates expression of all classes of viral genes during 

HSV-1 infection (Reviewed in (11)).  ICP0 is an ubiquitin E3 ligase that interacts 

with many cellular proteins, although the significance of these interactions is not 

yet understood.  Its E3 ligase activity is critical for transactivation and reactivation 

of quiescent genomes and these functions are blocked by proteasome inhibition 

(2, 15, 20), suggesting that ICP0 acts by targeting cellular inhibitory proteins for 

ubiquitination and degradation. ICP0 also blocks the action of interferon (IFN) 

during HSV-1 infection (9, 27, 28) and causes the degradation of the IFN-

inducible promyelocytic leukemia (PML) protein and dispersal of ND10 domains 

(13, 14, 18). 

 

HSV mutants lacking the activation functions of VP16 or ICP0 display a 

greatly increased particle-to-plaque forming unit (PFU) ratio and substantially 

lower levels of IE gene expression upon low multiplicity infection of primary 

human fibroblasts (1, 4, 12, 36, 38), but replicate efficiently in the human 
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osteosarcoma cell line U2OS (35, 41). In a previous study (22) we fused U2OS 

cells with HEL fibroblasts to determine if the permissive phenotype is dominant, 

as would be predicted if U2OS cells express a VP16 and/or  ICP0-like activator 

(41) , or recessive, a result that would suggest these cells lack an antiviral 

repression mechanism present in restrictive cells. The HEL-U2OS heterokarya 

strongly restricted the growth of the VP16/ICP0 mutant KM110 (29), supporting 

the latter conclusion. VP16 or ICP0 provided in trans activated viral replication in 

the hetrokarya, indicating that VP16 and ICP0 are each able to overcome this 

repression mechanism (22).   

 

One innate cellular response to virus infection is the induction of the type I 

interferons (IFNα and IFNβ), a family of cytokines that induce a cellular antiviral 

state (Reviewed in (34)).  IFN production can be induced in response to viral 

infection by signaling through Toll-like receptors (TLRs) or the cytoplasmic 

nucleic acid detectors RIG-I, MDA5, and DAI (34), leading to activation of the 

latent transcription factor IRF-3.  Activated IRF-3 translocates to the nucleus and 

binds to the interferon stimulated response element (ISRE) found in the promoter 

region of the IFNβ gene, and, along with other cellular transcription factors, 

recruits complexes required to remodel the promoter and initiate transcription.  

Secreted IFNβ then signals through the JAK/STAT pathway to induce the 

expression of the full subset of interferon-stimulated genes (ISGs). Virus infection 

can also induce an antiviral state in the absence of IFN signaling (3, 26, 30, 32, 

33, 37) via direct IRF-3 dependent activation of a small subset of ISGs (7, 31, 33). 



  131 

Such induction requires viral entry (3, 26, 30) occurs in the absence of de novo 

protein synthesis (26, 32), but in the case of HSV-1, the receptor which senses 

infection is currently unknown (31). HSV-1 is capable of counteracting this 

response through the E3 ligase activity of ICP0 (24), suggesting that ICP0 causes 

the degradation of a critical component of this pathway. 

 

Our earlier cell fusion studies employed the fusogenic reptilian reovirus 

p14 protein to efficiently generate heterokarya (22).  p14 is a fusion-associated 

small transmembrane (FAST) protein which aids in reovirus dissemination 

through cell-cell fusion (8).  Although p14-mediated homotypic fusion did not 

alter the restrictive or permissive phenotypes of HEL fibroblasts and U2OS cells 

respectively (22), the cellular events that are triggered by p14-induced fusion have 

not been investigated.   Recent data indicate that p14 activates expression of 

interferon stimulated gene 56 (ISG56K) in fibroblasts, most likely through its 

fusogenic activity (K. L. Mossman, unpublished).  ISG56K inhibits protein 

translation through interaction with eukaryotic initiation factor 3 (eIF-3) (19) and 

is amongst the small subset of ISGs which are activated directly by IRF-3 in the 

absence of IFN production. The finding that p14-mediated fusion induces ISG56K 

in at least some cell types raised the possibility that our previous results were due 

to ISG induction by the cell fusion protocol, rather than a pre-existing repression 

mechanism.  

 



  132 

As one approach to testing this possibility, we sought to identify 

conditions allowing fusion of U2OS cells with a restrictive cell type without 

triggering ISG expression. Vero cells restrict the replication of KM110 (although 

not as effectively as HEL cells (29)), but display impaired IRF3-dependent 

signaling (6) and fail to express ISG56K in response to p14 (K.L. Mossman, 

unpublished).  These observations suggested that this cell line might be an 

informative fusion partner. We therefore monitored ISG induction following p14-

induced homo- and heterotypic fusion of U2OS, Vero and HEL cells. Homotypic 

fusion was induced by transfecting cells with pcDNA3-p14 as described in the 

Materials and Methods.  Cell monolayers were then incubated for 19 hr (U2OS 

and Vero) or 3 days (HEL), at which time large syncitia encompassing almost all 

of the cells in the monolayer were detected by light microscopy. U2OS/Vero and 

U2OS/HEL heterokarya were formed by transfecting U2OS cells with pcDNA3-

p14 for 6 hrs, then overlaying the transfected cells onto naïve monolayers of Vero 

or HEL cells for 19 hrs. As a positive control for ISG56 induction, 1000U of IFN 

α was added to a naïve monolayer of each cell type 6 hrs prior to harvest. RNA 

harvested for each culture was then analyzed for mRNAs derived from the ISGs 

ISG56K, MxB and IP-10 by northern blot (Figure 4.1) as previously described 

(26). 

 

As expected, the p14 expression plasmid efficiently triggered 

accumulation of ISG mRNAs in HEL cells while empty pcDNA3 was much less 

active. No such ISG response was observed in fused Vero cells or U2OS cells. 
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The basis for the reproducible but weak response of HEL cells to the empty vector 

remains unclear: the response might be triggered by membrane perturbations 

induced by the liposomal transfection reagent (23), or by intracellular detection of 

the transfected DNA (reviewed in (40)). Significantly, ISGs were induced during 

formation of U2OS/HEL heterokarya (although only the U2OS cells were 

transfected), indicating the ISG response of HEL fibroblasts is dominant. These 

results were consistent with the hypothesis that a fusion-induced antiviral state 

contributes to the non-permissive phenotype of U2OS/HEL heterokarya observed 

in our previous study (22). In contrast, ISGs were not induced following fusion of 

U2OS with Vero cells.  

 

We therefore asked if the permissive phenotype of U2OS cells is 

extinguished following fusion with Vero cells (Figure 4.2). Vero cells (stained 

green with CFMDA, Molecular Probes) were infected with KM110 at a 

multiplicity of infection (MOI) of 1, then fused with U2OS cells transfected with 

pcDNA3-p14 (stained blue with CMAC, Molecular Probes), as previously 

described (22). Heterokarya were identified and expression of the IE ICP4 protein 

was assessed via indirect immunofluorescence using Alexa Fluor-555 labeled 

secondary antibody, shown in red.  Control experiments revealed that only 2.5% 

of unfused Vero cells expressed ICP4; in contrast 37.4% of U2OS cells infected at 

the same MOI scored positive. The majority of the U2OS-Vero heterokarya 

lacked detectable ICP4 expression (Figure 4.2A, Table 1), similar to our previous 

observations using U2OS/HEL heterokarya. Because ISGs are not induced with 
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this experimental design (see Figure 4.1), this result argues that a pre-existing 

dominant repression mechanism hinders expression of the KM110 genome in 

Vero cells.  As observed previously, ICP4 expression was activated when 

plasmids encoding either VP16 or ICP0 were cotransfected with pcDNA3-p14 

(Figure 2B and 2C, Table 1), indicating that both proteins are capable of 

overcoming this repression, although the ICP0 plasmid was more active (Table 

4.1). Similar results were obtained in parallel experiments using HEL cells as the 

restrictive partner (Table 4.1), as previously described, although in this case we 

used an infecting MOI of 10.  

 

The results presented here document that heterokarya formed between 

U2OS and Vero cells restrict the replication of KM110 in the absence of ISG 

induction. Although we assessed the induction of only three ISGs, these 

observations are in accord with those recently published by Everett et al. (17), 

who demonstrated that STAT1 and IRF3, both required for the broad induction of 

ISGs, are not essential for the ability of human fibroblasts to restrict the growth of 

an ICP0 mutant.  The nature of the antiviral repression mechanisms that limits 

replication of VP16 and ICP0 mutants in HEL and Vero cells remains to be 

defined.  

 

Interestingly, both Vero and U2OS cells appear to be defective in the 

signaling pathway that activates ISG expression in response to p14-mediated 

fusion; moreover these cells fail to complement each other following fusion 
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suggesting they may share a common defect.  However, both cell types can 

respond to exogenous IFN-α to induce the transcript, indicating that the pathways 

activated by p14-mediated fusion and IFN are separate but converge on ISG 

mRNA induction.  The U2OS cell line has previously been suggested to lack 

components of the IFN pathway (28) while Vero cells can respond to exogenous 

IFN but cannot produce it (10, 25, 39). 
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Figure 4.1.  Effects of p14 expression on ISG mRNA accumulation.  Total 

cellular RNA extracted from U2OS, Vero and HEL cells following transfection 

with the indicated plasmids was scored for ISG56K, MxB and IP-10 mRNA by 

northern blot hybridization, as described in the main text. U2OS-p14/Vero, 

U2OS-p14/HEL: Transfected U2OS cells were overlayed onto monolayers of 

Vero or HEL cells, as described in the main text. IFN: 1000U IFN α was added 6 

hrs prior to harvest.  
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Figure 4.2.  Expression of ICP4 in heterokarya.  Vero cells (green) were infected 

with KM110 at 1 PFU/cell then fused with p14-expressing U2OS cells (blue) 1hr 

later.  In panel B, the U2OS cells were also transfected with the ICP0 expression 

vector pDR27 in addition to the p14 expression vector.  In panel C, the U2OS 

cells were transfected with the VP16 expression vector pKOS-VP16 in addition to 

the p14 expression vector.  Cells were fixed 12hrs later and scored for ICP4 

protein expression by IF.  Representative heterokarya are shown. 
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Table 4.1. ICP4 expression in p14-induced heterokarya 

__________________________________________________________________

____ 

    Percentage of ICP4-positive heterokarya 

Transfected DNA  HEL x U2OS   Vero x U2OS 

p14    6.9    8.6 

p14 + ICP0   84.0    70.2 

p14 + VP16   32.0    42.4 
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Chapter Five:  Herpes Simplex Virus VP16, but not ICP0, is Required to 

Reduce Histone Occupancy and Enhance Histone Acetylation on Viral 

Genomes in U2OS Osteosarcoma Cells. 

 

A version of this chapter has been submitted for publication in the Journal of 

Virology
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Preface to Chapter 5 

 The role of ICP0 in stimulating viral gene expression through overcoming 

an innate antiviral response has long been postulated in the literature.  The data I 

have presented in Chapters three and four suggest that VP16 may also stimulate 

gene expression by counteracting an innate antiviral defense mechanism, 

potentially by targeting a similar pathway as ICP0.  While the previous 

experiments were being performed, evidence accumulated in the literature that 

both VP16 and ICP0 play roles in modulating the chromatin structure on the viral 

genome and that this may be involved in stimulating viral gene expression.  

Therefore, I hypothesized that U2OS cells have a defect in the chromatin-based 

pathways targeted by these proteins which allows for viral gene expression in the 

absence of either ICP0 or VP16.  The content of this chapter addresses this 

hypothesis. 

The publication entitled “Herpes Simplex Virus VP16, but not ICP0, is 

Required to Reduce Histone Occupancy and Enhance Acetylation on Viral 

Genomes in U2OS Osteosarcoma Cells.” is the content of Chapter six of this 

thesis.  This work is in revision with the Journal of Virology.  All experiments 

were performed by me, while writing and editing was shared between Dr Smiley 

and myself.  Drs Knipe and Cliffe provided me with the opportunity to learn 

chromatin immunoprecipitation and were involved in the editing process. 
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ABSTRACT 

The HSV genome rapidly becomes associated with histones following 

injection into the host cell nucleus. The viral proteins ICP0 and VP16 are required 

for efficient viral gene expression and have been implicated in reducing the levels 

of under-acetylated histones on the viral genome, raising the possibility that high 

levels of under-acetylated histones inhibit viral gene expression.  The U2OS 

osteosarcoma cell line is permissive for replication of ICP0 and VP16 mutants, 

and appears to lack an innate antiviral repression mechanism present in other cells 

types. We therefore used chromatin immunoprecipitation to determine if U2OS 

cells are competent to load histones onto HSV DNA, and if so, whether ICP0 

and/or VP16 are required to reduce histone occupancy and enhance acetylation in 

this cell type.  High levels of under-acetylated  histone H3 accumulated at several 

locations on the viral genome in the absence of VP16 activation function; in 

contrast, an ICP0 mutant displayed markedly reduced histone levels and enhanced 

acetylation, similar to wild-type HSV. These results demonstrate that U2OS cells 

are competent to load under-acetylated histones onto HSV DNA and uncover an 

unexpected role for VP16 in modulating chromatin structure at viral early and late 

loci.  One interpretation of these findings is that ICP0 and VP16 affect viral 

chromatin structure through separate pathways, and the pathway targeted by ICP0 

is defective in U2OS cells. We also show that HSV infection results in decreased 

histone levels on some actively transcribed genes within the cellular genome, 

demonstrating that viral infection alters cellular chromatin structure. 
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INTRODUCTION 

 Herpes Simplex virus (HSV) is a double-stranded DNA virus that 

undergoes productive replication in the nucleus of infected cells.  The linear 

genome is packaged into a nucleocapsid and is released into the cytoplasm upon 

fusion of the viral and host cell membranes.  Also released are the pre-formed 

tegument proteins, which play important roles in counteracting host defenses and 

stimulating viral gene expression.  The tegument protein VP16 acts to stimulate 

immediate early (IE) gene expression through the recruitment of general 

transcription factors and RNA polymerase II to the IE promoters (30, 73), 

launching the temporal cascade of gene expression.   

 

The HSV genome is thought to be complexed with the polyamine 

spermine within virions (9, 25, 58).  Upon injection into the nucleus, the genome 

associates with host histones (32, 33, 38, 46), most likely in a form involving the 

four core histones (22, 46) and at a density significantly less than that of cellular 

chromatin (22, 32, 46).  Nucleosomes are the basic repeating units of chromatin 

comprised of approximately 146 bp of DNA wrapped around a histone octamer 

composed of two copies of each of the four core histone proteins (H2A, H2B, H3 

and H4).  The structure of chromatin can be altered both by post-translational 

modifications of histones and through ATP-dependent remodeling of the 

nucleosomes (42).   
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Chromatin remodeling involves eviction or sliding of nucleosomes along 

the DNA template, increasing the accessibility of the DNA to other interacting 

proteins.  These processes require specific chromatin remodeling complexes 

which hydrolyze ATP and are recruited to the DNA through covalent 

modifications of histones (64). Covalent modifications of histones include 

acetylation, methylation, phosphorylation and ubiquitination.  How each histone 

modification influences gene expression is not yet fully understood (35), but some 

marks have been generally linked to transcriptional outcomes.  For example, 

histone acetylation correlates with transcriptional activation, and histone 

methylation correlates with either activation or silencing depending on which 

residue within the histone is methylated (42).  Acetylation is thought to relax the 

interactions between histones and DNA by altering the net charge of the 

nucleosome (23) and additionally enhances transcription by recruiting chromatin 

remodeling complexes (31, 37).  Modified histones provide docking sites for 

proteins that contain specific interaction motifs.  For example, bromodomain-

containing proteins bind to acetylated histones, while chromodomain-containing 

proteins, such as the heterochromatin-associated protein HP1, bind to histone H3 

trimethylated at lysine 9 (42). 

 

During latent HSV infection the nucleosomes on the viral genome are 

arranged in a regular repeating pattern similar to cellular chromatin (12).  The 

histones bound to most regions of the genome display features characteristic of 

transcriptionally silent chromatin, such as reduced acetylation, increased levels of 
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H3K9 di- and trimethylation (73) and H3K27 trimethylation (7, 48), and the 

presence of the histone variant macroH2A (48).  The exceptions are the histones 

found within the promoter and 5‟ region of the latency-associated transcript 

(LAT), which bear activating marks such as acetylation of histone H3 lysine 9 and 

14 (H3K9/K14Ac) (43, 44, 73).  LATs are the only transcripts expressed in 

latently infected neurons (68, 69) and hence, these observations suggest that 

covalent histone modifications play an important role in regulating HSV gene 

expression during latency. 

 

In contrast to latency, during productive infection the histones are 

arranged on the viral genome in an irregular, non-repeating pattern (49, 56).  As 

assessed by chromatin immunoprecipitation (ChIP), histone occupancy is often 

significantly lower than on the cellular genome (46), although the levels depend 

on the multiplicity of infection (MOI) used (8).  Accumulating evidence suggests 

that histone modifications may also play an important role in regulating HSV 

gene expression during productive infection (reviewed in (40, 47)). For example, 

marks correlating with active transcription, such as H3K9/K14Ac and H3K4 

trimethylation, are found within promoters of actively transcribed viral genes (32, 

33, 44).  The histone methyltransferase Set1 is important in maintaining the H3K4 

trimethylation modification on the viral genome and viral transcription and 

replication are inhibited when Set1 levels are knocked down by siRNAs. (33).  

Additionally, knocking down expression of HIRA, a chaperone for the histone H3 

variant H3.3, results in decreased association of histone H3.3 with the viral 
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genome and decreased viral transcription and replication (59).  These results are 

consistent with the idea that HIRA actively loads H3.3 onto the viral genome and 

that viral gene expression is enhanced by this histone variant. 

 

Two HSV proteins, VP16 and ICP0, have been implicated in regulating 

the levels and covalent modifications of the histones on the HSV genome during 

productive infection.  Extensive studies into the mechanism of action of the acidic 

activation domain (AD) of VP16 in heterologous systems have revealed that it 

recruits general transcription factors, RNA polymerase II, histone 

acetyltransferases (HATs), and ATP-dependent chromatin remodeling complexes 

to promoters (32, 39, 41, 52, 54, 72, 74).  ChIP experiments indicate that the 

VP16 AD also recruits these proteins to viral IE promoters during productive 

HSV infection (32).  Interestingly, knocking down expression of these HATs and 

chromatin remodeling complexes via siRNAs (either singly or in combination) 

has no detectable effect on viral IE gene expression in cultured cells, arguing that 

these chromatin modulators do not play a major role during productive infection 

(45).  It therefore remains unclear why the VP16 AD recruits these modulators to 

IE promoters during productive infection.   

 

The AD of VP16 has also been implicated in preventing the deposition, or 

enhancing the removal, of histones from viral IE promoters (32, 46): histone 

occupancy is higher on a VP16 AD mutant genome than on the wild type genome 

(46).  This increase may be due to reduced transcription of the VP16 AD mutant 
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genome, as treatment with the transcription inhibitor actinomycin D (ActD) 

increases histone occupancy on a wild type genome.  In addition, newly 

synthesized viral proteins likely play a role in regulating histone occupancy at 

many regions of the viral genome, as the protein synthesis inhibitor 

cycloheximide increased histone levels on the ICP27, thymidine kinase (TK) and 

gC promoters (46).  Interestingly, HSV-2 superinfection of cells harbouring a 

silent HSV-1 VP16 AD mutant virus activated transcription from the mutant 

genome without reducing histone levels or increasing histone acetylation (46).  

These observations raise the possibility that once histones are loaded onto the 

VP16 AD mutant genome they are refractory to subsequent removal or 

acetylation, and suggest that they do not preclude viral gene expression. 

 

The IE protein ICP0 has also been implicated in regulating 

chromatinization of the viral genome.  Cliffe and Knipe demonstrated that the 

genome of an ICP0 null mutant displays higher levels of bound histone H3 and 

reduced H3 acetylation compared to wild type virus during low MOI infection of 

HeLa cells (8).  Consistent with these results, Ferenczy et al demonstrated that a 

viral mutant that expresses only ICP0 displays lower histone occupancy and 

higher histone acetylation levels than a mutant expressing no viral genes (22).  

ICP0 has been shown to dissociate histone deacetylases (HDAC) 1 and 2 from the 

CoREST/REST/HDAC repressor complex (26, 27) and interacts with HDACs 5,6 

and 7 (50), suggesting a direct role in modulating the acetylation of histones 

bound to the viral genome.  Whether these activities contribute to the ability of 
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ICP0 to stimulate transcription of all classes of viral genes (3, 4, 13-15, 24, 36, 57, 

62, 65, 70) remains to be determined.  

 

  HSV mutants lacking ICP0 or the activation function of VP16 share 

several phenotypic similarities, including a much higher than normal particle-to-

plaque forming unit (PFU) ratio and lower levels of IE gene expression upon low 

multiplicity infection of many cell types (1, 4, 14, 66, 70).  The phenotype of such 

mutants varies between cell types, with the most restrictive being primary human 

fibroblasts (15).   Following infection of non-permissive cells, the viral genome is 

retained in a transcriptionally silent, extrachromosomal state (1, 15, 29, 30, 34, 60, 

61, 63, 65, 70).  Such quiescent genomes are actively repressed, as shown by the 

finding that heterologous promoters embedded within them are also silenced (34, 

53, 61, 65).  However, quiescent genomes can be efficiently reactivated by ICP0 

provided in trans (29, 30, 34, 60, 61, 65, 70). The histones bound to quiescent 

genomes are under-acetylated, enriched in H3K9 methylation,  and complexed 

with heterochromatin-associated protein HP1, all classical marks of 

transcriptional repression (10, 22).  Following ICP0-mediated derepression, 

histone acetylation increases markedly (10), suggesting one role of ICP0 in 

reactivation of quiescent genomes may be to alter histone modifications. 

 

Although VP16 and ICP0 mutants display severely restricted gene 

expression profiles in many cell types, the activation functions of these proteins 

are largely dispensable in the human osteosarcoma cell line U2OS (66, 75). We 
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previously provided evidence that the permissive phenotype of U2OS cells stems 

from defects in an innate antiviral repression mechanism that is present in other 

cells types (28). We further suggested that the defect might inactivate a chromatin 

assembly pathway that incorporates newly delivered viral genomes into repressive 

chromatin. We therefore used ChIP assays to determine if U2OS cells are 

competent to load histones onto HSV DNA, and if so, whether ICP0 and/or VP16 

are required to reduce histone H3 occupancy in this cell type.  Our results clearly 

indicate that U2OS cells are able to load high levels of under-acetylated histones 

onto viral DNA in the absence of VP16 activation function.  However in contrast 

to the situation in HeLa cells, ICP0 does not appear to regulate histone H3 levels 

or acetylation on the viral genome in this cell line.    
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RESULTS 

Gene expression profiles of n212 and V422 infection in HeLa and U2OS cells 

 Previous studies documenting the roles of VP16 and ICP0 in the 

regulation of HSV genome chromatinization were conducted in HeLa cells (8, 32, 

46). We sought to examine the effects of VP16 and ICP0 on genome 

chromatinization in U2OS cells, which “complement” the growth defect of HSV 

ICP0 and VP16 mutants (55, 66, 75). In order to provide a basis for assessing the 

functional significance of any such effects, we first compared the consequences of 

inactivating ICP0 and VP16 on viral gene expression in U2OS and HeLa cells. To 

this end, we monitored the accumulation of mRNAs derived from the viral ICP27 

(IE), TK (early) and VP16 (leaky-late) genes following infection of U2OS and 

HeLa cells with 1 PFU/cell of wild type KOS, the ICP0 mutant n212 and the 

VP16 AD mutant V422 (Figure 5.1). Viral DNA replication was blocked by the 

addition of the viral DNA polymerase inhibitor phosphonoacetic acid (PAA) at 

the time of infection, in order to restrict the analysis to expression from input viral 

genomes.  

 

 In HeLa cells, ICP27 mRNA accumulated between 3 and 6hpi with both 

KOS and n212, while virtually no ICP27 mRNA was detected over the 12h time 

course with V422 (Figure 5.1a). n212 displayed wild-type levels of ICP27 

mRNA, but TK and VP16 transcripts accumulated with delayed kinetics and to 

lower levels.  The results with TK mRNA are similar to the previous findings of 

Jordan and Schaffer (36), who examined accumulation of viral mRNAs during 



  156 

n212 infection of Vero cells (ICP27 and VP16 mRNA were not examined in that 

study). In contrast, TK and VP16 mRNA could not be detected during infection 

with V422. Thus, both mutants exhibit a restricted gene expression profile in 

HeLa cells, with V422 displaying a much more severe defect.  

 

As expected, U2OS cells supported much higher levels of viral gene 

expression than HeLa cells following infection with n212 and V422 (Figure 5.1b). 

However, significant defects relative to wild-type KOS were nevertheless 

observed.  For example, abundant ICP27 mRNA was present by 3hpi with KOS, 

but accumulation of the transcript was delayed with n212 and V422, and the 

levels were significantly reduced at all time points with V422 (Figure 5.1b).  

Similarly, accumulation of TK and VP16 mRNAs was delayed and reduced with 

both mutants.  Overall, these data indicate that V422 is somewhat more impaired 

than n212 in this cell type, as assayed by gene expression in the presence of PAA.   

 

Histone H3 occupancy on the n212 and V422 genomes in HeLa and U2OS 

cells 

 We previously suggested that the defect that renders U2OS cells 

permissive to VP16 and ICP0 mutants might inactivate a chromatin assembly 

pathway that represses incoming viral genomes in other cell types (28). To test 

this hypothesis, we used ChIP assays to follow loading and acetylation of histone 

H3 on viral genomes in HeLa and U2OS cells infected with wild type KOS, n212 

and V422.  All experiments were performed in the presence of PAA to restrict the 
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analysis to input viral genomes.  In addition, the n212 and V422 input 

multiplicities were adjusted to deliver the same amount of input viral DNA 

(measured at 3hpi) as is achieved with 1 PFU/cell of wild-type KOS (Material and 

Methods). In no case did this adjustment alter the MOI by more than 25%.  

 

  We first monitored histone H3 levels at the transcriptional start site (TSS) 

of the IE ICP27 gene (Figure 5.2a).  In HeLa cells infected with wild-type KOS, 

histone H3 levels rose between 1 and 3 hpi, then declined by 6 hpi; in contrast, H3 

continued to accumulate on the n212 and V422 genomes, leading to significantly 

higher levels than on the KOS genome by 6hpi, consistent with previous reports 

(8, 32, 46).  U2OS cells displayed a very different pattern: H3 levels remained 

low on the KOS and n212 genomes over the entire time course, while H3 

accumulated on the V422 genome (Figure 5.2a).  These results indicate that the 

AD of VP16 is required to reduce histone occupancy on the ICP27 TSS in both 

HeLa and U2OS cells, while ICP0 is dispensable in U2OS cells.  Interestingly, at 

3 hpi in U2OS cells, the level of H3 on the ICP27 region of the n212 genome was 

similar to wild type virus, whereas at the TK and VP16 promoters it was higher, 

and more similar to V422.  This suggests that ICP0 is not required at IE regions of 

the genome at 3 hpi, but may be required at E and L regions at that time in U2OS 

cells.  The reasons for these observations are currently unclear.  In addition, the 

accumulation of high levels of histone H3 on the V422 genome in U2OS cells 

documents that these cells are competent to add histones onto incoming viral 

genomes.  
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 We next tested whether the increase in histone occupancy at the ICP27 

TSS observed with n212 and V422 in HeLa cells, and with V422 in U2OS cells, 

also occurs at other regions of the viral genome.  In Hela cells, enhanced histone 

H3 levels were observed at the TK and VP16 promoters with both mutants 

(Figure 5.2b and c), data that are in accord with recent reports documenting that 

H3 levels are increased at multiple gene loci, including early and late genes, when 

either VP16 or ICP0 is inactivated (8, 46).  Similarly, in U2OS cells, n212 and 

V422 displayed low and high histone H3 levels respectively at all three loci. Thus, 

the effects of VP16 and ICP0 on histone occupancy are not restricted to IE genes 

in either cell type.  

 

 VP16 is required for enhanced acetylation of histone H3 bound to the viral 

genome in U2OS cells, while ICP0 is dispensable 

  Cliffe and Knipe demonstrated that the histone H3 bound to the genome 

of an HSV-1 ICP0 null mutant displays lower levels of acetylation than that 

bound to the corresponding marker rescue virus during low MOI infection of 

HeLa cells, suggesting that ICP0 plays an important role in stimulating histone 

acetylation in this cell type (8).  In addition, Herrera and Triezenberg documented 

that VP16 stimulates acetylation of histones bound to viral DNA in HeLa cells 

(32).  We therefore asked if ICP0 and/or VP16 are required for enhanced histone 

acetylation in permissive U2OS cells. 
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 HeLa and U2OS cells were infected with KOS, n212 or V422 for 6 and 9 

hours, and then harvested for ChIP.  Sonicated lysates were divided, and 

immunoprecipitations were performed using the total histone H3 and acetyl-H3 

antibodies in parallel.  The quantity of acetylated histones immunoprecipitated 

from each sample was then normalized to the amount of immunoprecipated total 

histone H3.  In HeLa cells the levels of acetylated histone H3 were significantly 

higher on the KOS genome than on n212 or V422 at 6 and 9 hpi at all regions of 

the viral genome tested, confirming previous reports (Figure 5.3a) (8, 32).  In 

contrast, in U2OS cells histone H3 acetylation levels were high for both KOS and 

n212, but acetylation remained low on the V422 genome (Figure 5.3b).  These 

trends were observed at all regions of the viral genome tested (Figure 5.3).  

Interestingly, n212 displayed somewhat higher levels of histone acetylation than 

KOS, but this difference was not statistically significant except for the VP16 

promoter at 6 hpi.  The biological relevance of this observation remains unclear. 

These observations indicate that in U2OS cells, histone H3 acetylation requires 

the activation function of VP16, but does not require the action of ICP0. 

 

The effect of cycloheximide on histone H3 occupancy in HeLa and U2OS cells 

 Kutluay and Triezenberg suggest that the AD of VP16 acts indirectly to 

reduce histone levels at non-IE promoters through its ability to stimulate 

transcription of the viral IE genes (46).  According to this hypothesis, one or more 

of the IE proteins acts to reduce histone levels on E and L regions of the viral 

genome.  Histone occupancy at the E and L region of the wild type genome 
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increases in the presence of the protein synthesis inhibitor cycloheximide in HeLa 

cells, supporting this hypothesis (46).  Given the differences that are observed in 

the viral factors required to reduce chromatinization of the viral genome in U2OS 

and HeLa cells, we determined if cycloheximide increases histone occupancy at E 

and L regions in U2OS cells. 

 

  Figure 5.4 shows the results of cycloheximide treatment on histone H3 

occupancy at 6 hpi in HeLa cells.  At the ICP27, TK and VP16 regions, histone 

H3 occupancy on the KOS genome increased in the presence of cycloheximide, 

suggesting that protein synthesis is required to maintain low levels of histones at 

all regions of the viral genome, as previously reported (46).  Kutluay and 

Triezenberg report that the ICP27 gene is treated differently from other IE genes 

in that its histone occupancy requires newly synthesized proteins (46).  

Cycloheximide treatment had little effect on histone H3 levels on the n212 and 

V422 genomes, which remained high. 

 

The experiment gave strikingly different results in U2OS cells (Figure 

5.4).  Histone H3 occupancy at the ICP27, TK and VP16 regions of the KOS and 

n212 genomes remained low in the presence of cycloheximide, while histone H3 

levels on the V422 genome dropped significantly in the presence of the drug.  

These results cannot easily be reconciled with the hypothesis that newly 

synthesized viral proteins are required to reduce histone levels on the viral 

genome, as appears to be the case in HeLa cells.  Rather, these results imply that 
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histone loading in U2OS cells requires ongoing protein synthesis. One possibility 

is that the machinery required to load histones onto viral DNA is not expressed 

constitutively in U2OS cells, but is induced by infection.  According to this 

scenario, KOS and n212 inactivate this cellular response, while V422 does not, 

possibly because viral gene expression is significantly delayed or because the AD 

of VP16 is directly required.  These possibilities require further investigation.  

Given the results of these experiments we were unable to assess whether a newly 

synthesized viral protein is required to mediate low histone occupancy at non-IE 

regions of the viral genome in U2OS cells. 

    

Effects of viral infection on histone H3 levels on the cellular genome 

 During the course of the experiments described above, we also measured 

histone H3 levels at the TSS of the cellular GAPDH gene, with the intention of 

using this value as an internal control to correct for differences in cross-linking 

and immunoprecipitation efficiencies between experiments.  However, the results 

demonstrated that the histone H3 levels on the GAPDH TSS significantly 

decrease during wild-type HSV infection, in both HeLa and U2OS cells (the data 

obtained in U2OS cells are shown in Figure 5.5a).  A similar decrease in histone 

occupancy was noted following infection with n212, but not with V422 (Figure 

5.5a). To test whether this effect is specific to GAPDH, we also assessed histone 

occupancy at the promoter for the cellular U3 snoRNA gene (Figure 5.5b) and the 

pericentric satellite sequence Sat3 (Figure 5.5c).  A significant decrease in histone 
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occupancy was observed at the U3 promoter during KOS and n212 infection, 

while no change was detected at the Sat3 region with any virus.   

 

 To determine whether protein synthesis is required for the observed 

decreases in histone occupancy, ChIP experiments were performed in U2OS cells 

infected with KOS, n212 and V422 for 6 hours in the presence or absence of 

cycloheximide.  Cycloheximide treatment increased histone occupancy on the 

GAPDH TSS in cell infected with KOS and n212 infection, while histone H3 

levels remained high with V422 (Figure 5.5d).  Similar results were obtained in 

HeLa cells (Figure 5A.1).  

 

These results indicate that HSV infection depletes histone H3 from 

specific regions of the cellular genome, and that this process does not require 

ICP0.  Whether this effect represents a cellular response to infection or a specific 

effect of one or more viral proteins has not yet been determined.  
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DISCUSSION 

 Previous studies have shown that HSV-1 mutants lacking the activation 

functions of VP16 or ICP0 accumulate high levels of under-acetylated histones at 

multiple regions of the viral genome in HeLa cells (8, 22, 32, 46).  One 

interpretation of the data presented in those reports is that VP16 reduces histone 

occupancy and enhances acetylation at IE regions, while ICP0 subsequently acts 

to produce the same effect over the rest of the viral genome.  The effects of VP16 

and ICP0 on histone occupancy and acetylation are consistent with the hypothesis 

that these proteins stimulate viral gene expression at least in part by countering 

the formation of a repressive chromatin structure.  However, evidence contrary to 

this hypothesis has recently been presented by Kutluay and Treizenberg (45, 46).  

Firstly, a highly chromatinized and silent HSV-1 VP16 mutant genome was 

efficiently activated by superinfecting HSV-2, without any decrease in histone 

occupancy or increase in acetylation (46).  Secondly, knocking down expression 

of the various HATs and chromatin remodeling complexes that are recruited to IE 

promoters by the VP16 AD had no effect on IE gene expression (45).  Given these 

observations, the role of chromatin structure in regulating viral gene expression 

during productive infections clearly requires further investigation. 

 

 As one means of exploring the role of histone loading and acetylation in 

regulating viral gene expression, we examined these processes in U2OS cells, 

which “complement” the growth defects of both ICP0 and VP16 AD mutants (66, 

75).  This permissive phenotype is recessive in somatic cell hybrids, indicating 
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that U2OS cells lack an antiviral mechanism that is critical for limiting viral gene 

expression in restrictive cell types (28).  If ICP0 and/or VP16 function to 

stimulate viral gene expression primarily by preventing the assembly of repressive 

chromatin on the viral genome, then U2OS cells would likely display a defect in 

this process. Seemingly consistent with this hypothesis, we found that the ICP0 

mutant n212 displays a chromatin phenotype similar to that of wild type virus in 

U2OS cells: multiple regions of the genome were associated with low levels of 

highly acetylated histone H3. Thus, ICP0 is not required to reduce histone 

occupancy and enhance histone acetylation on the viral genome in this cell line, a 

finding that is in keeping with the idea that these cells lack a chromatin-based 

repression mechanism that is targeted by ICP0. However, the VP16 AD mutant 

V422 behaved very differently: its genome was loaded with high levels of under-

acetylated histones, just as it is in HeLa cells. This result indicates that U2OS 

cells are competent to load under-acetylated histones onto viral DNA, and leads to 

the surprising conclusion that the VP16 AD acts, either directly or indirectly, to 

reduce histone occupancy and enhance histone acetylation at multiple regions of 

the viral genome, in a process that does not require ICP0.  

 

How does the VP16 AD reduce histone occupancy and enhance acetylation on 

early and late genes? 

 Kutluay and Triezenberg (46) suggested that the accumulation of high 

levels of underacetylated histones on VP16 mutant genomes is a consequence of 

reduced transcription, rather than loss of VP16 function per se.  However, V422 
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and n212 accumulate TK and VP16 mRNAs with roughly similar kinetics in 

U2OS cells (Figure 5.1) yet display very different patterns of histone loading and 

acetylation (Figures 5.2 and 5.3), arguing that reduced transcription is not the 

cause of the increased histone occupancy at the TK and VP16 loci of V422. 

 

 A second possibility is that the VP16 AD acts indirectly, by stimulating 

the expression of one or more viral proteins (other than ICP0) that regulate 

chromatinization of the viral genome. Arguing against this scenario, V422 

replicates quite efficiently in U2OS cells (55, 66), indicating that most or all viral 

genes are eventually expressed in these cells. Thus, the hypothetical downstream 

viral factor almost certainly accumulates, but the viral genome nevertheless 

remains bound to high-levels of under-acetylated histones, just as in restrictive 

HeLa cells. Therefore, we consider this scenario unlikely. 

 

 In our view, the most likely explanation for the effect of VP16 on viral 

chromatin structure is that VP16 acts directly (either on its own or in concert with 

other viral proteins) to reduce histone loading and enhance histone acetylation at 

multiple regions of the genome.  For example, the VP16 AD might bind and 

sequester one or more key proteins required for efficient accumulation of under-

acetylated histones on the viral genome (such as an HDAC or a specialized 

histone chaperone), or actively recruit HATs to multiple regions of the viral 

genome, in addition to acting specifically at IE promoters. Further studies are 

required to test this hypothesis.  
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What is the primary defect in U2OS cells? 

 Our data argue that ICP0 and VP16 are both required to reduce histone 

occupancy and enhance acetylation at multiple loci on the viral genome in 

restrictive HeLa cells. The requirement for ICP0 is relieved in permissive U2OS 

cells, but the requirement for VP16 is maintained. These findings provide strong 

evidence that ICP0 and VP16 achieve their effects on viral chromatin structure 

though separate pathways. One model to account for these findings is that two 

independent chromatin assembly pathways are capable of loading high levels of 

under-acetylated histone onto the viral genome. One of these is inactivated by 

ICP0, while other is modulated by VP16. Under this scenario, U2OS cells lack the 

pathway targeted by ICP0, but retain the pathway that is targeted by VP16.  

 

 It is tempting to speculate that the chromatin assembly pathway targeted 

by ICP0 is linked to the well-documented ND10-based antiviral repression 

system. One of the earliest cellular responses to HSV infection is the mobilization 

of ND10 components to the incoming viral genome (17, 21, 51, 67).  A critical 

role of ICP0 is to block the recruitment of ND10 components to the incoming 

viral genome through the proteasome-dependent degradation of SUMO-modified 

forms of PML and Sp100 (2, 6, 16, 17, 19, 20).  The ability of ICP0 to cause 

degradation of ND10 components closely correlates with its ability to stimulate 

viral gene expression and reactivate quiescent genomes (20). Consistent with a 

link between ND10 components and chromatin assembly, the HIRA histone 
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chaperone localizes to ND10 (76) and quiescent HSV genomes bearing high 

levels of under-acetylated histones (10, 22) are surrounded by a shell of PML and 

other ND10 components (18). However, it is important to note that HDAC 

inhibitors such as Trichostatin A are unable to fully replace ICP0 in stimulating 

gene expression in restrictive human fibroblasts (19), and the domain of ICP0 that 

interacts with CoREST and causes the translocation of HDACs 1 and 2 to the 

cytoplasm is not required for ICP0-induced activation of viral gene expression 

(20). Thus, the under-acetylated histones that accumulate on the viral genome in 

the absence of ICP0 may not be directly responsible for primary genome 

repression. Perhaps loading of underacetylated histones is linked to, but 

downstream of, the ND10-based genome detection and primary repression 

system. Thus, it is possible that U2OS are defective in the ND10-based detection 

system, rather than in histone acetylation and removal per se.  

 

 Alternatively, it could be argued that the ability of ICP0 to reduce histone 

occupancy and enhance acetylation stems solely from its ability to stimulate 

expression of a downstream viral modulator of chromatin structure, such as VP16. 

According to this scenario, ICP0 is not required to modulate chromatin structure 

in U2OS cells because it is dispensable for viral gene expression in this cell type. 

However, this scenario is inconsistent with evidence indicating that ICP0 can 

modulate viral chromatin structure in the absence of significant expression of viral 

genes other than ICP6 (22). 
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 If, as argued above, two pathways exist to load high levels of under-

acetylated histone onto the viral genome, then two key questions arise. First, are 

the two pathways linked to functionally distinct outcomes? Second, what factors 

control which pathway predominates in cells where both are potentially 

operative? Further studies are required to address these questions. 

 

Increased levels of under-acetylated histone H3 on the viral genome do not 

preclude viral gene expression 

 Our data demonstrate that viral gene expression profiles do not always 

strictly correlate with the load and acetylation status of histone H3 on the viral 

genome. For example, in HeLa cells both n212 and V422 display higher levels of 

under-acetylated histone H3 than wild-type virus at all loci tested (Figures 5.2, 

5.3), but n212 expresses high levels of ICP27 mRNA, while V422 is essentially 

silent (Figure 5.1). Similarly, V422 displays an increased load of under-acetylated 

histone H3 in U2OS cells, where significant viral gene expression is observed. 

These data indicate that the increased levels of under-acetylated histones that 

accumulate on the viral genome in the absence of ICP0 and/or the VP16 AD do 

not present an insuperable barrier to viral gene expression. Kutluay and 

Triezenberg recently reached the same conclusion (46). Although it might be 

argued that only a small pool of un-chromatinized viral genomes are actively 

transcribed, Kutluay and Triezenberg‟s data demonstrate that RNA polymerase II 

and histones H3 and H2A co-occupy the same DNA templates, suggesting that at 



  169 

least some of the transcribed RNA comes from highly chromatinized and under-

acetylated genomes (46). 

 

 It is important to stress that the increased levels of histone H3 found on the 

viral genome in U2OS cells in the absence of VP16 activation function are similar 

to, or lower than, the histone density at two actively transcribed cellular genes 

(compare Figures 5.2 and 5.4) and thus clearly do not by themselves preclude 

transcription. What is surprising is that histone acetylation does not appear to be 

required for viral gene expression. On the cellular genome, histone acetylation 

levels are generally high at promoters of actively transcribed cellular genes and 

are thought to recruit chromatin remodelers which stimulate transcription (23, 31, 

37).  In contrast, although the VP16 AD recruits HATs and chromatin remodeling 

complexes to viral IE promoters (32), these factors are not required for efficient 

IE transcription during productive infection (45). It is currently unknown why 

VP16 recruits HATs and remodeling complexes to IE promoters; perhaps these 

factors are important during VP16-mediated reactivation from latency (71). 

  

Effects of HSV infection on cellular chromatin structure 

 Our observation that HSV infection significantly decreases histone 

occupancy at two actively transcribed cellular genes is interesting and requires 

further investigation.  Although ICP0 is not required, newly synthesized viral (or 

cellular) proteins are needed.  It has previously been demonstrated that the linker 

histone H1 is mobilized upon HSV infection in a manner dependent on IE or E 
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gene expression (11).  One possible interpretation of these results is that histones 

are mobilized away from cellular chromatin and onto the incoming viral genomes, 

although this has not been directly demonstrated.  The histone variant H3.3 

becomes associated with the viral genome at early times post-infection using a 

mechanism involving the DNA replication-independent histone chaperone HIRA 

(59).  It is not clear if HIRA draws from H3.3 bound to the cellular genome, but 

cycloheximide treatment increases histone occupancy on the viral genome in 

HeLa cells (46), suggesting that new synthesis of histone H3.3 is likely not 

required.  

 

 Researchers studying histone occupancy on the HSV genome often 

normalize their ChIP data to an endogenous cellular gene as a means of 

controlling for variations in cross-linking and immunoprecipitation efficiencies 

between experiments.  However, the data presented in this report suggest those 

normalizations may be misleading, especially if infections are performed for 

longer than 6 hours.  These observations may be the result of the relatively high 

MOI used in these studies (MOI = 1) as no changes in histone occupancy are 

observed at lower MOIs (ARC and DMK, unpublished observations).  Our results 

indicate that non-transcribed DNA sequences such as the Sat3 pericentric satellite 

could serve as a more reliable control than an actively transcribed gene in future 

experiments, as histone occupancy did not change significantly throughout 

infection on this sequence.  It will be interesting to determine whether changes in 
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cellular histone occupancy are mediated by specific viral proteins or are a 

response of the infected cell. 
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TABLE 5.1: REAL TIME PCR PRIMERS 

 

 Gene Region   Primer sequence (5‟-3‟) 

GAPDH TSS  ACTAGGCGCTCACTGTTCTCTCCCT 

   AACTCACCCGTTGACTCCGACCTT 

U3 Promoter  GCGCACCACACCAGGAGCAAACA 

   AGCATAATACTGAATGACAGCCAATCA 

    CAAACT 

hsSat3   CAATCATCCAACGGAAGCTAATGGAA 

    TCAACA 

   TCCATTCGATGACGAGTCCATCCATTTCAA 

ICP27 TSS  CACCACCAGAGGCCATATCCGACA 

   AGCATATCAATGTCAGTCGCCATGACCG 

ICP27 ORF  TGTGCGGCCTGGACGAACTGTGTT 

   TGGCCAGAATGACAAACACGAAGGATGC 

TK Promoter  CCACACGCGTCACCTTAATATGCGAA 

   ATTGGCGAATTCGAACACGCAGATGCAG 

VP16 Promoter TCGGATTGGGAAACAAAGGCACGCAA 

   TCCGTACCCAGACAATAAAGCACCAACAGG 

 



  173 

 

Figure 5.1.  Gene expression profiles of KOS, n212 and V422 in HeLa and U2OS 

cells.  HeLa and U2OS cells were infected with the indicated viruses in the 

presence of PAA as described in the Materials and Methods.  Total RNA was 

harvested after the indicated lengths of time and subjected to northern blot 

analysis using probes for ICP27, TK and VP16. 
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Figure 5.2.  Histone H3 occupancy on KOS, n212 and V422 genomes in HeLa 

and U2OS cells.  HeLa and U2OS cells were infected with the indicated viruses in 

the presence of PAA as described in the Materials and Methods.  Cell lysates were 

prepared at 1, 3 and 6 hpi.  The amount of immunoprecipitated DNA from the (A) 

ICP27 TSS, (B) TK promoter and (C) VP16 promoter was determined.  Pooled 

data from at least three independent experiments are presented.  Samples with 

mean values that differed significantly (P < 0.05, Student‟s t test) are indicated 

(*). 
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Figure 5.3. Acetylated histone H3 on KOS, n212 and V422 genomes in HeLa and 

U2OS cells.  HeLa and U2OS cells were infected with the viruses in the presence 

of PAA as described in the Materials and Methods.  Cell lysates were prepared at 

6 and 9 hpi.  The proportion of acetylated histone H3 associated with (A) ICP27 

TSS, (B) TK promoter and (C) VP16 promoter viral DNA was determined as the 

fraction of DNA associated with acetylated H3 normalized to the fraction of DNA 

associated with total histone H3.  Pooled data from at least three independent 

experiments are presented.  Samples with mean values that differed significantly 

(P < 0.05, Student‟s t test) are indicated (*). 
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Figure 5.4. The effects of cycloheximide on histone H3 occupancy on the viral 

genome in HeLa and U2OS cells.  Cells were infected with 1 PFU/cell of KOS, 

n212 or V422 in the presence or absence of cycloheximide for 6 hours and then 

samples were harvested for ChIP using a total H3 antibody.  PCR primers 

amplified: (A) ICP27 TSS (B) TK promoter (C) VP16 promoter.  All experiments 

were performed in triplicate.  Samples with mean values that differed significantly 

(P < 0.05, Student‟s t test) are indicated (*). 
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Figure 5.5. Effects of HSV infection on histone H3 occupancy at selected regions 

of the cellular genome.  U2OS cells were infected with KOS, n212 and V422 or 

mock infected in the presence of PAA as described in the Materials and Methods.  

Cell lysates were prepared at 6 hpi.  The amount of immunoprecipitated DNA 

associated with the (A) GAPDH TSS, (B) U3 promoter and (C) Sat3 sequence 

was determined.  6 hour infections were also performed in the presence of 

cycloheximide (D) and the amount of GAPDH TSS DNA immunoprecipitated 

was determined.  Pooled data from at least three independent experiments are 

presented.  Samples with mean values that differed significantly (P < 0.05, 

Student‟s t test) are indicated (*). 
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Appendix 1. Data Not Shown 

 

Figure 5A.1.  H3 occupancy on the HeLa genome decreases with KOS and n212 

infection.  HeLa cells were infected with 1 PFU/cell of KOS, n212 or V422 for 6 

hours and then samples were harvested for ChIP using a total H3 antibody. PCR 

primers amplified: (A) GAPDH TSS (B) U3 promoter (C) Sat3.  (D) H3 

occupancy on the cellular genome is unchanged when infections are carried out in 

the presence of cycloheximide.  HeLa cells were infected with 1 PFU/cell of 

KOS, n212 or V422 in the presence or absence of cycloheximide for 6 hours.  

Samples were harvested for ChIP using a total H3 antibody.  PCR primers 

amplified the GAPDH TSS.  All experiments were performed in triplicate.  

Samples with mean values that differed significantly (P < 0.05, Student‟s t test) 

are indicated (*). 
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Appendix 2. Additional data 

 

RNA polymerase occupancy on the viral genomes in HeLa and U2OS cells 

 In Chapter five, I demonstrated that U2OS cells support IE gene 

expression from VP16 mutant genomes, while HeLa cells do not (Figure 5.1).  

Whether the accumulation of mRNAs from the V422 genome observed in U2OS 

cells is due to a mechanism involving the stimulation of transcription, or rather 

the stabilization of the viral mRNAs via a post-transcriptional mechanism is 

unknown.  To test whether U2OS cells enhance V422 gene expression by 

stimulating recruitment of RNA polymerase II to the mutant viral promoters, I 

used ChIP to test the occupancy of RNA polymerase II at the ICP27 

transcriptional start site with wild type and V422 infection of HeLa and U2OS 

cells.  As shown in Figure A2.1, there is a statistically significant difference in 

RNA polymerase II occupancy between KOS and V422 genomes in HeLa cells, 

indicating a barrier to loading RNA polymerase onto the viral genome in the 

absence of the C-terminal acidic activation domain of VP16.  There is no 

statistical difference in RNA polymerase II loading between the two viruses in 

U2OS cells, indicating that this barrier is not present in this cell type.  Thus, the 

increased accumulation of viral mRNAs observed in U2OS cells infected with 

V422 is most likely due to an increase in transcription from the mutant virus 

genome. 
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Figure 5A.2.1.  RNA polymerase II occupancy at the ICP27 transcriptional start 

site in HeLa and U2OS cells.  Cells were infected with 10 PFU/cell of KOS or 

V422 for 2 hours and then samples were harvested for ChIP using an antibody 

detecting the Serine 5-phosphorylated form of RNA polymerase II (8WG16).  All 

experiments were performed in triplicate.  Samples with mean values that differed 

significantly (P < 0.05, Student‟s t test) are indicated (*). 

 

Changes in input DNA levels over time 

 In the ChIP experiments described in Chapter five, I adjusted the MOI 

used for each mutant virus to reflect an equivalent amount of viral DNA 

(compared to wild-type virus) isolated from the infected cells at 3 hours post-

infection.  This was to ensure that any differences in the IP efficiencies did not 

merely reflect differences in the amount of viral DNA in the infected cells.  In 

Figures 5.2 and 5.3 I assessed total histone H3 and acetylated histone H3 IP 

efficiences at 1, 3 and 6 hours post-infection, thus I also assayed the amounts of 

total DNA in the infected cells at all three timepoints.  As shown below, input 

DNA levels (in the presence of PAA) were roughly equivalent between all three 
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viruses at 3 and 6 hpi in HeLa cells as determined by Real-time PCR (Fig 

5A.2.2A).  Additionally, input DNA levels were equivalent between all three 

viruses in U2OS cells at 3 hpi, although a small (but not statistically significant) 

increase in DNA levels was observed with KOS and n212 infections at 6hpi (Fig 

5A.2.2B) which could be due to breakthrough DNA replication in the presence of 

PAA.  Thus, there are significant differences in IP efficiencies between the three 

viruses at 6 hpi in both cell types (See Fig 5.2), when input DNA levels are still 

roughly equivalent. 

 

 

Figure 5A.2.2.  Input DNA levels in HeLa and U2OS cells.  HeLa (A) and U2OS 

(B) were infected with KOS, n212 and V422 for 1, 3 or 6 hours.  DNA was 

harvested as per the ChIP protocol and total amounts of Input DNA were assessed 

using Real-time PCR and primers amplifying the ICP27 transcriptional start site.  

In each case, three independent experiments were performed. 

 

V422 input DNA levels in both HeLa and U2OS cells are much higher at 

1 hpi compared to KOS and n212 virus, and drop over time (Fig A2.2).  Given the 

fact that cells are washed in acid to remove unbound viral particles immediately 
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after the one hour incubation period, this drop in input DNA levels most likely 

represents viral DNA which is degraded in the cytoplasm and/or nucleus.  The 

DNA levels stay relatively stable in both cell types between 3 and 6 hpi, 

suggesting that the viral DNA that remains after this time is not subject to 

degradation.  It is unclear as to why this drop in DNA levels is observed only with 

the VP16 mutant virus in both restrictive and permissive cell types, but suggests 

that the VP16 activation domain may play a role in preventing the degradation of 

viral DNA. 

 

ICP0 expression in U2OS cells infected with V422 

 Kutluay and Triezenberg suggested that VP16 modulates chromatin 

structure at non-IE regions of the viral genome through stimulating the expression 

of another viral gene product (202).  Several reports in the literature suggest ICP0 

is this protein.  Cliffe and Knipe demonstrated that an ICP0 mutant has a high 

level of under-acetylated histones on its genome, implicating this protein in 

directly modulating chromatin structure (55).  Additionally, work by Ferenczy 

and DeLuca implicate ICP0 in modulating histone occupancy and acetylation 

levels on the viral genome (109).  In Chapter five I show that the VP16 mutant 

V422 has a high level of underacetylated histones on the viral genome.  However, 

this mutant can replicate with nearly wild type efficiency in this cell type, 

suggesting that ICP0 is made during the infection but cannot alone affect the 

chromatin structure on the viral genome.  Northern blot analysis of ICP0 mRNA 

expression in U2OS cells infected with V422 indicates that the mRNA 
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accumulates within 4-6 hpi (Figure 5A.2.3), suggesting the protein is most likely 

produced within the timeframe of the experiments presented in Chapter five.  This 

suggests that although ICP0 is produced during V422 infection of U2OS cells, it 

is not sufficient to alter the chromatin structure on the viral genome.  This 

reinforces the hypothesis put forth in Chapter five that both VP16 and ICP0 are 

required to maintain a low level of highly acetylated histones on the viral genome.  

 

Figure 5A.2.3.  ICP0 mRNA expression in U2OS cells.  U2OS cells were infected 

with 1 PFU/cell of KOS or V422 for 1 to 6 hours in the presence of PAA.  RNA 

was harvested and separated on a denaturing agarose gel.  RNA was hybridized 

and blotted for ICP0. 
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Chapter Six:  Identification of Kinase Inhibitors that Stimulate Herpes 

Simplex Virus Immediate-Early Gene Expression in the Absence of VP16 

Activation Function 
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Preface to Chapter 6 

 The somatic cell fusion assays described in Chapters three and four 

indicate that U2OS cells lack a component of an innate antiviral response found in 

other restrictive cell types.  As suggested in Chapter three, one possibility is that 

this cell line is lacking components of a signalling pathway which activates the 

nuclear repression mechanism.  As one strategy to test this hypothesis, we 

attempted to convert a restrictive cell type into a cell type permissive to VP16 and 

ICP0 mutants using kinase inhibitors.  I hypothesized that the target of the kinase 

inhibitors may be lacking in U2OS cells, accounting for their permissive 

phenotype.  The results of these experiments are outlined in this chapter. 

The publication entitled “Identification of Kinase Inhibitors that Stimulate 

Herpes Simplex Virus Immediate-Early Gene Expression in the Absence of VP16 

Activation Function” is the content of Chapter six of this thesis.  This work is 

formatted for submission to Journal of Virology.  All experiments were performed 

by me, while writing and editing was shared between Dr Smiley and myself. 
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ABSTRACT 

   Herpes Simplex virus VP16 and ICP0 mutants are highly attenuated for 

growth in many cells types, including primary human fibroblasts, at least in part 

because they are unable to overcome an innate gene silencing mechanism that 

represses newly delivered viral genomes. We and others have suggested that 

genome silencing involves one or more signaling pathways that detect incoming 

viral genomes. We therefore surveyed inhibitors targeting several major cellular 

signaling pathways for their ability to activate gene expression from the 

VP16/ICP0 mutant KM110, in an attempt to identify relevant pathways. We 

identified two structurally related inhibitors, LY294002 and NU7441, which 

render human embryonic lung fibroblasts permissive to KM110.  Further analysis 

revealed that these compounds specifically compensate for the VP16 defect of 

KM110 by stimulating the accumulation of immediate-early mRNA. Although 

LY294002 and NU7441 are well known as inhibitors of phosphoinositol-3 kinase 

(PI3K) and DNA protein kinase (DNA PK) respectively, their effects on HSV 

gene expression do not stem from inhibition of these canonical targets. The potent 

PI3K inhibitor wortmannin is inactive, while an analog of LY294002 that does 

not target PI3K (LY303511) is highly effective; in addition, NU7441 activates 

HSV gene expression in cells that lack DNA PK.  The compounds do not act by 

blocking induction of interferon-stimulated genes in response to incoming viral 

particles.  Moreover, they accelerate viral gene expression in U2OS cells, which 

are semi-permissive to VP16 mutants, indicating that the target(s) of these 

inhibitors are also present in this cell line.  
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INTRODUCTION  

Herpes Simplex virus type-1 (HSV-1) lytic infection involves the temporal 

regulation of viral gene expression.  Immediate early (IE) genes are stimulated by 

the tegument protein VP16, which contains a strong C-terminal acidic activation 

domain and interacts with the cellular proteins HCF and Oct-1 in order to bind 

specific target sequences within the IE promoters (78, 83, 96, 102, 113).  The 

activation domain of VP16 is involved in recruiting general transcription factors 

and RNA polymerase to the IE promoters (48, 53, 57, 69, 71, 103, 112).  IE 

proteins play important roles in driving early (E) and late (L) gene expression, as 

well as overcoming the innate and adaptive immune response.  ICP0 appears to 

act upstream of the other IE proteins, as it is required along with VP16 for 

efficient IE gene expression (11, 12, 30, 35, 97).  The functions of ICP0 and VP16 

appear to be interrelated as ICP0 provided in trans can partially alleviate the 

growth defect of VP16 mutants (1, 43).   

 

ICP0 is an ubiquitin E3 ligase that interacts with several cellular proteins, 

although the significance of these interactions in many cases is still unknown 

(Reviewed in (29)).  ICP0 has roles in subverting the interferon (IFN) response 

(24, 73, 74) and causes the degradation of the IFN-inducible protein PML, a 

major constituent of ND10 domains (31, 32).  ICP0 is also critical for preventing 

entry of viral genomes into quiescence as well as reactivation from this silenced 

state (11, 12, 28, 30, 33, 46, 70, 90).  In addition, ICP0 interacts with histone 

deacetylases (HDACs) and may play a role in modulating the chromatin structure 
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of the viral genome (17, 18, 36, 40, 64).  Proteasome inhibition or disruption of 

the RING domain eliminates transactivation and reactivation from quiescence (5, 

27, 33, 42).  These observations suggest that ICP0 targets cellular inhibitory 

proteins for proteasome-dependent degradation.  Knockdown of PML and Sp100 

(another major ND10 component) enhances replication of an ICP0-null virus but 

the complementation is incomplete (34), suggesting that ICP0 must target 

additional proteins to fully stimulate viral gene expression. 

 

 VP16 and ICP0 mutants show significantly decreased gene expression and 

greatly increased particle-to-plaque forming unit (PFU) ratios during low 

multiplicity of infection (MOI) in restrictive cell types such as primary human 

fibroblasts (1, 12, 28, 95, 97).  Instead of undergoing lytic infection, these viral 

genomes remain in a transcriptionally silent state termed quiescence (1, 30, 46, 

47, 50, 82, 86, 90, 91, 97).  Quiescent genomes are actively repressed, as 

heterologous promoters embedded within them are also silenced (50, 70, 86, 91).  

These observations indicate that VP16 and ICP0 play important roles in 

preventing global silencing of the viral genome. 

 

In contrast to the defective phenotypes exhibited in most cell lines, HSV 

VP16 and ICP0 mutants replicate with close to wild type efficiency in the U2OS 

osteosarcoma cell line (44, 95, 115).  The permissive phenotype of U2OS cells 

was originally hypothesized to be due to expression of an ICP0-like positively 

acting factor that stimulates viral gene expression (115).  However, using 
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heterotypic cell fusion assays we determined that the permissive phenotype of 

U2OS cells is recessive, indicating they lack an innate antiviral mechanism found 

in restrictive cell types (44).  Either VP16 or ICP0 provided in trans could 

overcome this antiviral mechanism at early times post-infection.  The permissive 

phenotype of U2OS cells was extinguished within an hour or so after fusion with 

non-permissive human embryonic lung fibroblasts, a finding that led us to 

propose that U2OS cells may lack a signaling pathway which normally activates 

intranuclear antiviral defense, rather than being defective in the repression 

machinery per se (44). 

 

The requirement for ICP0 and VP16 activation function can be at least 

partially alleviated by agents that alter the physiological state of otherwise 

restrictive cells. For example, hexamethylene bis-acetamide (HMBA), a 

compound that induces terminal differentiation of several solid tumour and 

leukemic cell lines (61, 66, 88, 89), specifically compensates for VP16 mutations 

by stimulating IE gene expression (67, 84).  HMBA can enhance reactivation of 

latent HSV from infected ganglia (108), but it is unable to reactivate quiescent 

genomes in restrictive primary fibroblasts (67).  N‟-Methylnicotinamide, a 

compound which induces the differentiation of murine erythroleukemic cells, 

similarly compensates for VP16 mutations (84).  The cellular target(s) of these 

compounds relevant to activation of HSV IE gene expression have not been 

identified.   
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Recently, Preston and Nicholl reported the identification of compounds 

which similarly stimulate viral gene expression in the absence of ICP0 and are 

capable of reactivating quiescent viral genomes (85).  Sodium arsenite, which 

induces heat shock and oxidative stress, and gramicidin D, which permeabilizes 

cell membranes, cause the reorganization of ND10 domains and stimulate viral 

gene expression (85), although the mechanism of action is unclear.  In addition, 

cellular stressors such as heat shock, UV-C irradiation and glutamine deprivation 

can enhance infections with ICP0 mutants (7, 8).   

 

Many viruses alter cellular signaling cascades to enhance viral gene 

expression and replication (6, 10, 104, 116).  Well-studied pathways modulated 

by viruses include the phosphoinositol 3-kinase (PI3K), extracellular-regulated 

kinase (ERK) 1/2 mitogen activated protein kinase (MAPK), and p38 kinase and 

Jun N-terminal kinase (JNK) stress-activated protein kinase (SAPK) pathways.  

Both the p38 and JNK pathways are activated during HSV-1 infection by the IE 

protein ICP27 and are thought to increase the efficiency of viral replication and 

prevent apoptosis (38, 45, 51, 68, 117, 118).  ICP0 may also activate the JNK 

pathway (22).  The PI3K pathway has been implicated in HSV-1 entry (15), and 

the downstream effector protein Akt is transiently activated early after infection 

(4).  Interestingly, PI3K has also been implicated in the innate immune response 

to dsRNA through the phosphorylation of IRF3 and subsequent induction of an 

antiviral state (92). 
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In this study, we sought to determine if any of the canonical signaling 

pathways discussed above play roles in limiting the replication of VP16 and/or 

ICP0 mutants in restrictive cell types.  To this end, we asked if HEL fibroblasts, 

which are highly restrictive to the VP16/ICP0 double mutant virus KM110 (75), 

could be rendered permissive by treatment with kinase inhibitors.  We report here 

that the well-studied PI3K inhibitor LY294002 and the DNA PK inhibitor 

NU7441 (59) render HEL fibroblasts permissive to KM110 infection, and that 

these compounds specifically compensate for the VP16 lesion in the virus.  

However, in both cases activation of gene expression does not stem from 

inhibition of the canonical targets of these agents.  The compounds stimulate IE 

gene transcription in the absence of new viral and protein synthesis; however, the 

cellular target(s) of these kinase inhibitors remains elusive.  
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RESULTS AND DISCUSSION 

LY294002 compensates for a lack of VP16 activation function 

 KM110, an HSV-1 mutant which lacks the activation functions of ICP0 

and VP16, is highly restricted for growth in human embryonic lung (HEL) 

fibroblasts (75).  These cells can be infected with up to 10 PFU/cell of KM110 

without detectable gene expression or cellular cytotoxicity (75). Using heterotypic 

cell fusion assays we previously determined that the restrictive phenotype of HEL 

fibroblasts stems from an innate antiviral mechanism which prevents KM110 

gene expression (44).  Additionally, either VP16 or ICP0, provided in trans, can 

overcome this silencing mechanism.  Given the previous demonstrations that 

certain compounds are able to compensate for the absence of VP16 or ICP0 (67, 

85), we asked if selected kinase inhibitors targeting well characterized signaling 

pathways are able to activate viral gene expression in HEL cells infected with 

KM110.  Specifically, we tested inhibitors that target the ERK (U0126), p38 

(SB203580), JNK (SP600125) and PI3K (LY294002) pathways. HMBA, which 

compensates for VP16 activation function, was included as a positive control.   

 

HEL cells were pretreated with the kinase inhibitors for 1 hr, and then 

infected with 10 PFU/cell KM110.  After 9hrs of infection in the presence of 

drugs, cells were fixed and processed for immunofluorescence (IF) for the IE 

protein ICP4 (Table 6.1, Experiment 1).  The concentrations of drugs used in this 

and all other experiments described in this report did not cause obvious visible 

cytotoxicity during the time-course of the experiments.  As expected, only a small 
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fraction (ca. 5%) of the cells infected with KM110 expressed detectable levels of 

ICP4 in control cultures lacking any drug, and this value was not altered by the 

solvent DMSO at the concentrations used. Also as expected, HMBA induced 

ICP4 expression in ca 90% of the cells. Strikingly, the PI3K inhibitor LY294002 

was almost as effective, inducing ICP4 expression in ca. 70% of the treated cells. 

In contrast, SP600125, U0126 and SB203580 had no significant effect (Table 

6.1). Notably, ICP4 localized predominantly to large intranuclear domains 

characteristic of viral replication compartments in a large fraction of the 

LY294402-induced positive cells (Fig. 6.1a), suggesting that the infection  had 

proceeded at least to the stage of viral DNA replication (56). These results 

indicate that LY294002 efficiently triggers the onset of the KM110 lytic cycle in 

an otherwise highly restrictive cell type.  

 

 KM110 bears mutations that eliminate the activation functions of both 

ICP0 and VP16 (75).  To determine if  LY294002 specifically compensates for 

one or both of these mutations, we examined the effects of the drug on the 

parental isolates n212 (13) and V422 (95), which bear the ICP0 and VP16 

mutations present in KM110 respectively (Fig. 6.1b).  Cells were pretreated for 

one hour with the indicated kinase inhibitors and then infected with 1 PFU/cell of 

each virus.  Infections were carried out for a total of 9 hours in the presence of the 

kinase inhibitors and the proportion of cells expressing ICP4 was determined by 

IF.  LY294002 greatly increased the number of ICP4-positive cells during V422 

infection while little or no effect was observed with n212, a pattern similar to that 
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produced by HMBA   However, unlike HMBA,  LY294002 consistently reduced 

the fraction of ICP4-postive cells in cultures infected with wild-type KOS. 

Whether this inhibitory effect stems from generalized toxicity or inhibition of one 

or more signaling pathways that enhance virus infection has yet to determined 

(see below).  These results suggest that, like HMBA, LY294002 acts to 

compensate specifically for the VP16 mutation present in KM110.   

 

As noted above, KM110 forms viral replication compartments in 

LY294002-treated HEL cells (Fig. 6.1a). To determine if infectious progeny 

virions are also produced, viral burst assays were performed.  HEL cells were 

pretreated for one hour with the indicated kinase inhibitors and then infected with 

0.1 PFU/cell of each virus.  After 24 hours in the presence of the inhibitors, virus 

was harvested and titred on U2OS cells.  As shown in Fig. 6.1c, both LY294002 

and HMBA markedly increased the yields of infectious progeny KM110 and 

V422 virions, but had little effect on wild type KOS and n212.  These results 

indicate that LY294002 allows viral replication and production of progeny virions 

in the absence of VP16 activation function.  

 

The mutant form of VP16 specified by V422 is truncated after amino acid 

residue 422 within the C-terminal activation domain (58). Similarly truncated 

versions of VP16 retain the ability to associate with viral IE promoters, but fail to 

activate transcription (48, 99). To determine if the stimulatory effect of LY294002 

requires mutant VP16 bound to IE promoters, we examined the HSV-1 strain 17-
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based VP16 mutant, in1814.  This mutant contains a 12 base pair insertion in the 

VP16 gene that eliminates the ability of VP16 to interact with IE promoters (1).  

LY294002 strongly enhanced in1814 viral yields following low MOI infection of 

HEL cells (Figure 6A.1). Thus, the effect of LY294002 is not mediated through 

VP16 bound to IE promoters. 

 

LY294002 acts through a PI3K-independent mechanism 

LY294002 is often used as an experimental tool to inhibit PI3K and as 

such can affect a wide range of cellular functions.  PI3K is a member of a 

conserved family of lipid kinases that phosphorylate phosphoinositides on the 3‟-

hydroxyl group.  The enzyme is recruited to the plasma membrane following 

stimulation of receptor tyrosine kinases.  This brings PI3K into proximity with its 

membrane phosphoinositide substrate, leading to production of phosphoinositol-

3,4,5-triphosphosphate (PIP3).  PIP3 is a critical second messenger that recruits 

PDK1 to the membrane, which in turn directly phosphorylates Akt/PKB.  Akt is a 

key signaling molecule involved in survival and proliferation (Reviewed in (26, 

106)).  During HSV infection Akt is transiently activated and may function to 

inhibit apoptosis early in infection (4). 

 

To determine whether LY294002 compensates for VP16 mutations 

through its ability to inhibit PI3K signaling, we tested the activity of two 

additional compounds: wortmannin, an unrelated irreversible inhibitor of PI3K, 

and LY303511, an inactive structural analog of LY294002 which contains an 
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amine substitution for the morpholino oxygen (107).  We first verified that 

LY294002 and wortmannin prevent the phosphorylation of Akt in response to 

platelet-derived growth factor (PDGF) at the concentrations used (Fig. 6.2a). In 

contrast, and as expected, LY303511 had no effect on Akt phosphorylation. 

Despite the similar ability of LY294002 and wortmannin to block Akt 

phosphorylation, wortmannin did not detectably stimulate ICP4 expression in 

KM110-infected HEL cells (Table 6.1, Experiment 2), even when it was tested at 

a wide range of concentrations (1nM – 10μM) or replenished  each hour 

throughout the course of the experiment (Figure 6A.1). These data argue that 

inhibition of PI3K is not the mechanism by which LY294002 acts to stimulate 

viral gene expression and replication.  Supporting this conclusion, LY303511 was 

at least as effective as LY294002 at activating ICP4 expression from the KM110 

genome (Table 6.1, Experiments 2 and 3), and specifically compensated for the 

VP16 mutation (Fig. 6.2b,c) at concentrations which do not prevent Akt 

phosphorylation in response to PDGF.  The simplest interpretation of these data is 

that LY294002 and LY303511 activate viral gene expression through a common 

target, which is not PI3K.  

 

 There is increasing evidence in the literature for PI3K-independent effects 

of LY294002 and LY303511.  For example, LY294002 and LY303511 both 

inhibit nitric oxide production in response to LPS in macrophages (52).  Both 

compounds block K(V) currents in pancreatic β cells (25) and inhibit monocyte 

chemoattractant protein-1 (MCP-1) expression in HUVEC cells (16).  Also, 
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LY294002 and LY303511 suppress corticosterone-induced COX-2 expression in 

cardiomyocytes (98).  Finally, both compounds cause an increase in intracellular 

H2O2 in some tumour cell lines (81, 93).  In all of these cases, the direct targets of 

the LY drugs are unknown. 

 

In addition to blocking PI3K, LY294002 also inhibits other members of 

the PI3K-related kinase (PIKK) family (54, 105).  Members of this family include 

DNA Protein kinase (DNA PK), Ataxia-telangiectasia mutated (ATM), ATM 

Rad3-related (ATR), mammalian target of rapamycin (mTOR), ATX/SMG1 and 

the non-catalytic member TRRAP (65).  This family of proteins is defined by 

their large size and the presence of a shared PI3 kinase-like catalytic domain 

(PIK).  PIKK family members have diverse and important biological functions.  

mTOR is a key player in the regulation of protein synthesis and cell growth, while 

ATX/SMG1 is involved in nonsense-mediated mRNA decay.  Although TRRAP 

lacks key residues within the catalytic domain, it plays a scaffolding role in 

chromatin assembly and is involved in recruiting histone acetyltransferases to the 

genome.  DNA PK, ATM and ATR are recruited to sites of DNA damage and 

signal to other cellular proteins involved in maintaining genomic integrity (65).   

 

Some cellular dsDNA repair proteins are required for efficient HSV DNA 

replication and localize to viral replication compartments (62, 94, 100, 110).  

PIKK family member ATM is activated during HSV infection (49, 62, 94); 

however the downstream effector protein Mre11 is lost at late times post-infection 
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(39).  In contrast, ATR signaling is disrupted in HSV infection, and cellular repair 

proteins involved in recognizing ssDNA are sequestered from viral replication 

compartments in a manner dependent on ICP0 (109). Additionally, the DNA PK 

catalytic subunit, an essential component of the non-homologous end joining 

(NHEJ) pathway, is targeted for proteasome-dependent degradation by ICP0 (60, 

80) and viral replication is enhanced in cells lacking components of the NHEJ 

pathway (80, 100).  Thus, DNA damage signaling pathways are altered during 

HSV infection, with some pathways being important for viral replication while 

others are detrimental. 

 

Given that LY294002 targets some PIKK family members which may be 

inhibitory to HSV infection, we tested the ability of additional inhibitors that 

target certain PIKK family members to overcome the restrictive phenotype of 

HEL cells.  Caffeine, an inhibitor of ATM and ATR, had no effect on KM110 

gene expression in HEL cells, while rapamycin and Torin-1 (101) (mTOR 

inhibitors) and DNA PK inhibitors I and II from Calbiochem also showed no 

stimulatory effects (Figure 6A.1). LY294002 also has documented effects on 

casein kinase II activity (20).  We tested the ability of several inhibitors of casein 

kinase II (TBB, TBCA (79, 121)) to activate gene expression from the KM110 

genome in restrictive HEL cells, and found no stimulatory effects (Figure 6A.1).   

A recent report suggested that LY294002 and LY303511increase levels of 

intracellular H2O2 in some tumour cell lines (81).  However, in our hands, the 
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addition of exogenous H2O2 did not affect gene expression from the KM110 

genome in HEL cells (Figure 6A.1). 

 

 In summary, our studies to date suggest that PI3K-independent activities 

of LY294002 and LY303511 are able to compensate for a lack of VP16 activation 

function, and appear to exclude the PIKK family members ATM, ATR, DNA-PK 

and mTOR, casein kinase II and H2O2 as mediators of this effect.  The role of 

ATX/SMG1 in stimulating gene expression in the absence of VP16 activation 

function has not been assessed.   

  

 

NU7441 also activates V422 gene expression, through a DNA-PK-

independent mechanism 

As described above, the DNA PK inhibitors I and II from Calbiochem did 

not alter the restrictive phenotype of HEL cells for KM110. However, another 

DNA PK inhibitor, NU7441, was capable of activating gene expression from 

KM110 in these cells. (Table 6.1, Experiment 3).  In addition, NU7441 

compensated for the VP16 defect of KM110 in a plaque enhancement assay in 

Vero cells (Fig 6.3a). Similar results were obtained with the in1814 VP16 mutant 

(Figure 6A.1).  NU7441 is structurally related to LY294002 (Fig. 6.7), and has 

been described as a potent and highly selective inhibitor of DNA PK (IC50 14nM) 

(59). It currently is being tested in preclinical trials as a cancer therapeutic (111, 

119). 
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 To determine whether NU7441 relieves the requirement for VP16 

activation function by inhibiting DNA PK, we tested the effectiveness of the drug 

in DNA PKcs-deficient (MO59J) and DNA PKcs-wild type (MO59K) human 

glioma cell lines.  Both cell types were pretreated for one hour with the indicated 

kinase inhibitors and then infected with 5 PFU/cell of V422 for a total of 9 hours 

in the presence of the drugs.  Protein was harvested and assayed for ICP4 by 

western blot analysis.  Both MO59J and MO59K were restrictive to V422 IE 

protein production in the absence of drug treatments (Fig 6.3b), indicating that 

loss of DNA PK does not compensate for the absence of functional VP16.  Each 

drug was capable of stimulating ICP4 protein production in both MO59J and 

MO59K cell lines (Fig. 6.3b).  These results indicate that the target of NU7441 (as 

well as LY303511 and HMBA) which compensates for VP16 activation function 

is not DNA PK.  These data demonstrate that NU7441 activates gene expression 

from the V422 genome in a DNA PK-independent manner. 

 

The kinase inhibitors stimulate accumulation of HSV IE mRNA in the 

absence of viral protein synthesis 

 The ability of LY294002, LY303511 and NU7441 to enhance in1814 

replication indicates that VP16 does not need to be present at the IE promoters for 

these drugs to stimulate viral gene expression.  We next asked whether these 

drugs require newly synthesized viral or cellular proteins in order to exert their 

effects.   
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Northern blot analysis of ICP22 transcript accumulation in the presence of 

the inhibitors and the protein synthesis inhibitor cycloheximide was performed.  

HEL cells were pretreated with the indicated kinase inhibitors in the presence or 

absence of cycloheximide for one hour.  Infection was carried out with 10 

PFU/cell of KOS or V422 for a total of 6hr in the presence of the inhibitors, after 

which time RNA was harvested for northern blot analysis (Fig. 6.4).  The kinase 

inhibitors appear to have little effect on wild type mRNA accumulation.  

However, all three drugs stimulated ICP22 transcript accumulation during V422 

infection in the absence or presence of cycloheximide.  Cycloheximide itself is 

known to stimulate IE gene expression (87) (see untreated and DMSO treated 

lanes), yet also seems to block the full induction of IE genes from the V422 

genome in the presence of the drugs.  The reason behind this is unclear; however, 

the drugs enhance ICP22 transcript accumulation above mock- and DMSO-treated 

levels despite this reduction in accumulation.  The ability of these compounds to 

directly stimulate IE gene expression in the presence of cycloheximide indicates 

that new viral or cellular protein synthesis is not required for their action. 

 

The kinase inhibitors do not act by preventing the activation of interferon-

stimulated genes in response to incoming viral particles 

Entry of enveloped viruses elicits an IFN-independent antiviral state in 

human fibroblasts (9, 19, 72, 76, 120).  This IFN-independent response induces 

the expression of a small subset of IFN-stimulated genes (ISGs), the protein 
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products of which act to limit viral replication.  For example, ISG56K inhibits 

translation through interaction with eukaryotic initiation factor 3 (eIF-3) (41).  In 

the case of HSV infection, expression of ICP0 inhibits the accumulation of ISGs 

(24).  However, during infections with KM110, V422 or UV-inactivated virus, an 

antiviral response is induced (72) and may be a factor in inhibiting viral gene 

expression.   

 

Treatment of cells with LY294002 blocks the induction of ISG56K in 

response to UV-inactivated HSV-1 (77).  Both PI3K and DNA PK are dispensable 

for ISG induction, suggesting that viral entry triggers an antiviral response that 

involves a novel target of LY294002 (77).  We hypothesized that the LY drugs 

and/or NU7441 may enhance viral gene expression by blocking the antiviral 

signaling pathway used to activate ISG expression. 

 

We tested the abilities of the drugs to prevent ISG56K induction in HEL 

cells in response to UV-inactivated KOS using northern blot analysis.  Cells were 

pretreated with the kinase inhibitors for one hour and infected with 10 PFU/cell of 

UV-inactivated KOS for a total of 6hrs in the presence of the drugs.  IFNα was 

used as a positive control for ISG56K induction.  LY294002 (25μM) decreased 

ISG56K mRNA transcript accumulation however the inhibition was incomplete 

(Fig. 6.5).  Noyce et al used a higher concentration of LY294002 (50μM (77)) 

which may account for the discrepancy in ISG56K RNA levels upon drug 

treatment.  The increased accumulation of ISG56K with NU7441 treatment was 
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not reproducible; DMSO, HMBA and LY303511 treatment had no effect ISG56K 

levels in response to UV-inactivated KOS.  These data argue that ISG induction is 

not the cellular response inhibited by the LY drugs and NU7441. 

 

U2OS cells express the target(s) of the LY drugs and NU7441 

 HSV-1 VP16 and ICP0 mutants form plaques with close to wild-type 

efficiency in U2OS osteosarcoma cells (44, 95, 115) and these cells are often used 

to grow such mutants to high titres in culture.  We previously determined that 

U2OS cells are lacking a cellular antiviral mechanism found in restrictive cell 

types (44) and hypothesized that this cell line may be missing or defective in a 

signaling pathway used to activate a nuclear antiviral mechanism. It therefore 

seemed possible that the pathway targeted by the kinase inhibitors might be 

defective in these cells. If so, then one would predict that the drugs would not 

stimulate viral gene expression in this cell line. Although V422 plaques with 

greatly enhanced efficiency on U2OS cells, viral gene expression is delayed by 

approximately 4-5 hours relative to wild-type HSV-1 (Figure 5.1), allowing us to 

determine whether the kinase inhibitors enhance IE gene expression at early times 

post-infection in these cells.   

 

 Northern blot analysis of ICP27 transcript accumulation in the presence of 

the inhibitors and cycloheximide was performed (Fig. 6.6).  U2OS cells were 

pretreated with kinase inhibitors with or without cycloheximide for one hour.  

Cells were infected with 10 PFU/cell of KOS or V422 for 4hr in the presence of 
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the drugs and then RNA was harvested for northern blot analysis.  Similar to what 

was observed in HEL cells (Fig. 6.4), drug treatments had little effect on IE 

mRNA accumulation in wild type infected cells.  However, the drugs stimulated 

ICP27 mRNA accumulation with V422 infection in both the absence and presence 

of cycloheximide, indicating that U2OS cells express the target(s) of LY303511 

and NU7441.  Again, we see a decrease in IE mRNA accumulation in the 

presence of cycloheximide, yet the mRNA levels with drug treatments are still 

higher than mock- or DMSO-treated cells.  This suggests that the defect in U2OS 

cells that allows for viral replication in the absence of VP16 activation function is 

separate from the pathway involving the targets of the LY drugs and NU7441.   

 

Potential mechanisms and concluding remarks 

The compounds examined in this report compensate for VP16 activation 

function by stimulating IE gene expression in the absence of VP16 activation 

function, in this sense resembling HMBA.  They differ from Gramicidin D and 

sodium arsenite, which also stimulate IE gene expression (85), in that the kinase 

inhibitors are unable to reactivate quiescent HSV genomes.  Gramicidin D and 

sodium arsenite were proposed to activate HSV gene expression via induction of 

cellular stress responses (85), and cellular stress can also reactivate latent 

genomes in infected neurons (21, 23).  The inability of the kinase inhibitors to 

reactivate quiescent HSV argues that their effects on HSV IE gene expression do 

not stem from induction of a general cellular stress response. Indeed, the 
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compounds were used at low doses that did not cause obvious morphological 

changes indicative of cytotoxicity. 

Our data strongly suggest that LY294002 and NU7441 activate HSV gene 

expression in the absence of VP16 activation function through „off-target‟ effects 

on one or more proteins other than their intended targets.  LY294002 is much less 

potent than the natural PI3K inhibitor wortmannin, and as such has many 

documented „off-target‟ effects (16, 20, 25, 52, 55, 81, 93, 98, 105).  Both 

LY294002 and NU7441 are ATP-competitive kinase inhibitors and bind in the 

active site of their intended targets (55).  ATP-competitive inhibitors may also 

have effects on structurally related kinases, as documented by the ability of 

LY294002 to inhibit some members of the PIKK family (54, 105).  There is 

extensive structural similarity between LY294002, LY303511 and NU7441 

(Figure 6.7), suggesting they may all target a similar or related kinase.   

 

The kinase inhibitors studied in this report could activate HSV IE gene 

expression by inactivating a repression mechanism or by stimulating an activator 

of viral gene expression; in either case, the direct target of the drug might be 

several steps removed from repressor or activator. Thus, many possible models 

could be envisioned for how these compounds function. In this context it is 

interesting to note that both LY294002 and LY303511 cause the phosphorylation 

and activation of Egr-1 in some cell types (63, 114).  HSV infection induces Egr-1 

expression (14) and this protein is thought to regulate ICP4 and ICP22 expression 



  217 

(3, 14). However, the relevance of Egr-1 to the effects that we have described here 

remain to be determined.  

 

The relevant direct target of the kinase inhibitors is likely a currently 

unidentified lipid or protein kinase. However, we cannot rule out a non-kinase 

ATP binding protein such as an ATPase, or even a protein that does not bind 

ATP. Indeed, the cellular transcriptional cofactor Brd4 can interact with an 

LY294002 derivative (37).  A genome-wide siRNA screen for proteins that 

repress V422 gene expression in restrictive cell types is currently underway in our 

laboratory. Identifying these target(s) will provide valuable insight into the 

regulation of HSV gene expression. 
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Table 6.1: Activation of IE gene expression with protein kinase inhibitors 

 

compound    Percent ICP4 positive HEL cells 

   Expt 1 (MOI = 10) Expt 2 (MOI = 10) Expt 3 (MOI = 

5) 

Mock   4.7   7.3   1 

DMSO   6.4   7.2   1 

HMBA (3mM) 91.2   90   24.9 

SP600125 (25μM) 1   -   - 

U0126 (10μM) 4.3   -   - 

SB203580 (25μM) 4.5   -   - 

LY294002 (25μM) 71.2   59.8   20.5 

Wortmannin (1μM) -   2.5   - 

LY303511 (10μM) -   71.6   25.5 

NU7441 (10μM) -   -   30.3 
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Figure 6.1. LY294002 compensates for the VP16 lesion of KM110. (A) HEL 

cells were left untreated or pretreated with LY294002 (25μM) for one hour.  Cells 

were infected with 10 PFU/cell of KM110 and left for 9 hours in the presence of 

the drug.  Cells were then processed for IF.  Green staining represents ICP4 and 

the nuclei are stained blue with DAPI.  (B) HEL cells were pretreated for one 

hour with DMSO, HMBA (3mM), LY294002 (25μM) or left untreated and 

infected with KOS, KM110, n212 or V422 at 1 PFU/cell for 9 hours.  A minimum 

of 100 cells were assessed for ICP4 expression.  (C) HEL cells were pretreated for 

one hour with the indicated drugs and infected with KOS, KM110, n212 or V422 

at 0.1 PFU/cell for 24 hours.  Total virus was harvested and titred on U2OS cells. 

Samples in which no plaques were detected on U2OS cells are indicated with (*). 
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Figure 6.2. V422 gene expression is stimulated in a PI3K-independent manner.  

(A)  HEL cells were serum-starved, then treated with LY294002 (25μM), 

LY303511 (10μM) or wortmannin (1μM) for 30 minutes.  PDGF was added for 

30 minutes and protein was harvested and blotted for total and phospho-AKT.  (B 

and C)  Infections were carried out as in Fig 6.1B and 6.1C (MOI = 10) also using 

10μM LY303511.  Samples in which no plaques were detected on U2OS cells are 

indicated with (*). 



  222 



  223 

Figure 6.3.  NU7441 activates V422 in a DNA PK-independent manner.  (A)  

The indicated viruses were titred on Vero cells in the presence of DMSO, HMBA 

(3mM), LY303511 (10μM) or NU7441 (10μM). (B)  MO59J and MO59K cells 

were treated with the indicated drugs and infected with 5 PFU/cell of V422 for 9 

hours.  Protein was harvested and blotted for ICP4. 
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Figure 6.4.  Drugs stimulate V422 gene expression in the absence of new protein 

synthesis.  Total cellular RNA was extracted from HEL cells following treatment 

with the indicated drugs and infection with 10 PFU/cell of KOS or V422 for 6 

hours.  100μg/mL of cycloheximide was added where appropriate.  ICP22 mRNA 

accumulation was monitored by northern blot hybridization.  Below are Sybr 

Gold stained RNA gels (KOS, left; V422, right). 
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Figure 6.5.  Drugs do not block ISG56K induction in response to incoming virus.  

Total cellular RNA extracted from HEL cells was scored for ISG56K mRNA by 

northern blot hybridization following drug treatments and infection with 10 

PFU/cell of UV-inactivated KOS for 6 hours.  1000U of IFNα was added to one 

well as a positive control.  1/10
th

 the amount of RNA was run in the IFN lane.  

Below is the ethidium bromide stained RNA gel. 
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Figure 6.6.  U2OS cells express the target(s) of the LY drugs and NU7441.  Total 

cellular RNA was extracted from U2OS cells following treatment with the 

indicated drugs and infection with 10 PFU/cell of KOS or V422 for 4 hours.  

ICP27 mRNA accumulation was monitored by northern blot hybridization.  

Below is the ethidium bromide stained RNA gels (KOS, left; V422, right). 
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Figure 6.7.  Chemical structures of LY294002, LY303511 and NU7441 
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Appendix 1. Data not shown 

 

 

Figure 6A.1. The effects of various chemical compounds on viral infection (A) 

Protein kinase inhibitors stimulate in1814 replication.  HEL cells were pretreated 

with the indicated kinase inhibitors and infected with 0.1 PFU/cell of KOS, V422, 

in1814R and in1814.  After 24 hours virus was harvested and titred on U2OS 

cells.  (B and C)  PIKK inhibitors do not activate KM110 gene expression.  HEL 

cells were pretreated with the indicated drugs and infected with 10 PFU/cell of 

KM110 for 9 hours.  The proportion of cells expressing ICP4 was assessed using 
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indirect immunofluorescence.  (D)  Casein kinase II inhibitors do not activate 

KM110 gene expression.  HEL cells were treated with the indicated drugs and 

infected with 10 PFU/cell of KM110 for 9 hours.  Protein was harvested and ICP4 

protein expression was assessed by western blot analysis.  (E)  H2O2 does not 

activate KM110 gene expression.  HEL cells were treated with various 

concentrations of H2O2 and infected with 10 PFU/cell of KM110 for 9 hours.  

Protein was harvested and ICP4 protein expression was assessed by western blot 

analysis. 



  245 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter Seven: Thesis Discussion



  246 

  

  The work presented in this thesis is directed towards understanding how 

the human osteosarcoma cell line U2OS support the replication of HSV-1 VP16 

and ICP0 mutants.  Before I began this project, Yao and Schaffer had proposed 

that U2OS cells express an „ICP0-like‟ protein which can stimulate viral gene 

expression in the absence of ICP0 (409).  U2OS cells also support the replication 

of VP16 mutants (352), which would argue either that the activation functions of 

VP16 and ICP0 are related, or that U2OS cells also express a second protein 

which can compensate for VP16 activation function.  I felt it was alternatively 

possible that U2OS cells lack a component of an antiviral pathway targeted by 

VP16 and ICP0, and set out to distinguish between these possibilities.  In Chapter 

three, I approached this problem by employing heterotypic somatic cell fusion 

assays using permissive U2OS and restrictive human fibroblasts.  From these 

experiments it was evident that the permissive phenotype of U2OS cells was 

recessive in the somatic cell hybrids, strongly suggesting that U2OS are lacking a 

component of an innate antiviral gene silencing mechanism found in other 

restrictive cell types.  Thus, VP16 and ICP0 may stimulate gene expression, at 

least in part, by overcoming this antiviral mechanism.  In Chapter four, I excluded 

the possibility that the artificial induction of interferon stimulated genes caused by 

p14-mediated fusion was the basis for the repression of viral gene expression 

observed in the somatic cell fusion assays.  These observations provided the basis 

for interpreting the data presented in subsequent chapters of this thesis.    

 While I was performing these somatic cell fusion experiments, evidence 

was presented in the literature indicating that VP16 and ICP0 play roles in 
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modulating the chromatin structure on the viral genome (Reviewed in Chapter 

five; (55, 109, 150, 202)).  Knowing that U2OS cells lack a component of an 

innate antiviral mechanism normally counteracted by VP16 and ICP0, I 

hypothesized that this cell type has a defect in a process involved in loading or 

modifying histones on the viral genome.  In Chapter five, I performed ChIP 

experiments assaying histone occupancy and acetylation levels on wild type and 

VP16 and ICP0 mutant genomes in both restrictive and permissive cell types.  

Several surprising observations arose from these studies.  Firstly, VP16 is 

required in both restrictive and permissive cell types in order to maintain a low 

density of highly acetylated histones at multiple loci on the viral genome.  In fact, 

evidence presented in Chapter five strongly argues that VP16 and ICP0 modulate 

chromatin structure on the viral genome by each counteracting an independent 

pathways.  Additionally, I determined that the chromatin phenotype of an ICP0 

mutant is strikingly different in restrictive and permissive cell types.  While ICP0 

is required in order to maintain a low density of highly acetylated histones on the 

viral genome in HeLa cells, ICP0 is dispensable for this effect in U2OS.  Thus, 

the pathway targeted by ICP0 appears to be missing or defective in U2OS cells. 

 In this chapter, I will discuss possible mechanisms by which VP16 and 

ICP0 could modulate the histone occupancy and acetylation levels on the viral 

genome in the light of my findings and those of others.  I will also present 

evidence to support the hypothesis that U2OS cells allow for the replication of 

VP16 and ICP0 mutants due to a defect in the ND10-based repression system.  

Finally, I will outline several possible mechanisms for how ND10 domains could 
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be recruited to viral genomes and present the interesting questions that have arisen 

from this research. 

 

Mechanisms by which VP16 and ICP0 could affect histone occupancy and 

acetylation levels on the viral genome 

 VP16 and ICP0 play critical roles in maintaining low histone occupancy 

on the viral genome as well as being required to maintain the viral chromatin in a 

highly acetylated state (55, 109, 150, 202).  Evidence presented in Chapter five 

suggests that VP16 and ICP0 accomplish these functions by each counteracting 

separate chromatin-based pathways.  The increased acetylation of histones on the 

viral genome mediated by VP16 and ICP0 may be linked to the decrease in 

histone occupancy.  Acetylation masks the overall positive charge of the 

nucleosome and is thought to relax the interactions between histones and DNA 

(119).  In addition, acetylated lysine residues provide a binding motif for 

chromatin remodelling complexes which can slide or remove histones from 

chromatinized DNA (144, 175).  The simplest interpretation would suggest that 

the ability of VP16 and ICP0 to increase acetylation levels on the viral genome 

would also affect histone density.  However, it remains possible that histone 

occupancy and acetylation levels on the viral genome are regulated by VP16 and 

ICP0 independently of one another. 

 One possible mechanism by which VP16 and ICP0 could affect viral 

chromatin structure is by counteracting the effects of HDACs or repressive 

chromatin remodelling complexes which specifically target the viral genome.  
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ND10 proteins associate with the viral genome immediately after their injection 

into the nucleus (96, 104) and many transcriptional repressors are found within 

these structures, including type I and II HDACs and repressive chromatin 

remodelling complexes such as that formed between ATRX and hDaxx (371).  

The close proximity of these transcriptional repressors to the viral genome may 

result in a high density of under-acetylated histones on the viral DNA.  Therefore, 

ICP0 could affect chromatin structure on the viral genome via its ability to 

disperse ND10 domains and prevent the association of these factors with the viral 

genome.  In fact, knockdown of several transcriptional repressors which are 

components of ND10 domains, including PML, Sp100, ATRX and hDaxx can 

partially alleviate the repression of ICP0 mutant genomes in human fibroblasts 

((101), R. Everett, personal comm.).  Thus, ICP0 may affect histone occupancy 

and acetylation levels on the viral genome by preventing the association of ND10 

components involved in mediating chromatin assembly or histone modifications. 

 Evidence presented in Chapter five indicates that VP16 counteracts a 

pathway that is separate from that modulated by ICP0.  VP16 may function by 

binding and sequestering HDACs or chromatin remodelling factors which are not 

found in ND10.  VP16 binds only IE promoter sequences, yet can affect histone 

occupancy and acetylation levels at multiple regions of the viral genome (Figure 

5.2-3).  This suggests that VP16 acts in a promoter-independent manner to 

modulate chromatin structure and supports a model whereby VP16 globally 

prevents the association of repressive chromatin factors with the viral genome.   
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As one means to test whether VP16 is required to bind to viral DNA in 

order to exert its effects on chromatinization of the viral genome, histone 

occupancy and acetylation levels could be assayed on the genome of the VP16 

mutant in1814.  This mutant retains the C-terminal acidic activation domain but 

contains a linker insertion mutation which results in a protein unable to interact 

with IE promoters (3).  Thus, if this mutant virus can still modulate histone 

occupancy and acetylation levels on the viral genome, this would suggest that 

VP16 acts in a manner not requiring association with DNA and supports the 

hypothesis that VP16 functions, at least in part, by interacting with histone 

modifying or assembly factors away from the viral genome. 

 

What is the defect in U2OS cells which allows for the replication of ICP0 

mutants? 

 In Chapter five, I show that an ICP0 mutant has histone H3 levels similar 

to wild type virus in U2OS cells.  Based on the premise that U2OS cells are 

lacking a component of an innate antiviral mechanism normally targeted by ICP0, 

these results would suggest that U2OS cells have a defect in a chromatin assembly 

and/or acetylation pathway normally targeted by ICP0.  Although I cannot fully 

exclude the possibility that the ability of U2OS cells to support the replication of 

ICP0 mutants stems, at least in part, from a defect in chromatin assembly or 

acetylation, evidence presented in Chapter five and elsewhere in the literature 

suggests that the ability of ICP0 to modulate the viral chromatin structure is not 

directly required to stimulate viral gene expression. 
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 Perhaps the strongest evidence that chromatinization of the viral genome 

is not the antiviral response that limits viral gene expression at the earliest time 

post-infection is the timing of histone loading and modifications.  Histones are 

detected on the viral genome within 30 minutes after infection (158), yet Figure 

5.2 indicates that mutant genomes do not begin to accumulate histones at levels 

significantly higher than wild type virus until between 3 and 6 hours post-

infection.  Viral gene expression is thought to be repressed very soon after 

infection, much earlier than this increased loading of histones on the viral 

genome.  This suggests that the process of histone loading and modification 

occurs downstream of the innate mechanism silencing viral gene expression.  In 

addition, Figures 5.1 demonstrates that ICP27 mRNA accumulates after infection 

of HeLa cells with an ICP0 mutant, yet the genome is associated with high levels 

of under-acetylated histones at the ICP27 promoter (Figures 5.2-3), arguing that 

the chromatin-based pathway targeted by ICP0 which involves loading high levels 

of under-acetylated histones on the viral genome does not prevent IE gene 

expression.  Finally, although evidence has been put forth to suggest that the 

ability of ICP0 to counteract the effects of HDACs is important in regulating viral 

gene expression (133-135), the Everett group has presented data which indicates 

that HDAC inhibitors are unable to fully complement ICP0 mutants in restrictive 

human fibroblasts (101).  In addition, the ability of ICP0 to interact with the 

CoREST repressor complex and dissociate HDACs 1 and 2 to the cytoplasm is 

not essential for the transactivation activity of ICP0 (102).  Therefore, the ability 

of ICP0 to affect HDAC activity may not be related to its ability to stimulate viral 
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gene expression.  Thus, the hypothesis put forth in Chapter three, suggesting that 

U2OS cells support the replication of ICP0 mutants due to a defect in a chromatin 

assembly or modification pathway may be incorrect, at least with respect to 

histone acetylation.   

The defect in U2OS cells which allows for replication of ICP0 mutants is 

thus still unknown.  Observations from the Everett group suggest that ND10 

components do not properly localize to incoming viral genomes in U2OS cells 

(personal comm.).  Thus, U2OS cells may be missing, or defective in, an essential 

component of the ND10-based repression system and therefore do not properly 

target the incoming viral genomes for repression.  The near-complete 

complementation of IE gene expression in U2OS cells infected with the ICP0 

mutant n212 (Figure 5.1) supports the hypothesis that dispersal of ND10 domains 

by ICP0 is important for stimulating viral gene expression at the earliest times of 

infection.  In the absence of repression mediated by ND10, the viral genome may 

also be free from the effects of HDACs and/or chromatin assembly factors, 

accounting for the chromatin structure of ICP0 mutants in this cell type.  Thus, 

U2OS cells complement both the repression of viral gene expression mediated by 

ND10 and the chromatin phenotype which results from the association of these 

domains with the viral genome. 

One interesting question which arises from these observations is whether 

the ability to localize ND10 to the viral genome can be restored in U2OS cells by 

fusion with restrictive human fibroblasts.  To test whether this is the case, the 

localization of ND10 with viral genomes in U2OS cells can be assayed pre- and 
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post-fusion.  Using the protocol of Everett et al (97, 104), viral DNA can be 

detected using DNA FISH and ND10 components with IF shortly after infection.  

According to the Everett group, unfused U2OS cells would have poor localization 

of ND10 components to the viral DNA.  If, after fusion with human  fibroblasts, 

the ability of ND10 to localize to the viral genomes found in the U2OS nuclei (see 

Figure 3.6) is restored, this would suggest that human fibroblasts can provide the 

necessary component(s) of the ND10-based repression system that are lacking in 

U2OS cells.  This would provide evidence that U2OS cells support ICP0 mutant 

virus gene expression due to a defect in the ND10-based repression system. 

 

Complementation of VP16 mutants in U2OS cells 

In Chapter three, I hypothesized that both VP16 and ICP0 serve as 

inhibitors of separate steps in the same antiviral pathway.  This hypothesis was 

based on two observations: firstly, the VP16/ICP0 double mutant virus KM110 

can replicate in U2OS cells (270), suggesting the functions of these two proteins 

are related.  Secondly, overexpression of either protein can overcome the barrier 

to viral gene expression in heterokarya, suggesting they both target the same 

pathway (Figure 3.4-5).  However, this hypothesis must be re-evaluated based on 

the evidence presented in Chapter five.  Figure 5.1 indicates that IE gene 

expression from the VP16 mutant V422 is significantly delayed in U2OS cells as 

compared to either wild type virus or the ICP0 mutant n212.  This suggests that 

U2OS cells complement IE gene expression from ICP0 mutants to a greater extent 
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that VP16 mutants and suggests that U2OS do not directly complement VP16 

mutants. 

The phenotype of VP16 mutant gene expression in U2OS cells can be 

accommodated in a model whereby U2OS have a defect in the ND10-based 

repression system.  If ND10 domains do not properly localize to incoming 

genomes in U2OS cells, the VP16 mutant genome may be free from the actions of 

the transcriptional repressors found at ND10.  In the absence of these 

transcriptional repressors, the VP16 mutant genome may be accessible to other 

cellular transcription factors that can act in place of the VP16 activation domain, 

although evidence suggests this occurs in an inefficient manner (Figure 5.1).  

Once IE gene expression is initiated by cellular factors, the viral replication cycle 

can then proceed as in a wild-type infection.  Thus, U2OS cells are most likely not 

defective in an antiviral pathway targeted by VP16, but instead VP16 mutants can 

have their gene expressed by cellular factors because they are not in the proximity 

of ND10-based transcriptional repressors.  It is important to note that the data 

presented in Chapter five demonstrates that the chromatin-based pathway targeted 

by VP16 is intact in U2OS cells, yet does not prevent viral gene expression.  

Thus, U2OS cells do not complement VP16 mutants due to a defect in a 

chromatin assembly or acetylation pathway, as hypothesized in Chapter three. 

Therefore, the question remains as to why expression of VP16 was 

capable of stimulating gene expression from the KM110 genome in restrictive 

heterokarya (Figure 3.5).  The high levels of VP16 expression obtained from the 

transfection assays may have overwhelmed the restrictive mechanism and/or 
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accelerated IE gene expression so that there was insufficient time to repress the 

viral genomes.  Alternatively, VP16 may play a role in modulating the ND10-

based repression mechanism which has yet to be defined. 

The hypothesis that cellular proteins can stimulate viral gene expression is 

supported by evidence from Chapter six, which demonstrates that several 

chemical compounds can stimulate gene expression in the absence of the VP16 

activation domain (Figure 6.1-2).  In fact, experiments using the VP16 mutant 

in1814 indicate that VP16 does not need to be bound to the viral genome for these 

compounds to exert their effects (Figure 6A.1).  Unfortunately, the protein(s) 

targeted by these compounds have not been identified.  These drugs can stimulate 

IE gene expression from a VP16 mutant genome in U2OS cells (Figure 6.6), 

indicating that this cell type does express protein(s) which can act on the viral 

genome in the absence of VP16.   

   

How is the incoming viral genome detected by the ND10-based repression 

system? 

The aspect of viral infection that is detected by the cell soon after infection 

and results in mobilizing ND10 components to the viral genome has not been 

elucidated.  Everett and others have identified several steps in the viral life cycle 

that could be recognized and result in ND10 mobilization including the 

circularization of the incoming genome, the association of chromatin binding 

factors and histones with the viral DNA, or viral transcription itself (88, 97, 244).   
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Although viral transcription was originally hypothesized to be required for 

mobilization of ND10, infection in the presence of transcription inhibitors, such as 

actinomycin D, does not prevent the association of ND10 with the incoming viral 

genome (97, 163, 246).  However, Everett et al argue that VP16, as well as 

cellular chromatin and DNA binding proteins may still associate with the viral 

genome even when transcription is inhibited and thus could trigger ND10 

recruitment (97).  Therefore, the role of binding of viral or cellular proteins to the 

viral genome in the recruitment of ND10 requires further examination.   

The circularization of the viral genome and the association of histones 

with the viral DNA most likely involve cellular proteins and occur immediately 

after injection of the DNA into the nucleus.  DNA repair and chromatin-

associated proteins are found within ND10 domains (14, 41, 164, 341, 414), 

suggesting these processes could be involved in ND10 mobilization. 

 Double stranded and single stranded DNA breaks in the cellular genome 

are rapidly detected and repaired in order to maintain genomic integrity (21).  The 

viral DNA injected into the nucleus is in a linear form with free dsDNA ends 

which may be quickly recognized as dsDNA breaks by cellular DNA repair 

proteins.  Such proteins initiate cellular signalling cascades which could result in 

the repair of the ends of the HSV genome into a circular DNA molecule.  Some 

DNA repair proteins are found in ND10 (14, 164, 341), and hence this may be one 

mechanism used to recruit these domains to the incoming viral genome. 

 Jackson and DeLuca presented evidence to suggest that circularization of 

the viral genome, as outlined above, leads to the repression of viral gene 
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expression (165).  Using Gardella gel electrophoresis, Jackson and DeLuca 

demonstrated that linear genomes are detected during lytic infection, while 

circular genomes are only found in the absence of viral gene expression.  They 

demonstrate that expression of ICP0 prevents the circularization of the viral 

genome and argue that the key role of ICP0 in stimulating viral gene expression is 

through counteracting a DNA repair pathway (165).  Perhaps the ability of ICP0 

to disperse ND10 domains prevents the association of DNA repair proteins with 

the viral genome, thus preventing circularization and allowing for viral gene 

expression. 

 Despite the observations outlined above, the model presented by Jackson 

and DeLuca remains controversial.  It has long been thought that viral genomes 

circularize soon after injection into the nucleus and provides the template for 

transcription and DNA replication.  Strang and Stow performed elegant genetic 

experiments which demonstrated that the lytic viral genome circularizes shortly 

after infection using a mechanism most likely involving direct end-joining (367).  

Strang and Stow made genetic lesions in the viral packaging sequences which 

resulted in viruses with unique genomic termini.  Using these viruses, linear and 

circularized DNA molecules could be distinguished by Southern blot 

hybridization.  They demonstrate that viral genomes circularize in the presence or 

absence of ICP0 (367).  The discrepancies between these findings and those of 

Jackson and DeLuca may be due to the different approaches used in these studies, 

but this controversy remains unresolved.  No new information has been presented 

since these findings were reported, thus the role, if any, of DNA repair proteins 
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found in ND10 in recruiting these domains to the incoming viral genome remains 

to be determined. 

 The second possible mechanism for recruiting ND10 domains to the viral 

genome could involve direct recognition of the „naked‟ viral DNA.  HSV-1 DNA 

in the virion is complexed with the protamine spermine, but not histone proteins 

(57, 122, 283, 294).  The cell may recognize the spermine and spermidine 

associated with the viral DNA and recruit chromatin assembly factors to exchange 

these factors for histones, as occurs with paternal DNA during fertilization (24, 

234).  The chromatin assembly factor HIRA transfers the histone variant H3.3 

onto the paternal DNA during fertilization (24, 234) and also onto the HSV-1 

genome prior to viral DNA replication (295).  HIRA has been detected as a 

component of ND10 domains (414) and thus may be involved in targeting these 

domains to the incoming viral genome.  To test the importance of HIRA in ND10 

domain recruitment to incoming viral genomes, IF and DNA FISH can be used to 

examine the localization of ND10 components and viral DNA during infection of 

fibroblast cells stably expressing a HIRA-targeted shRNA.  If proper localization 

of ND10 components does not occur in the absence of HIRA, this argues that the 

chromatin assembly factor is essential for targeting ND10 to the incoming viral 

genome, as well as chromatinizing the viral genome. 

 It is also possible that the trigger(s) involved in recruiting ND10 domains 

to the viral genome resides outside the nucleus and may require recognition of 

infection prior to the injection of the viral DNA.  Events that occur at very early 

times, such as engagement of the viral gylcoproteins with the cell surface 
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receptors or the process of membrane perturbation/fusion itself could alert ND10 

components in the nucleus to an imminent infection, similar to the TLR and RLH 

signalling pathways.  For example, a signalling cascade that begins outside the 

nucleus may culminate in post-translational modifications of ND10 component 

proteins that could increase their mobilization.   

In Chapter 4, I determined that p14-mediated fusion in U2OS cells does 

not result in the expression of ISGs, as is observed in restrictive human fibroblasts 

(Figure 4.1).  I hypothesize that this defect in U2OS cells may be related to a 

defect in the ND10-based repression mechanism.  Perhaps membrane fusion 

triggers multiple signalling pathways that activate different arms of the antiviral 

response, one of which is the activation of ISGs and another is the mobilization of 

ND10 components.  However, any link between membrane fusion events and 

ND10 component mobilization remains to be addressed.  Elucidating the 

mechanism used to recognize viral infection at the earliest times is essential for 

understanding the ND10-based repression system. 

  

Future Directions 

By attempting to understand the basis for the permissivity of U2OS cells 

to VP16 and ICP0 mutants, this work has led to many interesting observations 

that warrant further investigation and are outlined in this section.  Firstly, in 

Chapter four I demonstrated that membrane fusion results in the induction of ISGs 

in human fibroblasts, but not in U2OS or Vero cells.  Fusion of U2OS and Vero 

cells does not result in restoration of this antiviral pathway, suggesting they share 
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a common defect.  The defect in these cell lines which prevents the induction of 

ISGs in response to membrane fusion is unknown, but both cell types can respond 

to endogenous IFNα to induce ISGs, suggesting the problem may lie upstream of 

IRF3 activation, potentially in signalling the recognition of membrane fusion 

events. 

In Chapter six I identified several chemical compounds which can 

stimulate gene expression from a VP16 mutant genome.  Identifying the target(s) 

of these compounds will provide a greater understanding of how viral gene 

expression is regulated.  A large-scale siRNA-based screen for proteins which 

limit VP16 mutant virus gene expression in restrictive cell types is currently under 

construction. As one example of a mechanism by which these drugs could 

function, the chemical compound HMBA also enhances VP16 mutant virus yields 

in many cell types, including U2OS (248, 304, 352).  Recent evidence suggests 

that HMBA acts by releasing the positive transcription elongation factor P-TEFb 

from the repressive HEXIM1-containing complex in order to stimulate gene 

expression (62).  Interestingly, in heterologous systems the activation domain of 

VP16 interacts with P-TEFb (200).  However, a link between HMBA, P-TEFb 

and VP16 has not been made in the context of HSV infection. 

Another very interesting observation made from the work presented in 

Chapter five indicates that VP16 globally affects the chromatin structure on the 

viral genome, while only directly interacting with IE promoters.  Several possible 

mechanisms can account for these observations, and are outlined in detail in the 

discussion of Chapter five. 
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Finally, as discussed above, identifying the aspects of the viral lifecycle 

which are recognized by the cell and results in mobilization of ND10 domains to 

the viral genome is an important area of future research.  Much remains to be 

understood about the cellular and viral processes which could result in ND10 

mobilization.  Further examination into any possible link between chromatin 

assembly, circularization of the viral genome and ND10 mobilization awaits 

further understanding of the proteins involved in these processes. 
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