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MODELING PHYSICAL CHANGES IN HSV GENOMES THAT OCCUR

DURING LYTIC AND LATENT INFECTIONS:  THE ROLE OF ICP0

Sara Ann Jackson, Ph.D.

University of Pittsburgh, 2005

Herpes Simplex Virus (HSV) is a pervasive human pathogen that can establish both

symptomatic productive infections and asymptomatic latent infections.  During infection,

the HSV genome undergoes physical changes that are regulated by cellular and viral

proteins.  These changes lead to either a template for genome replication during the

productive cycle or a persistent stable genome configuration during latency.  Changes in

viral genomes and events leading to these changes during a particular life cycle are not

clearly understood. Using both Gardella gel analysis for circular HSV genomes and

restriction enzyme analysis for end-to-end linkages of HSV genomes, we show that HSV

genomes circularize only in the absence of the HSV immediate early gene ICP0.  In the

presence of ICP0 genome circularization is inhibited.  Although HSV replication has been

previously thought to initiate by a theta mechanism from a circular genome template, these

results suggest that HSV replication initiates from a linear genome template due to the

presence of ICP0 during lytic infection. We also show that circular genomes are the stable

form during long-term persistent infections that model latency.  Because HSV genomes

begin as linear, double-stranded DNA during infection, host cells may treat the ends of

incoming genomes as DNA double strand breaks (DSB) and subsequently repair these ends

by circularization of genomes.  However, it is unclear if/how these DSB repair pathways

contribute to the manipulation of HSV genome configurations during infection and how

viral proteins, in particular ICP0, may alter/counteract this repair response to form a

template for replication during the productive cycle. Here we show that the cellular DSB

repair mechanism, non-homologous end-joining (NHEJ), is the major mechanism by which

HSV genomes are circularized.  ICP0 not only inhibits HSV genome circularization but

also affects the abundance of proteins involved in NHEJ and the distribution of other

repair proteins during infection. The study presented here begins to uncover how the

interplay between host cell repair responses and the virus' reply to these responses

contributes to forming either a genome template for replication during the productive cycle

or a persistent stable configuration during latency.
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1. INTRODUCTION

1.1. Overview

The primary goal of viruses is not to kill, but to reproduce resulting in progeny that will spread

and again initiate the infectious cycle.  Viruses lack the machinery to replicate independently,

and subsequently require a host to provide many of the necessities required for replication.

Viruses have evolved mechanisms to manipulate hosts into facilitating this replication during

infection.  However, many of the normal physiological processes of the host are compromised by

the virus, and consequently the host attempts to inhibit many of the processes required for virus

production.  Viruses have adapted mechanisms to evade this host anti-viral response.  One such

escape mechanism is the ability of viral genomes to persist in cells in a non-toxic, quiescent state

called latency until an appropriate environment for virus production is stimulated.

Latency is a hallmark of herpesvirus infections and is analogous to the well-studied

lambda bacteriophage lysogenic state, during which most genes encoded by the integrated

bacteriophage genome are silent and only few bacteriophage genes that maintain lysogeny are

expressed (142).  As with lysogenic bacteriophage infections, during latent herpesvirus

infections only a limited group of viral genes are expressed, but the productive cycle can be

readily stimulated.  The cycling between productive and latent infection provides a continuous

mechanism for herpesvirus production.  During the productive, or lytic, cycle all herpesviruses

share a general progressive cascade of gene expression that is executed through a combination of

virus and host cell transcription and translation machinery.  The earliest genes expressed in this

cascade prepare the cell for further viral gene expression, which in turn promotes virus
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replication and production of progeny virions.  In the case of herpes simplex virus (HSV), this

cascade of gene expression is initiated by a combination of host cellular factors and viral proteins

provided by the infecting virion.

During HSV-1 productive infection, the tegument protein VP16 and host factors bind

motifs present in HSV promoters and thereby initiate transcription of the first class of genes

within the progressive cascade.  Of the genes activated by this complex (ICP0, ICP4, ICP22,

ICP27, and ICP47), four of them (ICP0, ICP4, ICP27, and ICP22) promote further viral gene

expression. The ability of these genes to facilitate and in some cases, activate, viral gene

expression largely depends on the cellular proteins/mechanism with which each protein interacts.

Of these four genes, only ICP0 leads to indiscriminant transactivation of both cellular and viral

genes.  ICP0 is a major regulator of the balance between productive and latent infections, with its

presence facilitating the productive cycle both during primary infections and reactivation from

latency.  ICP0 is the only HSV protein that induces gene expression from otherwise repressed

HSV genomes during latency.  One relatively well characterized activity of ICP0 results in

degradation of cellular proteins.  It follows that ICP0 is thought to create conditions permissive

for viral gene expression and replication through inhibiting repressors of the productive cycle.

During infection, the HSV genome undergoes physical alterations that are regulated by

both cellular and viral proteins.  These changes ultimately lead to a template for genome

replication during the productive cycle or a persistent stable genome configuration during

latency.  During the productive cycle HSV genomes are very dynamic: they actively express

genes, replicate, and are packaged into progeny virions.  During latency viral genomes are

somewhat static, persisting in a stable transcriptionally repressed state.  Changes in HSV

genomes and events leading to these changes during a particular life cycle are not clearly
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understood.  This is largely due to the fact that little is known about how the host cell responds to

incoming HSV genomes and how the virus manipulates this response.  Because HSV genomes

begin as linear, double-stranded DNA during infection, host cells may treat the ends of incoming

genomes as DNA double-strand breaks (DSB).   However, it is unclear if/how these DSB repair

pathways contribute to manipulation of HSV genome configurations during infection and how

viral proteins may alter/counteract this repair response.  The study presented here begins to

uncover how the interplay between host cell repair responses and the virus' reply to these

responses contributes to forming either a genome template for replication during the productive

cycle or a stable configuration during latency.  It highlights the role of ICP0 as both a major

facilitator to productive infection and a regulator of genome configuration.

1.2. Herpesviridae

Herpesviruses consist of a large family of viruses that infect all groups of vertebrates, including

humans.  There are eight known human herpesviruses:  herpes simplex virus type-1 and type-2

(HSV1 and HSV2), human cytomegalovirus (HCMV), varicella-zoster virus (VZV), Epstein-

Barr virus (EBV), and human herpes virus 6, 7, 8 (HHV6, HHV7, and HHV8).  These viruses

cause a variety of significant diseases in humans.  For example, HSV1 and HSV2 cause severe

facial and genital lesions, respectively; VZV causes chicken pox and then shingles during

reactivation from latency; and EBV causes mononucleosis and B cell lymphomas.  In

immunocompromised patients, these infections can be more severe, with otherwise mild HCMV

and HHV8 infections developing into retinitis and Kaposi's sarcoma, respectively. (162)

All members of the Herpesvirus family share structurally similar virions separated into

layers containing a linear double-stranded DNA genome ranging from 120-230 KB at the core

(162).  The viral DNA is packaged into an icosohedral structure composed of 162 capsomer
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proteins (162).  Surrounding the capsid is an amorphous tegument region that can contain viral

proteins responsible for initiation of the productive cycle.  Surrounding the tegument is a lipid

envelope from which glycoprotein spikes protrude to the outer surface (156).  These

glycoproteins facilitate interactions with host cells and many times designate the tropism of each

virus for a particular tissue or cell (156).

Although all share the ability to form productive infections and persist in a latent state

from which the productive cycle can be stimulated, herpesviruses can be divided into three

groups: alpha, beta, and gamma (162).  Classification into these three groups is based upon tissue

tropism, pathogenicity, and properties during infection of cultured cells (162).

Alphaherpesviruses can infect a broad range of cells and hosts, in which they replicate vary

rapidly and can reside during latency in neurological tissues.  Of the human herpesviruses,

HSV1, HSV2, and VZV are classified as alphaherpesviruses.  Betaherpesviruses and

gammaherpesviruses infect a much more restricted host range, in which they replicate slowly in

cells of glandular and/or lymphatic nature.  HCMV, HHV6, and HHV7 are classified as

betaherpesviruses, while EBV and HHV8 are classified as gammaherpesviruses.  Understanding

each herpesvirus within the context of its sub-group can be useful in understanding the functions

of homologous viral genes during various herpesviral infections, albeit in different environments.

1.3. HSV pathogenesis

As with all herpesviruses, HSV can establish either a symptomatic productive (lytic) infection or

an asymptomatic latent infection.  HSV enters the host by infection of epithelial cells, causing

painful vesicular lesions primarily on the face and genitals, which are the typical sites of human-

to-human transmission (162).  Primary infection with HSV can lead to life-long, latent infection

of sensory neurons.  Although latent infections are asymptomatic, periodic reactivation from
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latency produces recurrent lytic infections, resulting in recurrent lesions.  Common types of

stresses, such as ultra-violet light, menses, malnutrition, excessive fatigue, and anxiety can

induce reactivation (196).  Recurrent lytic infections are highly prevalent in

immunocompromised patients and patients receiving immunosuppressive drug therapy.  These

individuals are more vulnerable to the more serious consequences of HSV disease including

blindness due to keratitis, organ failure due to visceral infections, and potentially even death due

to encephalitis (196).

HSV disease begins with primary infections that result in productive replication in cells

of the epidermis and dermis (162).  At this point, progeny viruses may spread to nerves

innervating the primary site of infection.  HSV undergoes retrograde transport from nerve

termini to the cell body where the viral genome can establish a latent state within the nuclei (32).

During latency the HSV genome remains genetically intact and persists in a stable

extrachromosomal state (126) that is associated with nucleosomes in a chromatin structure (40)

from which gene expression is largely repressed (154, 165, 196) and the latency-associated

transcript (LAT) is transcribed (196).  Dynamic interactions between HSV, the host neuron, and

the local immune system may contribute to maintaining latency, with CD8
+
 T cells providing

constant surveillance of infected neurons harboring HSV genomes that may express low-levels

of productive cycle genes (97).  These CD8
+ 

T cells may prevent the productive cycle and virion

formation through IFN-  production, which have inhibitory antiviral effects at various stages of

virus replication (168), and through other yet undefined mechanisms (98). In response to

environmental and in turn physiological stresses, repressed latent states can be reactivated by de-

repression of the viral genome through unknown mechanisms that may be facilitated by ICP0

and involve the stress-induced loss of CD8
+
 T cell surveillance and repression of HSV gene
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expression (98).  Progeny HSV then travels by anterograde transport down the axon of the nerve,

spreading the infection to the primary site in which the innervating nerve was initially infected

(32).  Cycling between the productive and latent phases allows for a continual reservoir of virus

that can cause recurrent lesions, resulting in life-long HSV disease.

1.4. HSV genome

Within virions, the HSV genome exists as a large (~152kb), linear double-stranded DNA

molecule that contains single-strand nicks or gaps (161).  The genome is divided into two regions

of unique long (UL) and unique short (US) sequences (Figure 1), which comprise approximately

82% and 18% of the total genome, respectively (99, 112, 122, 123).  The UL and US regions are

each bracketed by inverted repeats (112). The terminal repeats of UL and US occur in a direct

orientation, while the joint repeats connecting the UL and US regions occur in an inverted

orientation with respect to their direct terminal repeats (112) (Figure 1).  Although the repeat

sequences are interrupted by some short unique sequences, for sake of simplicity, the repeats

bracketing the UL region have been designated ab and b'a', while those bracketing the US region

have been designated ac and c'a' (161) (Figure 1).  The a repeat is approximately 250-500bp in

length, depending on the HSV strain, and is located at the extreme termini of both UL and US

components and within the UL/US junction (161).  The a repeat occurs in only one copy at the US

termini but in multiple copies at the UL termini and within the joint repeats connecting the UL

and US regions (112).

Through recombination of the terminal direct repeats with the internal inverted repeats,

the UL and US regions may invert with respect to one another (36, 77).  This recombination event

may be initiated by multiple random double-strand breaks that arise during DNA replication

across the inverted repeats of the genome or during cleavage events at the internal inverted "a"
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Figure 1.  The HSV genome.

The unique-long (UL) and unique-short (US) regions are bracketed by direct terminal repeats

(TRL and TRS).  Direct repeats are designated (alanb,) and (cas).  These repeats are inverted

within the internal repeats (IRL and IRS), which are designated (b', an', c') within the region

connecting the UL and US sequences. There are multiple 'a' repeats where indicated (an).  The

one base overhang on the 3' strand of terminal a repeats is depicted by an incomplete rectangle

(90).  The position and direction of immediate early genes ICP 0, 4, 22, 27, and 47 are indicated,

as are the positions of the origins of replication in each long and short region (oriL and oriS).

al an  b                                                                                 b'  an' c'                          c  as

                                     
        0                                                                           27    0      4  22                 47  4

     oriL                                                oriS                       oriS

      TRL                                            UL                                    IRL  IRS         US            TRS
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repeat sequences (114, 171, 179); viruses lacking inverted repeats do not invert (150).

Subsequently, HSV genomes exist in four isomeric arrangements, in which the UL region inverts,

the US region inverts, both the UL and the US regions invert, or neither the UL nor the US region

inverts.  During infection, one isomer produces all four isomers in equimolar concentrations,

suggesting a direct correlation between isomerization of viral genomes and replication (161).

The HSV genome contains approximately 80 genes, which are grouped into three classes

based on their temporally regulated expression (161).  As their names suggest, immediate early

(IE), early (E), and late (L) genes are progressively expressed during HSV productive infection.

The five IE genes, ICP 0, 4, 22, 27, and 47, cooperatively initiate the HSV productive cycle.

These IE genes are largely located in the repeated sequences of the genome, while E and L genes

are largely located in the UL and US components (Figure 1).  The genome contains two copies of

the ICP0 and ICP4 genes within the repeats bracketing the UL and US regions, respectively.  In

addition, the HSV genome contains three origins from which replication initiates.  The UL

component contains one origin of replication and each c repeat region of the US component

contains one origin of replication (Figure 1).

1.5. HSV productive infection

HSV recognizes potential host cells through interactions of glycoproteins that protrude from the

lipid envelope of virions with glycoproteins on the cell surface, herparin sulfate proteoglycans,

and cell surface receptors called herpesviral entry mediators (HVEM), which include HveA,

HveB, and HveC (156).   Following attachment, glycoproteins mediate the fusion of the virion

lipid envelope with the cell plasma membrane, allowing the viral capsid to enter the cytoplasm of

the cell.   After entry, the capsid is transported to nuclear pores, where viral DNA is injected into

the nucleus and may begin to express genes and replicate.



9

1.5.1. Cascade of viral gene expression

Viral gene expression progresses from immediate early genes (IE or alpha), to early genes (E or

beta), and then to late genes (L or gamma), using host cell RNA polymerase II (RNA Pol II) and

the host cell transcription machinery (79, 84, 120, 146).  By definition, IE genes are expressed in

the absence of de novo viral protein synthesis.  Together, a tri-partite complex of VP16 supplied

in the tegument of the infecting virion, the cellular octamer DNA-binding protein (oct-1), and the

host cellular factor (HCF) protein initiate IE gene expression by binding to promoter elements

(TAATGARAT) present in all HSV IE promoters (4, 17, 152).  IE gene expression has been

observed as early as 30 minutes postinfection in cell culture systems and peaks between 2 and 4

hours postinfection (83, 84).  IE genes are the major regulators of viral gene expression and as

such, have a variety of activities that all function in promoting the productive cycle. There are

five IE genes expressed, which include infected cell polypeptides (ICP) 0, 4, 22, 27, and 47. Of

the five IE genes, four are activators of viral gene expression.  These gene products direct the

expression of subsequent E and L viral genes

ICP4 is the main regulator of viral gene expression, activating both E and L viral genes

(38, 52, 68, 69, 138, 155) through its interactions with the transcription machinery of the host (5,

20, 33, 71, 88, 180) and binding sites that recognize E and L promoters (5, 41).  In the absence of

ICP4, E and L genes are not transcribed and only the remaining IE genes are expressed (38).

ICP4 also possesses the ability to repress viral gene expression (15, 38, 128, 138), which leads to

over-expression of the remaining IE genes when ICP4 is absent (38).  Like ICP4, ICP27 is

required for the productive cycle and activates E and L gene expression (121, 166, 191).  It also

modulates mRNA processing on both the viral and cellular level, through regulating post-

transcriptional modifications to cellular and viral RNA and the export of certain mRNA's from
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the nucleus (74, 75, 122, 124, 125, 169).  These modulations may contribute to ICP27's ability to

shut-off off host protein synthesis.  ICP22 facilitates L gene expression and is subsequently not

necessary for virus replication.  It affects the stability and processing of ICP0 transcripts (21) and

the phosphorylated state of the RNA Pol II C-terminal domain (158).  The phosphosphorylated

state of RNA Pol II in turn affects the association and activity of RNA Pol II with viral

promoters and thus transcription of these genes (158). ICP0 is an indiscriminant transactivator of

gene expression and as such, is the only viral protein that activates all three classes of viral genes

(24, 120).  It affects proteins associated with a variety of cellular processes including those

associated with ND10 structures (55, 116), cell cycle regulation (53, 94), transcription (95),

translation (94), proteolysis (53, 55, 59), and DNA repair (107, 143).  How these effects may

underlie the ability of ICP0 to promote the productive cycle will be covered in detail in a section

below, as it is a major focus of this report.   Of the five IE genes, ICP47 is the only protein that

does not induce cytotoxicity during infection and the only protein that does not direct

transcriptional activation of other viral genes.  Rather, ICP47 inhibits antigen presentation and

subsequent recognition of infected cells by the immune system, in particular CD8
+
 lymphocytes,

through interactions with the transporter of antigen processing (TAP) molecule that disables

transport of the major histocompatibility complex (MHC) class I and its associated antigens to

the cell surface (2, 64, 80, 104, 190).

Aside from ICP47, IE gene products direct the expression of subsequent E and L viral

genes.  E gene expression peaks between 5 and 7 hours postinfection (83, 84), and these gene

products mainly contribute to viral replication, encoding the viral DNA polymerase and other

proteins necessary for replication, including the single-stranded DNA binding protein (ICP8), the

DNA helicase-primase, the origin-binding protein (UL9), and enzymes involved in nucleotide
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metabolism (10).  After E protein synthesis begins, viral replication can occur as early as 3 hours

postinfection and proceed up to 15 hours post infection (83, 84).  Soon after replication initiates,

L genes are expressed.  L gene expression peaks at 8 hours postinfection, and the products of

these genes mainly consist of structural proteins required for reassembly of mature progeny

virions, which are released approximately 18 hours postinfection (83, 84).  

1.5.2. Mechanism of replication

After IE and E gene expression, replication can proceed from three origins on the HSV genome,

although none of these origins are uniquely required for replication (87, 113, 151, 181).  A

variety of DNA electrophoresis techniques have been used to examine the configuration of HSV

genomes prior to and during the onset of replication, creating a model by which HSV replication

initiates from a circular genome template.  The first study to provide evidence for this template

of genome replication was done by Poffenberger and Roizman (149).  These investigators

developed a non-inverting HSV genome by deleting internal inverted repeat sequences from the

genome, subsequently creating a virus I358 that is held in one isomeric arrangement (149, 150).

The authors have shown generation of end-to-end linkages of these viral genomes early during

infection and in the presence of inhibitors to gene expression (149).  They interpret the formation

of these linkages to be indicative of intra-molecular joining of genome termini by circularization

but admit that the formation of end-to-end linkages could also be indicative of inter-molecular

joining of genome termini through concatemerization (149). Analysis for the progressive loss of

genome termini has also suggested that HSV genomes circularize early during productive wild-

type infection of CV-1 cells and both neuron-differentiated and undifferentiated rat-derived

PC12 cells (186), but again, these results do not differentiate between concatemerization,

circularization, and in these cases degradation of genome termini.  Pulse field gel electrophoresis
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(PFGE) has been used to differentiate between concatemerized and circularized HSV genomes.

Early during productive infection, regardless of viral gene expression, HSV DNA is retained

within PFGE wells, and this DNA is diminished for genome termini (65).  Creating on average

one double-strand nick in well-retained HSV DNA allows the HSV DNA to migrate a similar

distance as one unit-length linear HSV genome, suggesting well-retained genomes are circular

(65).  However this study only demonstrated these unit-length circles in the absence of viral gene

expression, not during the productive cycle when templates of replication are formed.

Together analyses for end-to-end linkages of genomes and PFGE studies have provided

foundations for our current model of HSV replication, which initiates from a circular genome

template via a theta mechanism and then proceeds into a rolling circle mechanism (162).  This

model is supported by the fact that only one viral genome is necessary for replication and the fact

that the ends of viral genomes, which contain homologous direct a repeats, are suitable substrates

for ligation or recombination of genome termini into circular genomes (162).  Theta replication

also eliminates loss of genetic material due to incomplete lagging-strand synthesis that would

otherwise arise from successive cycles of semi-discontinuous replication of DNA genomes from

linear templates.  However, although the aforementioned studies have never clearly distinguished

between circular and concatemeric forms during productive infection, they provide the only

direct evidence for the initial theta mode of replication.  This ambiguous evidence for the initial

theta mode of replication has, in part, lead to a theory for the later rolling circle stage of

replication, in which an initial circular template is necessary.  Although there is evidence that

genomes exist as highly branched concatemers during later stages of replication (7, 174, 175)

and a rolling circle mechanism is predicted to produce concatemers of genomes (162), a more
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thorough examination of the initial genome template for replication is required in order to

understand the mechanism of replication at later stages.

In the present study, we challenge the previous model of HSV replication by providing for

the first time evidence that replication is initiated from a linear genome template, while circular

genomes are the stable configuration during latency (89).  However, a very recent paper (185)

has presented a rebuttal to our results.  Using HSV viruses that lack 'a' repeat sequences but

contain parts of the HSV packaging signal at each termini, these authors suggest that end-to-end

linkages of genomes indicative of circular genomes are present both early during infection in the

presence of ICP0 and in the absence of HSV gene expression (185).  However, there are many

problems with the author's interpretation of their data, which arise from inherent complexities

present within the technique these authors employed.  These problems/complications will be

addressed in Chapter 4, in which we provide further evidence that during the productive cycle

ICP0 inhibits circularization of HSV genomes, providing a linear genome template from which

HSV replication initiates.

1.5.3. Host cell death

After assembly and egress of mature progeny virions, HSV infected cells die.  Cells accumulate

damage to their cytoskeleton (42, 78) and chromatin (26, 73, 113, 139, 140, 182).  They often

fuse to form huge multi-nucleated cells and eventually round up.   Cell death is in part due to the

cytotoxic effects imposed by the activities and downstream effects of IE proteins.  As described

above, in order to carry out the productive cycle, IE proteins disrupt many of the normal

processes of host cell metabolism, including those involved in transcription, translation, DNA

repair, proteolysis, and cell cycle regulation.  Although some of these disruptions are present to

inhibit host anti-viral responses, such as antigen presentation, others are due to the virus'
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requirement of cellular proteins/machinery.  Viral factors coordinate the redistribution of

necessary cellular proteins to sites of HSV replication and also shut-off host protein synthesis,

freeing the translation machinery for viral protein synthesis.  ICP27 has been shown to alter the

export of host mRNA (74, 169, 170).  In addition, the HSV virion host shut-off protein (vhs) that

is provided in the tegument of the infecting virion affects mRNA stability by degrading ribosome

associated mRNA (46, 101-103, 141).  Together, these resulting changes in host cell metabolism

are significant and likely to contribute to host cell death.

1.6. HSV latency

Latent HSV infections are established in sensory neurons that innervate the primary site of

productive infection.  During HSV latency, the productive cycle of viral gene expression is

repressed (154, 165, 187) and only LAT's, whose function remains obscure, are transcribed

(196).  From a latent state, the productive cycle can be readily stimulated by various

physiological stresses and also ICP0 (15, 16, 29, 196).  In fact, ICP0 is the only HSV protein that

can stimulate gene expression from repressed genomes.  During latency HSV genomes persist in

an extrachromosomal state (126) that is bound by nucleosomes in a chromatin arrangement (40),

which may contribute to the stability and transcriptional repression of the genome. The ability of

HSV genomes to adopt a repressed, stable state is necessary for its non-toxic persistence during

these life-long infections.  However, this process must be reversible for the productive cycle to

occur during reactivation.

In order to understand how the physical characteristics of HSV genomes during latency

may contribute to its stability and persistence, many studies have examined the configuration of

HSV genomes during persistent infections in vitro and during latent infections in vivo.  DNA

isolated from the trigeminal ganglia of both latently infected mice and humans is depleted for
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genome ends (44), suggesting that during latency the genome exists in an endless, potentially

circular state. Neuronal-differentiated PC12 cells have provided an in vitro model system for

latent HSV infections (9).  During long-term infections of these cells with wild-type virus, HSV

genomes become quiescent and do not produce progeny virus; the genomes persist in these cells

in an endless state, suggesting that HSV genomes are circular during infections that model

latency (186). However, terminal HSV genome fragments have been detected in some latently

infected human trigeminal ganglia (44), and the termini of a replication-defective virus are

relatively stable during long-term infections in differentiated PC12 cells (12).   These studies

have subsequently left some ambiguity with respect to HSV genome configurations during

latency.  Importantly, these studies have not differentiated between concatemerized and

circularized genomes.  In the present study, we provide unambiguous evidence that HSV

genomes persist in a stable circular configuration during long-term quiescent infections that

model latency.

1.7. The role of ICP0 during HSV infection

ICP0 is one of the five IE viral genes and is expressed within the first hour of infection.  It is an

indiscriminate transactivator of both viral and cellular gene expression, however it does not bind

to promoters (92).  Many of the properties of ICP0 have been deduced from phenotypic analyses

of a series of ICP0-mutated viruses.  ICP0 facilitates, but is not necessary for productive

infection, as ICP0-deleted viruses can replicate, although inefficiently unless high doses of input

viral particles are used (164, 183).  ICP0 is necessary for derepression of gene expression during

normally persistent, quiescent HSV infections that model latency (76, 165) and is important for

efficient reactivation of latent infections in mice (15, 29, 109, 153).  It follows that ICP0 is

thought to indiscriminantly facilitate viral gene expression by inhibiting repression of viral gene
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expression.  This inhibition of repression could be how ICP0 facilitates gene expression both

during initial infections and during reactivation from a latent state.  Since these phenotypic

analyses, ICP0 has been shown to interact with and/or affect a variety of cellular proteins

involved in cell cycle regulation (53, 94), transcription (95), translation (94), proteolysis (53, 55,

59), and ND10 bodies (55, 116).  The functions of these interactions have been largely

interpreted in the context of ICP0's ability to inhibit productive cycle repressors.  Although it is

not completely understood how, these interactions underlie the ability of ICP0 to facilitate gene

expression and the productive cycle.

1.7.1. Structure and function

Within the HSV genome, the ICP0 gene occurs in two copies, one located within each set of

repeats flanking the UL region (Figure 1).  The ICP0 transcript is spliced into a 2.7KB mRNA

that contains three exons (146, 147).  Translation of this transcript results in a 775 amino acid

protein with a molecular weight of 110 kDa.  Both amino acid sequence and

mutational/biochemical studies have revealed many of the molecular characteristics of ICP0 that

may contribute to its function.  ICP0 contains various potential sites for post-translational

modifications, including several N-terminal casein kinase II sites, two central proline rich

regions, a central serine-threonine tract, and a C-terminal serine-alanine rich sequence (147).

ICP0 also contains several protein interaction domains, including a nuclear localization signal, an

acidic N-terminal domain, a C-terminal dimerization domain, a cyclin D3 binding domain, a

herpes-associated ubiquitin specific protease (HAUSP) binding domain, and a C3HC4 RING

finger domain (47, 49, 59, 96, 135, 147).  The RING finger is the only domain that is conserved

in ICP0 homologues of other herpesviruses (27, 132, 133, 189, 201).

1.7.2. Protein stability and turnover
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ICP0 has been shown to induce the degradation of: PML and Sp100 (23, 55, 116), which are

constituents of ND10 bodies; the DNA-dependent Protein Kinase Catalytic Subunit (DNA PKcs)

(107, 143), which is critical for VDJ recombination and DNA double-strand break repair via

non-homologous end-joining (NHEJ)  (30); and CENPA and CENPC (53), which are histone3-

like centromere proteins.  The ability of ICP0 to induce the degradation of cellular proteins may

underlie the ability of ICP0 to promote the productive cycle.  These proteins have been proposed

to somehow be involved in cellular repression mechanisms that target the parental HSV genome.

ICP0-induced protein degradation has been linked to a cellular mechanism for protein

turnover involving the ubiqutin-targeted degradation of proteins via the 26S proteasome, as

inhibitors (MG132) of this pathway inhibit ICP0's effect (51).  Ubiquitination is one of the

various post-translational modifications that can result in protein instability (28).  Ubiquitin is a

76kDa protein that associates with lysine residues of target proteins.   Ubiquitin conjugating

enzymes (E2 enzymes) catalyze the targeted transfer of ubiquitin onto target proteins, until

polyubiquitin chains accumulate and bind to the 26S proteasome, leading to rapid degradation of

the poly-ubiquitinated protein by proteasomal enzymes.  Ubquitination is a reversible process, as

ubiquitin may also be removed from protein substrates by ubiquitin specific proteases (USP).

Both ICP0's RING finger motif and the proteosome are required for ICP0-induced

degradation of the aforementioned proteins (60).  RING finger motifs are common to E3

ubiquitin ligases, which stimulate and probably regulate the activity of E2 ubiquitin conjugating

enzymes, which transfer ubiquitin onto target proteins (63).  Indeed, ICP0 has been shown to

contain E3 ubiquitin ligase activity (13, 192).  Hence, ICP0 is thought to direct the conjugation

of ubiquitin onto specific proteins, targeting them for degradation via the proteasome.  During

HSV infection, ICP0 interacts with the herpes-associated ubiquitin specific protease termed
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HAUSP, further associating ICP0 with ubiquitin-related protein stability (58, 59).  Although

HAUSP functions to remove ubiquitin from targeted proteins, ICP0 may use this interaction to

free ubiquitin molecules for use in ubiquitination of other specific proteins (51).  Although ICP0

induces degradation of proteins through the 26S proteasome and can induce conjugation of

ubiquitin chains (13, 192), it has never been shown to specifically conjugate ubiquitin onto

proteins, thereby inducing their degradation, either in vitro or in vivo.  Nonetheless, ICP0 clearly

induces the proteasome-dependent degradation of cellular proteins, which have since been

thought to be somehow inhibitory to the productive cycle of the virus.

1.7.3. ND10

Early during infection ICP0 localizes to and then disrupts ND10 structures, which are

conglomerates of nuclear proteins that form on average ten nuclear domains (ND10) or foci

within dividing cells (115, 116).  ND10 structures are composed of various proteins including the

promyelocytic leukemia protein (PML) and SP100, which are both modified by a small

ubiquitin-like molecule (SUMO-1) (118).  ND10 bodies and their associated proteins have been

shown to play roles in translation, transcription, DNA repair, DNA replication, RNA stability,

and RNA transport (12).  Although their precise functions are not known, ND10 bodies are

modified during the cell cycle (56), disturbed by heat shock (119), disrupted by infections with

various viruses (50).

During infection with HSV and many other DNA viruses, parental genomes localize to

the periphery of ND10 structures (117).  HSV may replicate at these sites after disruption of

ND10 by ICP0, which is accomplished in part through the degradation of PML and SP100 (117).

Both the RING finger domain and C-terminal domain of ICP0 are required for efficient

disruption of and localization to ND10 (57, 115).  These regions of ICP0 are critical for ICP0's
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ability to facilitate viral gene expression and the productive cycle (47, 48, 57, 115).

Accumulations of the ICP0-interacting protein HAUSP can also be found in or close to ND10

bodies (59).  The heterochromatin protein (HP1) can be found at both ND10 structures and

centromeres (54, 108, 173), which are also disrupted by ICP0 through degradation of the

centromere proteins CENP-A and CENP-C, leading to disruption of centromere structure and

mitotic failure (53).  Although exactly how these proteins affect virus production and the lytic

cycle is not understood, they are thought to be inhibitory to the productive cycle due to the

ability of ICP0 to induce their degradation and subsequently disrupt the processes with which

they are associated.  Furthermore, the RING finger motif of ICP0 is both required for ICP0 to

facilitate the productive cycle and necessary for the degradation of these proteins and subsequent

disruption of these structures (60).

1.8. Host cell DNA repair pathways during HSV infection

Cells have developed a variety of mechanisms to repair breaks in DNA, because these breaks

present potential loss and manipulation of vital genetic material.  During infection, the HSV

genome is presented as a foreign, double-stranded DNA molecule with unprotected DNA ends.

These ends may be detected as DNA double strand breaks (DSB's) by host cells, which

subsequently attempt to repair these breaks through DNA DSB repair pathways.  The two

primary pathways by which DSB's are repaired in mammalian cells are non-homologous end-

joining (NHEJ) and homologous recombination (HR).  Although these mechanisms are distinct,

some repair proteins may play overlapping roles in both mechanisms.  Repair of ends by HR

requires exchange of homologous DNA sequences, while NHEJ involves direct ligation of DNA

sequences with little sequence homology required.
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Studies concerning HSV genome configurations during productive infection and during

latency have suggested that at some point during the HSV life cycles viral genomes circularize

(44, 65, 89, 149, 159, 185, 186).  In the current study we present evidence that HSV genomes

circularize in the absence of ICP0 and circular genomes serve as a stable configuration during

persistent quiescent states that model latency (89). Circularization of HSV genomes could be a

result of host cell DNA repair responses to unprotected genome ends present on linear double

stranded HSV genomes.  Through these repair responses, genome ends may be joined, creating

circular genomes.  Circularization is consistent with the structure of the genome, which contains

direct a repeat sequences located at genome termini (Figure 1) (161).  These repeats render the

HSV genome a suitable substrate for circularization by either HR or NHEJ repair mechanisms.

1.8.1. Non-homologous end-joining (NHEJ)

Interestingly, NHEJ may be the dominant repair pathway of DSB's in non-dividing neurons (31,

66, 163), where latent HSV infections are established and where genomes may persist in an

endless state, most likely as unit length circles (44, 159).  DNA PKcs, Ku70, Ku80, XRCC4, and

DNA Ligase IV are cellular proteins critical for NHEJ in vivo (30).  Ku70 and Ku80 subunits

dimerize, forming the regulatory subunits of the DNA PK holoenzyme (70).   The Ku dimer

binds DNA ends (8, 130), recruiting the catalytic subunit of DNA PK(cs) to sites of DNA DSB's

(70).  Once associated with DNA-bound Ku subunits, DNA PKcs catalyzes the end-joining

reaction through a combination of phosphorylation events (127) that leads to recruitment of the

XRCC4/DNA Ligase IV tetramer, which enzymatically ligates DNA ends together (198).

There is evidence that HSV manipulates NHEJ repair pathways during infections,

potentially creating an environment that promotes the productive cycle.  ICP0 induces the

degradation of DNA PKcs during infection in a cell-type specific manner, inducing nearly
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complete degradation in Hela S3 cells (107, 143), inducing degradation by less than 50% in Hep-

2 cells (188), and not inducing degradation to observable levels in Vero cells (200).  In Hep-2

cells, although DNA PKcs is somewhat degraded, complexes of DNA PKcs, Ku80, Ku70, and

XRCC4 co-precipitate with the HSV single-stranded DNA binding protein, ICP8, at times in

which ICP8 is located at HSV prereplicative sites and replication compartments, suggesting a

direct and/or indirect interaction between these NHEJ repair proteins and viral genomes (188).

In fact, Ku70 has been shown to bind some late HSV promoter sequences (148).  During

infection DNA PKcs and Ku80 are redistributed from their normally disperse nuclear

localization to HSV replication compartments (188, 200).   In mouse embryonic fibroblasts

(MEFs) lacking Ku70 (188) and human glioblastoma cells lacking DNA PKcs (143), yields of

replicated wild-type virus is increased up to approximately 50 and 100 fold respectively,

suggesting that proteins involved in NHEJ are inhibitory to HSV replication.  Although NHEJ

proteins are clearly present at sites of HSV genomes, appear to affect HSV replication, and may

be affected by ICP0, the exact role of NHEJ proteins and why/how the virus manipulates this

repair mechanism during HSV infection remains unclear.  NHEJ subsequently remains a likely

mechanism by which genomes are circularized during infection.

1.8.2. Homologous recombination (HR)

Because the termini of HSV genomes contain direct a repeats, HR is another potential

mechanism by which the cell may repair genome ends and subsequently circularize HSV

genomes.  Like NHEJ proteins, HR proteins localize to sites of HSV replication. WRN, BRCA1,

BLM, and RPA, all of which may be involved in HR repair, associate with ICP8 (188) at

prereplicative and replication compartments and redistribute from their normal nuclear

localization to these sites during infection (188, 200).    However, whereas virus growth is
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increased in cells deficient in NHEJ, in cells deficient in WRN both virus growth and

recombination is decreased, suggesting a non-essential but facultative role for WRN in virus

replication (188).  Rad51, which is the only protein absolutely required for HR, redistributes to

HSV prereplicative sites and replication compartments during infection (200).

Like NHEJ proteins, HR proteins have the potential to participate in the repair of genome

termini by circularization.  However, unlike DNA PKcs degradation observed during infection,

the steady state levels of examined HR repair proteins are not altered during HSV infection

(200).  In fact, HR activity increases during replication, a time in which genome isomerization

occurs (161).  HR proteins may be involved in isomerization and repair of damaged genomes

during replication.  There have been in vitro studies done aimed at determining if NHEJ or HR

mechanisms circularize DNA during HSV infection (204, 205).  However, these studies used

linearized plasmids as substrates for repair in transfected cells that have been either infected with

HSV or transfected with HSV expression vectors (204, 205).  Although these studies have shown

that both NHEJ and HR mechanisms can circularize linearized plasmid DNA during HSV

infection, they suggest that HR is the major mechanism responsible for this circularization.

Because the substrate for circularization was artificial in these investigations, additional studies

examining the mechanism by which HSV genomes circularize using viral genomes as substrates

for repair are required to differentiate between NHEJ and HR mechanisms.

1.8.3. Mre11/Rad50/NBS1 repair response

Additional proteins that may be involved in both NHEJ and HR repair are altered during HSV

infection.  A complex of proteins, Mre11/Rad50/NBS1 (M/R/N), has been implicated in cellular

DNA double-strand break (DSB) repair processes by both NHEJ and HR mechanisms through its

ability to recognize and in part process DSB's.  During repair of DSB's, M/R/N complexes
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localize to foci of the phosphorylated form (serine 139) of histone variant H2AX ( -H2AX) (19,

144), which has been shown to co-localize with and act in the repair of DSB's (157, 160, 172).

During HSV infection, both Mre11 and Rad50 either directly and/or indirectly associate with the

HSV single-stranded DNA binding proteins, ICP8, which is localized to HSV replication

compartments (188).  In fact, M/R/N complexes relocate to replication compartments during

infection (111, 188, 200).  In addition, NBS1 is modified by phosphorylation during productive

wild-type HSV infections (111, 178, 200).  NBS1 phosphorylation occurs during DNA damage

responses that are signaled through the ATM pathway (202).

M/R/N complexes act as sensors of DNA DSB's and may facilitate in ATM recruitment

to DSB's and subsequent activation of ATM by inducing the dissociation of inactive ATM

multimers into active ATM monomers, which in turn have downstream effects on DNA repair,

cell cycle arrest, and apoptosis (1, 105).  During ATM activation and recruitment to DSB's, many

proteins including NBS1 are phosphorylated.  Indeed the ATM pathway is activated during

productive HSV infections (111, 178), with this repair response possibly recognizing replicating

HSV genomes as abnormal structures.  M/R/N complexes and ATM signaling may be beneficial

for the productive cycle of the virus, because in some differentiated neurons, where a latent state

can be established and this ATM repair response is compromised, there is a significant defect in

HSV replication and replication compartment formation (111).  However the exact role of

M/R/N complexes and the ATM pathway during HSV infection remains largely uncharacterized,

in part, due to the fact that it is not known whether this pathway is stimulated by events leading

to and during replication or in response to incoming parental HSV genomes.   The present study

addresses these issues, suggesting that early during infection incoming HSV induces M/R/N

complex formation independent of ATM activation.
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2. RATIONALE

In host cells, the HSV genome undergoes physical alterations that are regulated by both cellular

and viral proteins.  During the lytic cycle HSV genomes are very dynamic, progressively

changing throughout infection; viral genomes actively express genes, replicate, and are

packaged, ultimately producing mature viral progeny. By contrast, during latency viral genomes

persist in a transcriptionally repressed chromatin state in the nuclei of sensory nerves (40, 154,

187).  Although many physical differences in HSV-1 genomes during the lytic and latent cycle

have been characterized, little is known about how these characteristics develop during infection

and furthermore, how these developing characteristics contribute to productive or latent life

cycles.

Research that has examined the configuration of viral DNA during the various stages of

lytic life cycle along with the known structural characteristics of the viral genome has led to a

model of the progressive changes in HSV genomes during lytic infection, in which replication is

initiated by a theta mechanism (12, 65, 149, 185).  The template for theta replication is a circular

HSV genome.   Research that has examined the configuration of viral DNA during latency has

led to a model in which HSV genomes persist in a stable circular configuration (12, 44).

However, changes in viral genomes and events leading to these changes during a particular life

cycle are not clear because it is not understood how the host cell responds to incoming HSV

genomes and how the virus manipulates this response, ultimately leading either to a template for

replication during productive lytic infections or to a stable configuration during persistent latent

infections.

Because HSV genomes begin as linear, double-stranded DNA during infection, host cells

may treat the ends of incoming genomes as DNA double strand breaks (161).  The host cell may
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subsequently attempt to repair these double-strand breaks via DNA double strand break repair

pathways, resulting in intramolecular joining of genome termini through genome circularization.

Some DNA repair proteins, including those involved in homologous recombination (HR), those

involved in non-homologous end joining (NHEJ), and those that may be involved in both

mechanisms are present at sites of HSV genomes during infection (111, 148, 178, 188, 200).

However, it is not known how these repair proteins contribute to the manipulation of HSV

genome configurations during infection and how viral proteins may alter or counteract this repair

response.  Furthermore, it is not known how the interplay between repair responses and the virus'

reaction to these responses contributes to forming either a genome template for replication

during the lytic cycle or a stable configuration during latency.

ICP0 promotes the lytic cycle both during primary infections and during reactivation

from latency (15, 16, 29, 76, 92).  ICP0 interacts with and/or affects cellular proteins associated

with ND10 structures (55, 116), transcription (95), translation (94), cell cycle regulation (53, 94),

DNA repair (107, 143), and proteolysis (53, 55, 59).  These interactions are thought to underlie

the process by which ICP0 promotes lytic infection.  As a ubiquitin ligase, ICP0 may act by

targeting proteins, most likely those that inhibit the productive cycle, for degradation via the

proteosome (13, 192).   However, the mechanism(s) by which ICP0 promotes the lytic cycle are

far from being entirely understood.

In order to more clearly understand changes in the configuration of viral genomes during

both productive and latent life cycles and events leading to these changes, we have used a variety

of HSV mutant viruses to examine the configuration of viral genomes as persistent and

productive infections are established; these events model changes leading to and during the latent

and lytic life cycles, respectively.  Because ICP0 is such a pivotal regulator in the balance
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between the productive and latent cycles, with its presence facilitating lytic infection, it was of

our interest to examine the effect of ICP0 on the configuration of viral genomes in order to

understand if and how ICP0 alters genome configurations to promote the lytic cycle.  Because

cells may respond to incoming linear HSV genomes as double-strand breaks, we will examine

the role of cellular DNA double-strand break repair pathways in altering the configuration of

HSV genomes and determine how the virus may alter/counteract this repair response.  More

specifically the aims are:  i) to determine the configuration of HSV genomes during productive

infection, during persistent quiescent infection established by an HSV mutant, and as a function

of ICP0 and ii) to determine cellular DNA repair pathways stimulated by input HSV, cellular

DNA repair mechanisms responsible for altering the configuration of HSV genomes, and the

effect of ICP0 on the cellular repair environment.

d109 will be used to model changes in HSV genome configurations during the

establishment of latency.  d109 lacks expression of all five immediate early (IE) viral genes (ICP

0, 4, 22, 27, 47) and subsequently forms an abortive infection in which the virus does not

replicate without complementation (165).  d109 is non-toxic to cells at even high multiplicities of

infection and persists in cells in a quiescent state from which viral gene expression is largely

repressed (165).  d106 expresses ICP0 but lacks expression of the additional four IE genes and

subsequently also forms an abortive infection (165).  However, the expression of ICP0 inhibits a

persistent, quiescent state from being established during d106 infection (165).  d106 will be used

to examine the effect of ICP0 on the configuration of genomes during abortive infections. The

genome configuration will also be examined during productive infections, as a function of ICP0,

using wild-type strain KOS and ICP0-deletion mutant d99 (165).  During infection with these

viruses, replication occurs but can be inhibited by phosphonoacetic acid (PAA), allowing all
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events taking place prior to replication to evolve but inhibiting replication itself (85).  In theory,

PAA addition should allow the template for genome replication to be observed.  The

configuration of the aforementioned viruses will be examined using Gardella gel analysis.

Gardella gels resolve large circular forms from their linear counterparts of the same molecular

weight as discrete species within an agarose gel, as was first demonstrated in a study

distinguishing persisting circular Epstein Barr Virus (EBV) episomes in Raji cells from their

linear counterparts in virions (67).

Gardella gel analysis for circular genomes will be used in conjunction with an additional

analysis for circularization, which has been previously demonstrated by Poffenberger and

Roizman (149).  Both analyses will be used to compare the configuration of a non-inverting HSV

mutant I358 (149) to an ICP0 deleted version of I358 (d99/I2.3) that we will construct.  Both

I358 and d99/I2.3 are deleted for internal repeat sequences within their genomes and

subsequently do not isomerize.  Although a virus lacking the internal repeat sequences is not

required for Gardella gel analysis, it is required for restriction enzyme analysis due to sequence

homology within the internal repeats of the viral genome with the terminal repeats of the

genome.  During restriction enzyme analysis, DNA from infected cells is digested and then

probed for a terminal genome fragment, which will also detect a novel fragment that includes

both termini, if viral genomes are linked end-to-end, as they are when circularized.  Novel

restriction fragments containing end-to-end linkages of viral genomes can only be distinguished

in the absence of homologous internal repeat sequences.  Both Gardella gel analysis and

restriction enzyme analysis will be used to assess HSV genome configurations during productive

infections (I358), as a function of ICP0 (d99/I2.3).
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Host cell DNA repair responses to incoming HSV genomes may alter the configuration

of genomes, ultimately leading to either a template for genome replication during the productive

cycle or a stable genome configuration during latency.   We will examine both the effect of ICP0

on cellular DNA DSB repair pathways and the effect of these pathways on the configuration of

HSV genomes.  Although it is known that repair proteins localize to HSV replication

compartments (111, 178, 188, 200), it is not known if they are recruited as a result of parental

HSV genomes or due to events that occur during HSV replication.  The localization and levels of

repair proteins in response to incoming HSV will be examined during abortive and productive

infections and as a function of ICP0, using the aforementioned viruses with immunofluorescence

and Western blotting techniques.  The effect of cellular DNA repair pathways on changes in

HSV genome configurations will be assessed by Gardella gel analysis of HSV genome

configurations in cells deleted for specific DNA repair proteins.

Using these approaches we will model changes that occur to viral genomes as both lytic

and latent infections are established and will also begin to clarify how these changes evolve.  For

the first time, we will provide evidence for diverging physical changes in HSV genomes during

the establishment of each life cycle of the virus and importantly show that the interplay between

cellular responses to HSV genomes and ICP0 regulates these changes.  In particular, we will

provide evidence that host cell DNA repair pathways manipulate the configuration of HSV

genomes and that ICP0 may alter these pathways, potentially promoting a template for

replication during the lytic cycle.  This ability of ICP0 to control the configuration of viral

genomes is a newly identified mechanism by which ICP0 can promote the lytic cycle of the

virus.  Along with suggesting a revised model of HSV replication during productive infection,
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we will also provide a mechanism by which HSV genomes can persist long-term in a stable

configuration during latency.
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3. RELATIONSHIP OF HERPES SIMPLEX VIRUS GENOME CONFIGURATION

TO PRODUCTIVE AND PERSISTENT INFECTIONS.

3.1. Abstract

Infection of susceptible cells by herpes simplex virus can lead to productive infection, or latency,

where the genomes persist in the nuclei of peripheral neurons in a quiescent state.  Using the

HSV strain d109, which does not express any viral genes and thus establishes a quiescent state in

most cells, we observed that a fraction of genomes circularized upon infection.  The expression

of ICP0, which is known to be involved in reactivation from latency and the promotion of

productive infection, inhibited the formation of circular genomes.  Circular genomes were not

observed upon infection of fully permissive cells by wild type virus, either in the presence or

absence of viral DNA replication.  However, productive infection in the absence of ICP0 resulted

in the accumulation of a subpopulation of circular genomes.  The proportion of circular genomes

formed during infection with an ICP0 mutant was greater at low multiplicity of infection, a

condition where ICP0 mutants replicate poorly.  In the complete absence of viral gene

expression, it was found that only circular genomes persisted in cells.  These results suggest that

circularization of the HSV genome may not occur early in the productive phase of wt HSV

infection, but rather during establishment of a quiescent state or latency, providing a possible

strategy for long-term persistence.  Additionally, the circularization and possible fate of HSV

genomes is regulated by an activity of ICP0.

3.2. Introduction

Herpes Simplex Virus Type 1 (HSV-1), can establish both productive and latent infections.

Productive infection with HSV-1 results in epithelial lesions, such as cold sores, and can lead to

latent infection in the trigeminal ganglia of neurons that innervate the primary site of infection

(162).  During latency the viral genome persists in a largely repressed, chromatin-associated state
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(40) that can be derepressed, or reactivated, to produce recurrent productive infections.  The

HSV-1 immediate early (IE) protein ICP0 is crucial for reactivation (15, 29, 109).

The HSV genome is a linear double stranded DNA molecule existing as 4 isomers that

differ with respect to the orientation of a long and a short region about a joint (36, 77).  Both the

long and short regions are bracketed by inverted repeats, and a 250-500 bp sequence (termed the

“a” sequence) is directly repeated at the genomic termini (112, 176, 195, 197).  Inverted copies

of the “a” sequence are also present at the joint.  During both productive and latent infection the

genome assumes a configuration indicative of end-joining since genomic joint sequences

increase in abundance relative to their homologous counterparts at the genomic termini (44, 65,

149, 159).   End-joining can occur in the presence of inhibitors of viral protein synthesis, which

has been interpreted as the circularization of the HSV genome as a function of cellular

mechanisms (65, 149).  Consequently, it is thought that circularization of viral genomes occurs

prior to the onset of productive or latent infections, implying that this process occurs independent

of the type of infection established.  In addition, it provides the foundation for the current model

that HSV-1 genomes replicate initially by a theta mechanism (161).  However, an increase in

joint regions can also result from the formation of concatemers, complicated branched structures

that result during replication, or possibly from intermolecular ligation or recombination.

Therefore, circularization of HSV-1 genomes has not been clearly demonstrated.

In the present study we differentiate between circular, linear and higher order genomic

structures to test the hypothesis that the HSV genome circularizes in the absence of viral gene

expression.  The abundance and persistence of circular genomes during productive and quiescent

infections was also determined.  Quiescent infection was used as a model for latent infection and

was achieved using an HSV-1 mutant, d109, which does not express the five HSV IE proteins,
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and contains an EGFP transgene under control of the HCMV immediate early promoter (165).

In cultured cells, d109 establishes a persistent and quiescent state, in which EGFP expression is

largely repressed but can be derepressed by providing ICP0, in trans (82, 165).  These

characteristics are similar to events that occur during latency and reactivation from latency.

ICP0 is an E3 ubiquitin ligase (13, 192) and has been proposed to promote lytic

infections by specifically destabilizing cellular proteins that inhibit the lytic viral life cycle.

ICP0 is known to induce the degradation of proteins associated with ND10 bodies (116), which

are discrete nuclear foci where HSV-1 genomes may localize early during infection (117).

Interestingly, recent studies have suggested these foci to be sites of DNA double strand break

repair (18).  It is possible that the ends of linear HSV-1 genomes may be treated as double strand

DNA breaks and subsequently repaired by circularizing genomes early during infection (161).

Therefore, we also addressed whether ICP0 affects the circularization of the HSV genome,

possibly providing an additional basis for its role as an effector of lytic and latent infections.

3.3. Materials and Methods

3.3.1. Cells and Viruses.

Vero, F06 (167), E11 (166) cells were cultured as previously described.  Raji cells were similarly

maintained in RPMI-1640 medium.  The viruses, d109, d106, d99 (165), and n212 (15)

(provided by Priscilla Schaffer, Harvard Medical School, Boston MA) are HSV-1 mutants

derived from the wild type strain KOS.  Each mutant was grown and assayed for infectivity

(plaque forming units per milliliter (PFU/ml)) in the appropriate complementing cell lines (F06

and E11) as previously described (165).  AdS.11E4(ICP0), an adenovirus vector that expresses

ICP0, and AdS.11D, the empty adenoviral vector, were provided by Douglas Brough at GenVec,

Inc., Gaithersburg, Md., and have previously been described (82).
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Confluent monolayers of Vero cells were infected with viruses at the multiplicity of

infection (moi) indicated.  Where indicated, 400 ug/mL phosphonoacetic acid (PAA; Lancaster)

was added to the cultures during viral infections.  For each time course, viral infections were

staggered such that all time points were harvested simultaneously.  0 hour time points were

performed by incubating the virus with cells on ice for 1 hr prior to harvesting.  In order to

determine the configuration of d109 genomes during long-term persistent infections, d109

infected Vero cells were cultured in media with 2% FBS and incubated at 34º.

3.3.2. Gardella gels.

Gardella gels were performed essentially as described (67).  Briefly, an approximately 25cm x

15cm horizontal agarose gel was poured such that the upper portion (~3cm), where the wells

were molded, contained 2% SDS, 1mg/mL proteinase K, and 0.8% Type IIA: medium EEO

agarose (Sigma) in TBE (0.09 M Tris-base, 0.09 M boric acid, 2 mM EDTA pH 8.0).  The lower

portion of the gel (~22cm) contained 0.75% agarose in TBE.  Infected cells were washed with

TBS (0.14 M NaCl, 2.7 mM KCl, 25 mM Tris-base, pH 7.4), scraped into TBS, and then pelleted

by low-speed centrifugation.  Nuclei were isolated as previously described (165).  For each

Gardella gel, either (5x10
6
) infected cells or nuclei were resuspended in 50μL loading dye (15%

Ficoll, 0.01% bromophenol blue) and then loaded into each well.  Gels were run for 3 hr at 45V

to efficiently lyse the cells, and then 38 hr at 120V to separate circular from linear viral genomes.

Gels were analyzed by Southern blot as previously described (165). The hybridized filters were

then exposed to x-ray film.  For quantitative analysis, the filters were analyzed by a Storm 840

phosphorimager (Molecular Dynamics).

The probe used to detect d106 and d109 on Southern blots consisted of a 1.6-kb Pac I

fragment of pucGFP (165), containing the EGFP gene under control of the HCMV IE promoter.
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The probe used to detect KOS, d99 and n212 genomes was the 1.8-kb BamHI-Y fragment of

pKBY, which contains a portion of the ICP4 gene of HSV-1.  The plasmid 1040 (provided by

David Rowe, University of Pittsburgh), which contains the internal repeats of the EBV genome,

was used to detect EBV genomes.

3.3.3. Electroelution.

Gel slices from 4 lanes of circular or 4 lanes of linear d109 DNA, separated from 5x10
6
 Vero

cells per lane, were excised from Gardella gels.  The locations of the bands in the gel were

determined by conducting a Southern blot as described above on lanes from the same gel, and

using the resulting autoradiogram as a guide to excise the bands from the remainder of the gel.

DNA was eluted from each gel slice in 0.5x TBE in dialysis bags for 6 hr at 120V.  The eluted

DNA was digested with both BamHI and SacI (New England Biolabs) according to

manufacturers instructions.  The digested DNA was then analyzed by Southern blot using the

BamHI Y fragment as probe, as described above.

3.4. Results

3.4.1. Accumulation of low-mobility, non-linear HSV genomes in the absence but not

presence of ICP0.

Previous studies suggesting that the viral genome circularizes prior to viral DNA replication and

during latency (65, 149, 159) did not rule out that the observed end-joining could be due to the

formation of concatemers, or more complicated branched structures.  Gardella gels resolve large

circular forms from their linear counterparts as discrete species within the gel, as was first

demonstrated in a study distinguishing persisting circular Epstein Barr Virus (EBV) episomes in

Raji cells from their linear counterparts in virions (67).  This analysis has also been used to
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Figure 2. Gardella gel analysis of d109- and d106-infected cells.

(A) Monolayers of Vero cells were infected at a moi of 20 PFU per cell and incubated for the

indicated times before analysis as described in Materials and Methods. (B) Vero cells were

infected with d109 or d106 at a moi of 20 PFU per cell for 24 h. Nuclei were then isolated and

run on the gels as described in Materials and Methods. In both A and B, the mobility of linear

viral DNA is indicated by V and the low-mobility band is indicated by an arrow. The mobility of

linear viral DNA was determined by examining the migration rate of virion DNA in samples

where the virus was adsorbed to cells on ice (0 h; A), or where mock-infected cells were spiked

with 5x10
6
 PFU of d109 or d106 virions (B).



36

establish that Varicella-Zoster Virus (VZV) circularizes shortly after infection (100).  To

examine changes in the HSV genome subsequent to infection and in the absence of viral gene

expression, d109 infected cells were applied to a Gardella gel.  Within 1h post infection a novel

band of lower mobility than the linear virion DNA was observed, which increased in intensity up

to 6 hours (Fig.2A).  About 7-10% of input genomes were converted to this form.  Similar results

were obtained when nuclei were analyzed (Fig. 2B) implying that many genomes associated with

nuclei did not circularize at this moi.  In contrast, the lower mobility species was not observed

with d106 infected cell or nuclei samples (Fig.2).  d106 genetically differs from d109 in that the

ICP0 gene is intact, and thus ICP0 is expressed in d106 infected cells (165).  Early and late viral

genes are poorly expressed if at all since d106, like d109, is deleted for both copies of ICP4 (38),

and subsequently do not replicate.  Material hybridizing to the probe was not observed in the

wells of any of the samples.

3.4.2. Low-mobility HSV genomes represent circularized genomes.

A series of experiments were conducted to further characterize the novel low-mobility form of

the d109 genome.  Gardella gels are very sensitive for resolving large linear forms from their

circular counterparts.  They are not as sensitive for resolving linear or circular molecules of

similar sizes (67).  Therefore, a circular genome of similar size to HSV would have a similar

mobility to the novel-low mobility form of the d109 genome, if this form was circular.  The 178

kb EBV genome in Raji cells is circular and readily resolved from linear EBV genomes on

Gardella gels (67).  A comparison of the mobility of the low-mobility form of the d109 genome

and the EBV genome in Raji cells revealed that the circular EBV genome had a slightly reduced

mobility relative to the novel form of the d109 (~130 kb) genome (Fig. 3A).  This suggests that
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Figure 3.  Characterization of the low-mobility form of the d109 genome.

(A) d109 virions (lane 1), d109-infected cells (lane 2), and Raji cells (lane 3) were analyzed on a

Gardella gel and probed for HSV and EBV genomes. (B) Template for eluting regions a, b, c,

and d from a Gardella gel of d109 virions (lane 4) and d109-infected cells (lane 5). (C) The DNA

in samples a–d in B were analyzed as described in Materials and Methods to observe the

abundance of joint (J) and terminal (T) fragments. Different amounts of d were loaded on the gel.

(D) Vero cells were infected at the indicated moi of d109 for 24 h, run on a Gardella gel,

subjected to Southern blot analysis, and quantified. (E) The kinetics of circularization of d109

genomes in Vero cells was determined as described in the text.

D. E.
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the novel form of the d109 genome is circular.  To further test the hypothesis that the low-

mobility form of the d109 genome was circular we eluted this material from a Gardella gel (Fig.

3B) and performed restriction enzyme digestions and Southern blots probing for genomic joints

and termini (Fig. 3C).  Circular genomes should have only genomic joints when blots are

hybridized with a probe homologous to both termini and joints.  The ratio of joint to terminal

fragments was considerably greater for the low mobility form (c) relative to ratio observed for

eluted linear DNA (b and d) (Fig. 3C).  The small amount of terminal fragments detected in the

material eluted from the low mobility band was most probably due to contaminating linear DNA

in the region of the low mobility band since terminal fragments were detected when the same

region was analyzed from the gel track containing virion DNA (a).  Therefore based on the

mobility relative to circular EBV, and the enrichment for joint regions relative to linear DNA, we

conclude that the low mobility form of the d109 genome is circular.

3.4.3. Multiplicity dependence and kinetics of genome circularization during infection.

At high moi, only a relatively small proportion of input d109 genome circularized (Fig. 2A).

Therefore, we next determined the fraction of d109 genomes that circularized as a function of

moi. 45% of adsorbed d109 genomes circularized at a moi of 1 PFU/cell, and that this proportion

decreased as a function of increasing moi (Fig. 3D).  The degree of circularization at moi of 0.3

PFU/cell was also relatively high.  The greater degree of circularization at a lower moi was also

evident in the infections with the ICP0 mutant, d99 (Fig. 5).  This result suggests that in Vero

cells there is a limited capacity for the cell to support circularization.  Similar results were

observed in human embryonic lung cells (data not shown).  However, given that circularization

occurs in the absence of viral gene expression, it is likely that the capacity of a given cell type to

support circularization of the HSV genome will vary.
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Fig. 2A also suggests that circularization occurs within 6h post infection.  In order to obtain

an accurate view of the kinetics of circularization, 3 PFU/cell of d109 were adsorbed to a

monolayer of Vero cells at 4º for 1 h, and then incubated at 37º for different times.  Following

adsorption, there was a 1-hour lag, after which time genomes began to circularize (Fig. 3E).  At

this moi about 15% of the genomes were circular after 24 h (Fig. 3D), so that the amount of

circularization seen at 6 h post adsorption represents maximum circularization.  These kinetics

follow those for the previously published kinetics of HSV entry (37), however they are relatively

slow considering that at 6 h post adsorption, progeny virions are beginning to be produced in a

productive infection.  Additionally, at 1 h post adsorption, physiologically significant levels of

ICP0 are expressed in a productive infection (82).

3.4.4. Low-levels of ICP0 inhibit genome circularization.

The expression of ICP0 from the d106 genome precluded the formation of circular HSV

genomes (Fig 2A).  ICP0 is over expressed from the d106 genome relative to wt HSV, leading to

aberrant alterations of host cell metabolism (81, 82).  However, when driven from the E4

promoter in an adenovirus vector deleted for the E1, E3, and E4 regions, the expression of ICP0

is >1000 fold less than from d106, and is similar to that in the first hour of wt HSV infection

(82).  When cells were coinfected with d109 and the adenovirus expressing ICP0, the HCMV IE

promoter-EGFP transgene on the d109 genome was quantitatively activated (Fig. 4A), as

previously demonstrated (82).  In addition, the d109 genomes did not circularize in cells infected

with the adenovirus expressing ICP0 (Fig 4B), again demonstrating that the expression of ICP0

inhibits the circularization of the HSV genome.  The empty adenovirus vector had no effect on

EGFP expression from d109, or on the circularization of the d109 genome. The probe used in

this experiment contains the HCMV IE promoter, allowing the simultaneous detection of both
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Figure 4.  ICP0 expression from adenovirus inhibits circularization of d109 in trans.

(A) Phase-contrast and EGFP fluorescence images of Vero cells infected with d109. Cells

infected with d109 were superinfected with AdS.11D (Ad.) or AdS.11E4(ICP0) (Ad.ICP0) at a

moi of '50 PFU per cell directly postinfection with d109 where indicated. The infected cultures

were analyzed 24h postinfection.  (B) d109-infected cells were superinfected with the

adenoviruses as described above and analyzed on Gardella gels.
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d109 and the adenoviruses.  Similar quantities of linear adenovirus genomes can be seen in the

lanes containing samples from both adenovirus infections.  The mobility of the linear adenovirus

genome relative to the linear HSV genome is consistent with previous results (67).  These results

demonstrate that the very low levels of ICP0 are sufficient to inhibit circularization.

3.4.5. ICP0 inhibits genome circularization during productive infections.

Since ICP0 is abundantly synthesized prior to HSV DNA replication, the observation that the

levels of ICP0 synthesized very early in infection can inhibit circularization of the genome

presents a paradox in that previous studies examining end-joining have put forth the hypothesis

that wt HSV genomes circularize, and that this circular form may serve as the template for

genome replication (161).  To address this paradox, samples of wt (KOS)- and ICP0 mutant

(d99)- virus infected cells were analyzed on Gardella gels (Fig. 5).  d99 is deleted for both copies

of ICP0 (165).  ICP0-defective mutants are replication competent, however they replicate slowly

at low multiplicities of infection, and not every infectious center initiated by a single virion

results in a plaque (164, 183).  ICP0 is thought to function very early in infection, and increases

the probability that an infection will proceed through the entire lytic cycle.  The growth defect of

ICP0 mutants is diminished at high multiplicities of infection (164, 183).  Accordingly, cells

infected at a moi of 20 (Fig. 5A) and 1 (Fig. 5B) PFU/cell were used for the analysis.  In

addition, samples of cells infected with d109 at the corresponding moi where included on each

gel along with samples of cells infected with the test virus at the corresponding moi, but

incubated in the presence of PAA to inhibit viral DNA replication.

At a moi of 20 PFU/cell hybridizing material began to accumulate in the wells beginning at

2h for KOS and 4h for d99 (Fig 5A).  This is consistent with replicating DNA since this material

was not observed in the presence of PAA.  Moreover, there was an increase in the abundance of
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Figure 5.  Circularization of the HSV genome during productive infection in the presence and

absence of ICP0.

Vero cells were infected with wt virus (strain KOS) or d99 and incubated in the presence or

absence of PAA for the indicated times before gel analysis.  D109-infected cells were also

included on all of the gels.  (A)  moi of 20 PFU per cell.  (B) moi of 1 PFU per cell.  (C)

Overexposure of the d99 gel in A.  (D) Vero cells were infected at moi of 3 PFU per cell of the

indicated virus and incubated for 6 h in the presence of PAA before gel analysis.
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linear forms beginning at 4h for KOS, and 6h for d99.  These are inferred to be processed

progeny genomes.  However, in the case of KOS there was no evidence of the accumulation of

material that comigrated with circular d109 genomes, in the presence or absence of PAA (Fig

5A).  However, there was a low but detectable level of circular genomes in d99 infected cells,

both in the presence and absence of PAA.  An overexposure of the d99 (moi =20 PFU/cell) gel is

shown in fig. 5C to clearly document the presence of circular genomes.  Overexposure of the

KOS gel failed to reveal the presence of circular genomes (data not shown).  The difference

between KOS and d99 was more pronounced at low moi (Fig. 5B).  In KOS infected cells,

replicative DNA (DNA in the wells) became evident by 4h post infection, however, there was no

evidence of circular genomes, in the presence or absence of PAA.  In contrast to KOS, a

significant amount of circular genomes were seen in d99-infected cells (Fig. 5B).  Circular

genomes became evident very shortly after infection and increased in abundance up to 6h post

infection.  The proportion of circular relative to linear genomes accumulating in the presence of

PAA in d99-infected cells was similar to that in d109-infected cells.  Lastly, since d99 is entirely

deleted for both copies of ICP0 (165), we tested another ICP0 allele, n212, to minimize the

possibility that unknown genetic elements in the ICP0 region might be responsible for the

observed effect.  n212 exhibits no ICP0 activity by virtue of stop codons at residue 212 in both

copies of ICP0 (15).   Figure 5D demonstrates that the circularization of the n212 genome was

similar to that of the d99 genome.  Therefore, the accumulation of circles occurs in a productive

infection in the absence of ICP0, and is more pronounced at low moi, a condition in which

genome replication and virus production are limited.

3.4.6. Circular genomes are the persistent form during long-term quiescent infections

that model latency.
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Figure 6.  Stability of circular and linear d109 genomes during long-term persistent infection.

Vero cells were infected with d109 at 20 PFU per cell and incubated for the indicated time

before analysis, as described in Materials and Methods.
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At low multiplicities of infection, the abundance of linear KOS and d99 genomes remaining after

6h incubation in the presence of PAA was reduced relative to the amounts of input genomes and

genomes present at early times post infection (Fig. 5B).  This raises the possibility that linear

non-replicating genomes may be somewhat unstable.  d109, and other viruses limited in the

expression of HSV IE proteins, are not toxic to cells, and their genomes have been demonstrated

to persist in cultured cells in a quiescent state (154, 165).   Therefore, to determine the relative

stability of circular versus linear genomes, the fate of persisting d109 genomes in Vero cells was

determined with respect to the abundance of linear and circular forms (Fig 6).  Shortly after

infection with d109 about 7-10% of the genomes circularized.  The steady state level of circular

d109 genomes decreased somewhat over the course of 27 days.  However, the abundance of

linear genomes decreased dramatically such that by 27 days post infection, only circular forms

where detectable.  Therefore, circular genomes are more stable, and are the predominant form of

persisting HSV genomes in quiescent infections.

3.5. Discussion

Using Gardella gels we have demonstrated that a fraction of input HSV genomes circularized

following infection in the absence of viral gene expression from the d109 genome (Fig. 2).  This

result is consistent with previous observations of end-joining (149) and “well DNA” in pulse

field gels (65) of wt virus genomes in the presence of inhibitors of protein synthesis.  However,

the previously observed end-joining and “well DNA” in pulse field gels during productive

infection with wt virus is not consistent with our observations, if it is interpreted to be due to

circularization of the genome.  We failed to observe circular wt (KOS) genomes during

productive infection (Fig. 5).  Therefore, the previously observed end-joining and “well DNA” in

pulse field gels may represent replicative intermediates and/or recombination products.  The
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failure to observe circular genomes in wt HSV infected cells prior to the onset of DNA synthesis

suggests that circular genomes are not the natural initial replication template.

Another observation that argues against the circularization of the genome prior to DNA

replication is the lack of circularization during infections aborted prior to DNA replication.

d106, which is similar to d109 except that its ICP0 genes are intact, did not circularize (Fig. 2).

Circular genomes were also not observed during wt infection in the presence of PAA (Fig 5).

PAA inhibits the activity of the HSV DNA polymerase (85).  The failure to observe circular

genomes in the presence of PAA is significant since all the viral proteins required for DNA

replication are present, and all the events that occur up until DNA replication have occurred.

Previous studies also failed to observe end-joining in the presence of PAA (149).  These authors,

like us, also concluded that the linear genomes present during wt virus infection in the presence

of PAA were less stable.  In contrast, it was recently reported that the ratio of genomic termini to

joint regions decreases upon infection of CV-1 cells by wt virus in the presence of PAA (186).

However, it is possible that this decrease may be due to exonucleolytic degradation of linear

genomes, which would tend to decrease the termini to joint fragment ratio, and be consistent

with the decreased stability of linear genomes observed by others (149) and us.  Also consistent

with our observation, was that the “well hybridization” to HSV sequences in pulse field gels of

HSV infected cells was sensitive to PAA (65).  These authors subsequently stated that they had

not ruled out the possibility that DNA molecules other than circles might serve as initial

templates for viral replication (65).  In our studies, the temporal pattern of hybridization on

Gardella gels proceeds from linear genomes, to DNA in the wells, and then to an increase in the

abundance of linear genomes, without proceeding through a unit length circular intermediate

(Fig. 5).  Genome replication may proceed from the three origins on linear genomes producing
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complicated branched structures that are modified and/or resolved by homologous recombination

and by the viral cleavage/packaging machinery.  Therefore, additional models to describe the

initiation of HSV DNA replication should be tested.

ICP0 inhibited the formation of circular genomes (Figs. 2, 4, and 5).  In particular, the

level of ICP0 expressed from the adenovirus construct used in this study is sufficient for the

activation of quiescent HSV genomes, the complementation of HSV ICP0 mutants, the inhibition

of a virion-induced cellular antiviral response, and the disruption of PML (45, 82), all processes

potentially relevant to the equilibrium between latency and productive infection.  We propose

that the inhibition of circularization by ICP0 is an additional mechanism for how ICP0 may

regulate the balance between the productive and latent modes of the HSV life cycle.  HSV

genomes may circularize as a consequence of cellular mechanisms following infection.

However, the expression of ICP0 very early in infection inhibits circularization.  Interestingly,

circles have been detected in Gardella gels of VZV infected cells (100), and by electron

microscopy in pseudorabies virus (PRV) infection (90).  However, the VZV Orf61 and PRV

EP0, which both possess structural and function similarities to HSV ICP0 (132, 133), differ from

HSV ICP0 in that they are expressed later in infection with these viruses.  A fraction of VZV and

PRV genomes may circularize prior to the synthesis of the ICP0 homologs.  In the case of HSV,

it may be that linear molecules serve as better templates for viral DNA replication.  If this is

case, the circular genomes accumulating during low moi productive infections with ICP0

mutants (Fig.5) may in part explain why ICP0 mutants are significantly impaired for replication

at low moi.  The relative efficiency with which circular and linear genomes serve as templates

for replication and transcription will need to be examined to test this hypothesis.
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The mechanism by which ICP0 inhibits circularization may involve the targeted

degradation via the ubiquitin pathway of cellular proteins involved in end-joining, which may be

due to either homologous recombination between the direct repeats at the genomic termini, or

nonhomologous end-joining.  The later process requires the DNA-dependant protein kinase (34),

which has been shown by two groups to be targeted for degradation by ICP0 (107, 143).

However since proteins involved in both processes (18), as well as ICP0 (57), can be found at

ND10 structures, a number of possible mechanisms for the inhibition of circularization by ICP0

will need to be tested.

The circular form of the genome produced in the absence of ICP0 was more stable in

cells relative to the linear structures, providing a mechanism for long-term persistence of

genomes in cells.  In d109-infected cells, the circular form was the only form persisting one

month after infection (Fig. 6).  Therefore, in an environment such as neurons, where the

abundance and/or activity of ICP0 is regulated or reduced (25, 86), the genomes in some infected

cells may circularize leading to persistence and latency, and in others remain linear, resulting in

an abortive or lytic infection depending on the abundance of other viral regulatory and

replication proteins.
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4. ICP0 INHIBITS CIRCULARIZATION OF HSV GENOMES DURING

PRODUCTIVE INFECTIONS:  COMPARISON OF GARDELLA GEL ANLAYSIS

FOR CIRCLES AND RESTRICTION ENZYME ANALYSIS FOR END-TO-END

LINKAGES OF GENOMES.

4.1. Abstract

We have previously suggested that in the absence of the HSV immediate early protein ICP0

HSV-1 genomes circularize and that genome circularization is inhibited by ICP0 during

productive infections. Here we provide further evidence that ICP0 inhibits genome

circularization during productive infection with a non-inverting HSV-1 mutant, I358, by creating

an ICP0 deleted version of I358.  Both Gardella gel analysis for circular genomes and restriction

enzyme analysis for end-to-end linkages of viral genomes consistently show that in the absence

of ICP0 I358 genomes circularize, while in the presence of ICP0 I358 genomes are retained in a

linear configuration, which may serve as a template for genome replication.

4.2. Note:  Introduction/Results/Discussion

During infection, the HSV genome undergoes physical alterations in the nuclei of infected

cells.  These alterations are regulated by both cellular and viral proteins and ultimately lead to

either a genome template for replication during the productive, lytic life cycle or to a stable

genome configuration during the persistent, latent life cycle of the virus.   Research that has

examined the configuration of viral DNA during various stages of the virus life cycle along with

the known structural characteristics of the viral genome has lead to a model of HSV DNA

replication that is initiated by a theta mechanism (65, 149, 162, 185, 186).  The template for theta

mode replication is a circular viral genome.  We have recently challenged this mechanism of

replication by showing that the HSV immediate early protein, ICP0, inhibits genome

circularization early during infection, thereby potentially preventing a theta mode of replication

from occurring (89).  In the absence of ICP0, HSV genomes circularize.  In this note, we attempt
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to clarify discrepancies between our results that suggest HSV genomes circularize only in the

absence of ICP0 activity (89) and literature that suggests genomes circularize early during

infection both in the presence and absence of viral gene expression, including ICP0 (65, 149,

185, 186).  The ultimate goal of this work is to determine whether or not circular genomes are

present early during productive infection and can subsequently serve as the initial template for

genome replication.

We examined the configuration of a non-inverting HSV genome, I358 (courtesy of Bernard

Roizman), early during infection, prior to the onset of replication.  I358 is a non-inverting (non-

isomerizing) HSV genome due to deletion of internal inverted a' and b' repeat sequences and

truncation of internal inverted c' repeat sequences of the genome that subsequently retains the

genome in one, prototypic, isomeric arrangement (149, 150).  I358 forms novel end-to-end

genome linkages during infection, as a result of either intramolecular linkages of single genomes

(circularization) and/or intermolecular linkages of multiple genomes (concatemerization) (149).

We examined circularization of I358 using both restriction enzyme analysis for end-to-end

linkages and Gardella gel analysis in which large linear DNA molecules are separated from large

circular DNA molecules of the same molecular weight through horizontal gel electrophoresis of

whole cells with subsequent Southern blotting/hybridization to detect viral DNA (67, 89).  In

both analyses, unpurified virus stocks were prepared from the supernatants of cells (U20S or

Vero) infected at low multiplicities and harvested when cytopathic effects were observed.

Purified virus stocks were obtained by ultracentrifugation of unpurified stocks through a dextran

T-10 gradient (37).  Purified and unpurified stocks were used where indicated.

Using both analyses, we examined circularization of the non-inverting I358 virus in both the

presence and absence of ICP0 by creating an ICP0 deleted version of the I358 virus.  This was
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Virus Mutations ICP0 ICP27 ICP4

d99 ICP0 deletion - 16.9, 13.7 16.9, 13.7, 5.6

I358 a', b' deletion and truncated c' 12.6 10 6

d99/I2.3 ICP0, a', b' deletion and truncated c' - 10 ~5.6

Figure 7.  Analysis of d99/I2.3

genomes.

A. Wild type HSV (WT) genome

showing UL and US regions that are

bracketed by direct repeats (ab, and ca,

respectively).  Direct repeats are

inverted (b', a', c') within the region

connecting the UL and US sequences.

There are multiple 'a' repeats where

indicated (an).  The position and

direction of immediate early genes ICP

0, 4, 22, 27, and 47 are indicated, as are

relevant EcoRI (E) sites.  Below WT

genome are representative relevant

EcoRI maps of d99 isomer genomes

and also I358 and d99/I2.3 genomes

that are held in one isomeric arrangement.  EcoRI fragments expected to hybridize to ICP 0, 4, or 27 sequences are

in bold and indicated by fragment size in kilobases (KB).  B.  Table summarizing mutations of each virus, along

with the expected sizes (KB) of EcoRI fragments after hybridization to each respective probe (ICP 0, 4, 27). C.

DNA was isolated from d99, I358 (I), and d99/I2.3 (2.3) purified virions and then digested with EcoRI and resolved

on a 0.8% agarose gel.  After Southern blotting, DNA was hybridized to probes containing sequences for ICP0

(EcoRI/PstI fragment of pW3DHS8) (39), ICP4 (BamHI Y fragment of pKBY) (166), or ICP27 (pKHX-BH) (11).

B.

            E                                E                               E                   E

    8.1                                                          16.9                                       5.6

     8.1                                                          10                                         5.6

   11.4                                                         13.7                                       5.6

    12.6                                                         10                                         6      
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                 UL                                                       US

        an       b                                                           b'    an'    c'                          c      a

          >                                              >         <               <  >             <   >

          0                                             27         0               4  22           47  4

d99

isomers

I358

A.

d99/I2.3

C.
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done in U2OS cells through plaque purification of recombinants between I358 and another

mutant derived in our laboratory, d99 (165), from which both copies of ICP0 have been deleted.

Although ICP0 deficient viruses have severe growth defects (164, 183), they grow to normal

levels in U20S cells, due to inherent activities within the cells that complement many activities

of ICP0 (203).  The subsequent virus d99/I2.3 contains the UL terminus of d99, which is deleted

for ICP0, and the UL/US joint of I358, which is deleted for the other copy of ICP0 within the

deleted UL internal inverted repeats. Like I358, d99/I2.3 lacks internal inverted repeat sequences

within the UL/US junction of the genome and therefore does not isomerize.  Figure 7A and 7B

lists the expected sizes of EcoRI genome fragments generated from DNA isolated from purified

virions of each respective virus.  Figure 7C shows the subsequent Southern hybridization,

performed as previously described (165), to ICP0 viral DNA sequences, confirming that I358

contains ICP0 sequences (12.6KB) while both d99 and d99/I2.3 lack ICP0.  A similar EcoRI

analysis with hybridization to ICP27 sequences confirms that d99/I2.3 contains the UL/US joint

sequence (10KB) of I358, not of d99 (13.7 or 16.9 KB) (Figure 7C).  EcoRI analysis for ICP4

sequences indicates that like I358, d99/I2.3 lacks the internal ICP4 sequences that d99 contains

within the US internal inverted repeats (13.7 or 16.9 KB); both I358 and d99/I2.3 only contain

the US terminal copy of ICP4 (Figure 7C).  However, the US terminus of d99/2.3 is similar in

size to that of d99 (5.6KB) rather than I358 (6KB).  The 'a' repeats of d99 are approximately

250bp (165) while those of I358 are approximately 450bp (150).  Recombination and/or cleavage

and packaging events during generation of the d99/I358 recombinant, which occurs at the 'a'

repeats (161, 193), appears to have altered the size of the terminal US 'a' repeat sequence, making

the US terminal fragment of d99/I2.3 (~5.6KB) more similar to d99 (5.6KB) than I358 (6KB).

Note, in DNA isolated from each respective purified virion prep, a small fraction of EcoRI
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Figure 8.  Western blot analysis of d99/I2.3 virus.

Western blot analysis for ICP0 (#1112; 1:5000; Goodwin Institute for Cancer Research, Inc.,

Plantation, Fla.), ICP4 (N15; 1:5000) (177), and Ku70  (1:5000; Santa Cruz Biotechnology) in

mock (M), KOS (K), I358 (I), d99, and d99/I2.3 (2.3) infected Vero whole cell (moi 1) extracts

at 24 hours post infection.  Staining for Ku70 was used as a loading control.
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fragments that are consistent with the expected size of UL and US terminal junction fragments for

both I358 (18.6KB) and d99/I2.3 (~13.7-14.1KB) hybridized to ICP4 probes (Figure 7C).  This

fraction of UL and US junction fragments was not completely eliminated but greatly reduced by

virion purification.  Consistent with Southern analysis, Western blots  (165) of whole cell

extracts isolated from KOS (wild type), d99, I358, and d99/I2.3 infected Vero cells indicates that

d99/I2.3 expresses ICP4 to similar levels of the other examined viruses but lacks expression of

ICP0 even after 24 hours post infection, similar to d99 (Figure 8).

Using Gardella gel analysis, we examined circularization of I358 and d99/I2.3 during

infection of Vero cells in the presence and absence of phosphonoacetic acid (PAA; Lancaster) to

inhibit virus DNA replication (85).  d109 has been used as a control for both the presence and

migration rate of circular genomes in Vero cells during Gardella gel analysis (89).  All infections

were preformed on ice in TBS (+/- 400ug PAA) and then placed in fresh media (DMEM +/-

400ug PAA) at 37
0
C, as previously described (89).  Cells were harvested at the indicated times

post absorption on ice; 0 hour time points correspond to cells harvested after 1 hour absorption

on ice.  During I358 infection of Vero cells, we observed a pattern of hybridization that

proceeded from linear viral DNA to replicating well DNA after 6 hours post absorption on ice

(Figure 9A).  However, unlike during infection with d109 in which circular genomes were

detected, during I358 infection circular genomes were not detected, importantly, in either the

presence or absence of PAA.  In fact, the pattern of hybridization observed during I358 infection

was similar to that which we have previously observed for wild type strain KOS using this

analysis, albeit with slower kinetics (89).  These results suggest that I358 genomes do not

circularize early during infection or during events leading up to replication.
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Figure 9.  ICP0 inhibits HSV genome circularization during infection.

Gardella gel analysis of I358 (A) and d99/I2.3 (B) infected (moi 5) Vero cells, using unpurified

virus.  Cells were harvested at the indicated times post absorption and loaded into the wells of

Gardella gels.  After electrophoresis, gels were Southern blotted, hybridizing to the HSV BamHI

Y fragment of pKBY.  Infections were done in the presence of 400ug/mL PAA where indicated.

d109 infected Vero cells were loaded as a control for detection of circular (O) and linear (l)

genomes.  Note that d109 infection in (B) was only done at moi 0.5.

A.                                           B.
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During d99/I2.3 infection of Vero cells Gardella gel analysis shows a pattern of

hybridization that proceeds from linear genomes to replicating well DNA at 8 hours post

adsorption (Figure 9B).  The comparative 2 hour delay in virus replication between d99/I2.3 and

I358 can be attributed to the lack of ICP0, as ICP0 mutants show defects in virus replication and

growth in non-complementing cells (164, 183).  However, unlike during I358 infection, during

d99/I2.3 infection circular genomes were detected in both the presence of virus replication,

beginning at 4 hours post absorption, and the absence of virus replication inhibited by PAA

(Figure 9B).  A fraction of circular genomes was consistently observed during infection with

d99/I2.3 at various multiplicities, including 1, 3, 5, and 10, using both purified and unpurified

virus during infection in both the presence and absence of virus replication (data not shown).

These results strongly suggest that ICP0 inhibits HSV genome circularization and that in the

presence of ICP0 genomes remain in a linear state from which replication is initiated.

We also examined circularization of non-inverting HSV genomes in the presence (I358) and

absence (d99/I2.3) of ICP0 using restriction enzyme digestion of DNA isolated from infected

Vero cells with subsequent Southern analysis for the UL terminal (J) fragment (Figure 10A).

Because both I358 and d99/I2.3 are deleted for internal repeat sequences and do not isomerize,

end-to-end linkages of genomes at the UL (J) and US (L) terminal repeats form novel joint (JL)

fragments, which should be indicative of circularized genomes (Figure 10A).  Although the

appearance of newly formed joint fragments does not rule out the possibility that new joints are

formed through concatemerization of multiple genomes, the infections were done at a low

multiplicity (moi 1) using purified I358 and purified d99/I2.3 virions to increase the probability

that formation of novel joints is due to intramolecular joining of genome ends (circularization)

rather than intermolecular joining of genome ends (concatemerization).  All infections were
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Figure 10.  ICP0 inhibits formation end-to-end genome linkages during infection.

A. The I358 genome, showing deletion of internal inverted repeats an' and b' and truncation of c'

(c'*). The relevant BglII sites are indicated and are similar in d99/I2.3.  Vero cells were infected

(moi 1) with purified I358 (B) or purified d99/I2.3 (C) virus stocks and harvested at the indicated

times post absorption.  400ug/mL PAA was used to inhibit replication where indicated.  DNA

was isolated from cells, digested with BglII, and then resolved on a 0.8% agarose gel, which was

Southern blotted and probed for HSV sequences that hybridize to the UL (J) terminus and,

subsequently the novel joint (JL) sequence.  Defective genomes described by others are noted

(**) (149).  Note lane 2 in C was slightly underloaded, as observed on the ethidium bromide

staining of gel prior to blotting (not shown).

A.

BglII BglII

 ------ J -----

                           UL                            US

                  an        b                                                c'*                    c       a

 ---L----

I358

B.

C.
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preformed on ice in TBS (+/- 400ug PAA), placed in fresh media (+/- 400ug PAA) at 37
0
C, and

then harvested at the indicated times post absorption on ice; 0 hour time points correspond to

cells harvested after 1 hour absorption on ice.  However, only purified virus stocks were used to

infect cells during restriction enzyme analysis.  At the indicated times post absorption, DNA was

isolated from infected cells, digested with BglII, and then resolved on an agarose gel.  DNA was

transferred to a membrane, which was then, hybridized to HSV-1 XbaI/BamHI sequences,

spanning 10635-11819bp of the genome, that was isolated from a cloned EcoRI JK fragment.

This 1.18kb XbaI/BamHI fragment was used to detect UL termini (J) and subsequently joint (JL)

viral DNA fragments during Southern analysis.  These joint (JL) fragments should only be

present in end-to-end linked viral genomes.

We first examined formation of novel joint fragments (JL) during I358 infection of Vero

cells in both the presence and absence of replication inhibited by PAA (Figure 10B).  Joint (JL)

fragments were only observed at 6 hours post absorption of I358.  In addition, at 6 hours post

absorption for both I358 and d99/I2.3, we also observed a small fraction of bands that arise from

'defective genomes' above the joint (JL) fragment; these bands and 'defective genomes' have

been previously observed and described by others (149). Importantly, joint fragments were not

observed at 0 hours post absorption, from 1-4 hours post absorption, or moreover, at 6 hours post

absorption when virus replication was inhibited by PAA (Figure 10B).  Treatment of cells with

PAA during infection allows all events leading up to replication to occur but inhibits replication

itself, in theory, holding the viral genome in a configuration that will serve as a template for

replication.  Novel joint fragments that accumulate by 6 hours post absorption in the absence of

PAA (JL; Figure 10B) correspond to replicative well DNA during Gardella gel analysis of I358

at 6 hours post absorption (Figure 9A).  We have previously speculated that replicative well
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DNA within Gardella gels is highly branched and/or concatemerized genomes that are

byproducts of ongoing replication (89); the abundance of joint fragments during times in which

well DNA is observed supports this theory.  Consistent with the instability of linear genomes that

we have previously observed during Gardella gel analysis of various HSV viruses (d109, KOS,

and d99) (89) and others have noted (149, 185), the UL terminus (J fragment) was unstable

throughout infection with I358 both in the presence and absence of PAA (J; Figure 10B).  This

instability is more pronounced in restriction enzyme analysis than in Gardella gel analysis, most

likely because a lower multiplicity of infection was used when end-to-end genome junctions

were examined.

By contrast, upon BglII digestion and analysis for d99/I2.3 end-to-end genome junctions, we

observed a small, but detectable, fraction of joint (JL) fragments beginning at 4 hours post

absorption of Vero cells that became highly abundant by 12 hours post absorption (JL; Figure

10C).  The highly abundant joint fragments at 12 hours post absorption correspond to replicative

well DNA observed as early as 8 hours post absorption during Gardella gel analysis of d99/I2.3

(Figure 9B).  Again, replication of d99/I2.3 is somewhat delayed with respect to I358 replication

due to the lack of ICP0 and the UL terminus (J fragment) was unstable throughout infection both

in the presence and absence of PAA (Figure 10B, 10C).  The appearance of joint fragments at 4

hours (Figure 10C) corresponds to the appearance of circular genomes that we observed during

Gardella gel analysis at 4 hours post absorption (Figure 9B). Importantly, at later times (6 hr, 12

hr) post absorption, when replication was inhibited by PAA, a small fraction of joints was

observed (PAA; Figure 10C), consistent with the small fraction of circular genomes that we have

observed in the presence of PAA during Gardella gel analysis of d99/I2.3 (PAA, Figure 9B).

However, the proportion of d99/I2.3 joint (JL) fragments, that appear early during infection (4hr)
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and in the presence of PAA, to their relative UL terminal (J) fragment appears high when

compared to the proportion d99/I2.3 circular to linear genomes during Gardella gel analysis.  A

lower multiplicity of infection was used in analyses for end-to-end genome junctions than in the

Gardella gel analyses.  We have previously demonstrated that at lower multiplicities of infection

a higher fraction of genomes circularize (89), which is consistent with the higher ratio of joint to

terminal fragments in the end-to-end analysis as compared to the ratio of circular to linear

genomes in Gardella gel analysis.

End-to-end linkages of HSV genomes, indicative of circular genomes, begin to form early

during infection (4hr) in only the absence of ICP0 (d99/I2.3) (Figure 10), consistent with the

detection of circular genomes in only the absence of ICP0 during Gardella gel analysis (Figure

9).  These end-to-end linked and circular genomes were also observed in only the absence of

ICP0 when DNA replication was inhibited.  End-to-end genome junctions formed in both the

presence and absence of ICP0 at later times during HSV replication corresponding to replicative

well HSV DNA in Gardella gels and is most likely indicative of highly branched and/or

concatemerized genomes that are intermediates of replication.  Together, these results provide

strong evidence that HSV genomes only circularize in the absence of ICP0 activity; in the

presence of ICP0 genomes remain in a linear state from which replication is most likely initiated.

Our BglII digest analysis for end-to-end linkages of viral genomes, in which we only observed

linkages in the absence of ICP0, is inconsistent with similar studies by Poffenberger and

Roizman in which end-to-end linkages of I358 were interpreted to be due to circularization of

genomes early during infection, regardless of viral gene expression (149).  Our results are also

inconsistent with a very recent paper by Strang and Stow, in which the authors used HSV viruses

that lack 'a' repeat sequences but contain parts of the HSV packaging signal at each termini to
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suggest that end-to-end linkages of genomes, indicative of circular genomes not concatemers, are

present early during infection in the presence of ICP0 and in the absence of HSV gene

expression (185).  However, there are many problems with the interpretation of data in both of

these papers, arising from inherent complexities present within the technique used by both

authors to analyze end-to-end genome junctions.  We also initially experienced many of these

issues during our analysis of end-to-end linkages of genomes.

 Because U L and U S terminal junction fragments are highly abundant during virus DNA

replication, as we (Figure 10) and others (149, 185) have shown, these junctions are present in

virus stocks grown in cell culture due to lysis of cells, where replicating viral DNA is present.

Using unpurified virus in our restriction enzyme analysis for end-to-end linkages of genomes led

to an abundance of UL and US junction fragments within our unpurified virus stocks, even at 0

hours post absorption on ice (data not shown), during which the intensity of junctions increased

with increasing multiplicity of infection.  The end-to-end linkages of I358 noted by Poffenberger

and Roizman may represent replicative intermediates and/or recombination products containing

UL and US terminal junctions derived from unpurified virus inoculum due to the high multiplicity

of infection (40 PFU/cell) used (149).  Unfortunately, 0 hour time points were not provided

during their analysis to determine otherwise.  During our analysis using unpurified I358,

although this junction fragment was present at 0 hours, the intensity did not change throughout

infection until 6 hours post absorption during replication (data not shown).  In fact, even after

virions were purified we observed a very small, but notable, fraction of UL and US junction

fragments within our purified virus stocks for both I358 and d99/I2.3, as we noted above (ICP4;

Figure 7C).  Importantly, when purified virus was used, this fraction was not present at 0 hours

post absorption during analysis for end-to-end linkages of either I358 or d99/I2.3; UL and US
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junctions only formed early during d99/I2.3, not I358, infection and at later times in the presence

of PAA during d99/I2.3, not I358, infection (Figure 10).  In Strang and Stow's analysis, end-to-

end linked genome junctions, in their case UL(r) and UL(l) junctions, are present in unpurified

virion preps used to spike mock infected lysed cells and at 0 hours post absorption with

unpurified virus (185).  Furthermore, in Figure 5 of their paper, the fraction of UL(r) and UL(l)

junctions detected in the presence of PAA throughout infection and in the absence of PAA early

during infection was not much greater than that observed at 0 hours post absorption in each

respective experiment.  At 1 hour post absorption (+PAA), which shows the most dramatic

increase in UL(r) and UL(l) junction fragments, the lane was over loaded, which is demonstrated

by the relative increased stability of T1 and T2 fragments in the presence of PAA at this time as

compared to the relative decreased stability of T1 and T2 fragments in the absence of PAA at

this time.  Also, the lane corresponding to 2 hours postabsorption (+PAA) was underloaded.

Differences in the observed presence of end-to-end genome linkages are most likely due to

contaminating genome junctions, and we suggest these differences are resolved by using purified

virus stocks.  In our hands, both Gardella analysis and BglII analysis for end-to-end genome

linkages, when purified virus is used, consistently suggest that HSV genomes circularize only in

the absence of ICP0 and that ICP0 inhibits genome circularization.   Moreover, these results

strongly suggest that in the presence of ICP0 genomes remain in a linear state from which

replication is initiated.  Subsequently, an initial theta mechanism of HSV replication does not

seem likely. Genome replication may proceed from the three origins of replication on linear

genomes producing highly branched structures that are modified and/or resolved by

recombination and by the viral cleavage/packaging machinery.  Lagging strand synthesis of

linear HSV genomes may be completed through mechanisms such as recombination-dependent
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replication (RDR), a mechanism by which T4 phage lagging strand synthesis is accomplished

(136, 137).
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5. INHIBITION OF DNA REPAIR AND GENOME CIRCULARIZATION BY HSV

ICP0

5.1. Abstract

We have recently shown that in the absence of immediate early protein ICP0 HSV-1 genomes

circularize and that genome circularization is inhibited by ICP0 during productive infections.

From these conclusions, we have hypothesized that the ends of input HSV genomes are treated

as double strand breaks (DSB) that are repaired early during infection via circularization of viral

genomes by cellular DNA DSB repair pathways and that ICP0 inhibits these pathways.  We

examined the effect of ICP0 on proteins involved in DNA repair events in order to study how

ICP0 alters the cellular DNA repair environment, leading to inhibition of genome circularization.

During DNA DSB repair, a complex of Mre11/Rad50/NBS1 (M/R/N) proteins form discrete

nuclear foci that co-localize with phosphorylated H2AX ( H2AX) foci, which accumulate at

DSB's.  Early during abortive HSV infection (1hr) in the absence of IE gene expression, M/R/N

and H2AX foci were observed and colocalized but dissipated at later times (6 hr).  In contrast,

when ICP0 was expressed, M/R/N and H2AX foci accumulated and persisted throughout

abortive infection but did not colocalize.  For the first time, these results suggest that incoming

HSV stimulates cellular DNA repair processes that dissipate or are completed later during

infection in the absence of ICP0.  In the presence of ICP0 this repair response persists and is

altered, as M/R/N and H2AX foci do not co-localize.  ICP0 does not affect the global level of

M/R/N proteins during infection, and M/R/N complexes do not affect circularization of HSV

genomes.  However, ICP0 does induce the degradation of the nonhomologous end-joining

(NHEJ) protein DNA PKcs in a cell type specific manner.  We examined the effect of NHEJ

proteins on circularization of HSV-1 genomes.  In cells mutant for NHEJ proteins, genome

circularization was greatly delayed and decreased.   These results suggest a major role for NHEJ
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in HSV genome circularization. Together, the results provide evidence for cellular DNA repair

responses to incoming HSV genomes and alterations in these repair responses as a result of an

activity of ICP0.

5.2. Introduction

Lytic infection with HSV-1 begins with the expression of five immediate early (IE) viral genes,

designated infected cell polypeptide (ICP) 0, 4, 22, 27, and 47.  IE proteins initiate a cascade of

viral gene expression that leads to virus genome replication and production of progeny viruses.

Latent HSV-1 infection occurs when the viral genome persists in a nucleosome-associated state

(40) in which viral gene expression is largely repressed, thereby precluding virus replication.

However, latent infections can reactivate to produce recurrent lytic infections.

ICP0 plays a pivotal role in balancing the lytic and latent life cycles by greatly enhancing

the probability of the lytic cycle both during primary infection and reactivation events.  Early

during lytic infection, ICP0 localizes to and disrupts ND10 bodies (116), which are discrete

nuclear foci where HSV-1 replication centers may be located (117).  ND10 bodies play a role in

a variety of cellular pathways including cellular stress responses and chromosomal DNA repair

pathways (118).  ICP0 has E3 ubiquitin ligase activity and subsequently induces the in vivo

proteasome-dependent degradation of PML and Sp100 (23), which are constituents of ND10

bodies, of the DNA-dependent Protein Kinase Catalytic Subunit (DNA PKcs) (107) (143), which

is critical for VDJ recombination and DNA double-strand break repair via non-homologous end-

joining (NHEJ) (30), and of CENPA and CENPC (53), which are histone-3 like centromere

proteins.  Exactly how ICP0 activity promotes the lytic cycle remains unclear, although it

ultimately leads to indiscriminate transactivation of viral gene expression.
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We have recently shown that ICP0 also inhibits circularization of HSV-1 genomes (89).

In the absence of ICP0 the HSV-1 genome circularizes.  Viral genomes are thought to persist as

circles during latency, where viral gene expression is largely repressed (44, 159).  Therefore

ICP0 activity may control the balance between the lytic and latent life cycles, in part, by

regulating the configuration of viral genomes.  We hypothesize that in the absence of ICP0

activity the ends of linear HSV-1 genomes are treated as double-strand DNA breaks that are

repaired via circularization of viral genomes by cellular DNA double-strand break repair

pathways.  ICP0 could therefore inhibit circularization of HSV-1 genomes by inhibiting DNA

repair pathways.

In mammalian cells, homologous recombination (HR) and non-homologous end-joining

(NHEJ) are the two primary pathways by which double-strand breaks in DNA are repaired.

Distinct proteins play a role in each NHEJ and HR repair, however some proteins, such as the

Mre11/Rad50/NBS1 (M/R/N) complex, may have overlapping roles in both mechanisms (35).

M/R/N complexes are sensors of DNA double-strand breaks and activate the ATM-mediated

repair pathway (1, 105).  Many proteins involved in HR have redundant functions and are

subsequently somewhat disposable to the mechanism.  However, one protein Rad51 appears to

be necessary for HR (134).  Ku70, Ku80, DNA PKcs, XRCC4, and DNA Ligase IV are critical

for NHEJ in vivo (30).  Ku70 and Ku80 subunits dimerize, forming the regulatory subunits of the

DNA PK holoenzyme (70).   The Ku dimer binds DNA ends (8, 130), recruiting the catalytic

subunit of DNA PK (DNA PKcs) to sites of DNA double strand breaks (70).  Once associated

with DNA-bound Ku subunits, DNA PKcs catalyzes the end-joining reaction through a

combination of phosphorylation events (127) that leads to recruitment of the XRCC4/DNA

Ligase IV tetramer, which enzymatically ligates the DNA ends together (198).  Little sequence
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homology is required for NHEJ repair, while HR involves the exchange of homologous DNA

sequences.

The HSV genome is a linear double stranded DNA molecule that is divided into unique

long and unique short regions that are connected by a joint sequence (195) (197).  Both long and

short regions are bracketed by homologous inverted repeats that contain a 250-500 bp sequence,

termed the 'a' sequence, in a directly repeating orientation at each termini but in an inverted

orientation at the UL/US junction (197) (161).  Thus, the genome is a suitable substrate for either

HR or NHEJ repair mechanisms.

HSV infection induces activation and signaling to proteins involved in DNA damage

responses.  In particular, during HSV infection ATM and Mre11 are necessary for activation and

signaling that results in modification of repair proteins (ATM, Chk2, 53BP1, and NBS1) and

many times redistribution of these repair proteins to HSV replication compartments (111, 178).

Additional studies have also shown redistribution of other repair proteins (DNA PKcs, Ku80,

Rad50, Rad51, BRCA1, WRN, BLM, MSH2, and RPA) involved in NHEJ and HR mechanisms

to viral replication compartments (188, 200).  However, whether these repair proteins are

signaled as a result of input linear viral genomes, are recruited to repair the highly nicked HSV

genome during replication, or play a role in inter- and intra- molecular recombination events that

occur during viral replication has not been determined.

Our focus is to examine how the host cell responds to incoming HSV genomes and how

the virus, in particular ICP0, may counteract or manipulate this response, ultimately leading to

inhibition of genome circularization. Using replication defective mutant viruses, we examined

the distribution of DNA repair proteins in response to input HSV and the effect of ICP0 on this

distribution.  We also examined the ability of DNA repair pathways to circularize HSV genomes
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during infection. Together, the results provide evidence for cellular DNA repair responses to

incoming HSV and an ICP0-induced effect on these responses.  They also strongly suggest a

major role for NHEJ in circularization of HSV-1 genomes.

5.3. Methods

5.3.1. Viruses.

The mutant viruses:  d109, d105, d106, and d99 were derived from wild type strain KOS and

used at the indicated multiplicities of infection (moi) (165).  Where indicated, 400ug/mL

phosphonoacetic acid (PAA; Lancaster Synthesis) was added to Tris-buffered saline (TBS;

0.14M NaCl, 2.7 mM KCl, 25mM Tris-base, pH 7.4) or the appropriate cell culture media during

and after viral absorption to inhibit virus replication.  Virus was allowed to absorb to HEL and

Vero cells for one hour on ice in TBS in order to synchronize infections. Virus was allowed to

absorb to other cells lines for one hour at room temperature in TBS.  After all infections, cells

were washed 1x with TBS and the appropriate media was placed on cells until indicated

harvesting times post-infection.

5.3.2. Cells.

Human Embryonic lung (HEL) cells  (ATCC) were used for all immunofluorescence

experiments and for Western Blot analyses.  HEL cells were maintained in DMEM

supplemented with 10% FBS and grown in 5% CO2 at 37
0
C.  Cells were used at low passage

(<20).  Similarly, Vero (ATCC) cells used in Western Blot analyses were maintained in DMEM

supplemented with 5% FBS and grown in 5% CO2 at 37
0
C.

Cells mutated in genes involved in DNA doubles strand break repair used in Gardella gel

analyses were cultured as follows. Primary fibroblasts from an apparently healthy human

(NBS1+; Coriell Cell Repository) and primary fibroblasts from an individual homozygous for a
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deletion of 5 nucleotides in exon 6 of the NBS1 gene (NBS-; Coriell Cell Repository), resulting

in a truncated protein from a frameshift and subsequent premature termination at codon 218,

were cultured in MEM Eagle-Earle BSS 2x concentration of essential and non-essential amino

acids and vitamins with 2mM L-glutamine and 15% FBS under 5% CO2 at 37
0
C.  MO59J, which

lack DNA PKcs activity, and MO59K (both ATCC), which contain normal levels of DNA PKcs

activity, cell lines isolated from the same human glioblastoma tumor were cultured in a 1:1

mixture of DMEM and Ham's F12 medium with 2.5 mM L-glutamine and supplemented with

0.5mM sodium pyruvate, 0.05mM non-essential amino acids and 10% FBS under 5% CO2 at

37
0
C.  SV40 T-antigen transformed mouse embryonic fibroblasts (MEFs) lacking (-/-) or

expressing (+/+) Ku80 were provided by Dr. Andre Nussenzweig (NIH/NCI).  Both cell lines

were cultured in DMEM with 10% FBS under 5% CO2 at 37
0
C.  SV40 T-antigen transformed

MEFs lacking both p53 and DNA ligase4 (p53-/-lig4-/-) and MEFs expressing DNA ligase 4 but

lacking p53 (p53-/-) were provided by Dr. Frederick Alt (CBR Institute for Biomedical

Research, Boston) and were cultured in DMEM supplemented with 10% FBS and grown under

5% CO2 at 37
0
C.

5.3.3. Immunofluorescence.

HEL cells were plated one day prior to infection on 18mm circular glass coverslips (VWR) at a

densitly of 1.5x10
6
 cells per 60mm dish in media.  Prior to infection, confluent HELs in 60mm

dishes (4 coverslips per dish) were chilled on ice and rinsed with 4
0
C TBS.  Infections were done

on ice for 1 hour with rocking, after which warm media (with 400ug/mL PAA for KOS and d99)

was added.  Cells were incubated immediately at 37
0
C until the desired times post-infection.  At

desired times post-infection, coverslips were rinsed with warm TBS and rapidly submerged in -
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20
0
C methanol for exactly 5 minutes to fix the cells.  Cells were allowed to dry thoroughly prior

to beginning the indirect immunofluorescence protocol.

Cells were stained for various proteins using standard indirect immunofluorescence

techniques.  Antibody dilutions are as follows: rabbit anti-NBS1 (1:200; NOVUS Biologicals),

mouse anti-Mre11 (1:100; GeneTex), mouse anti-PML (1:30; Santa Cruz Biotechnology), mouse

anti-Rad50 (1:100; GeneTex), and rabbit anti- H2AX (1:200; Upstate Biologicals).  Primary

antibodies were followed by secondary anti-mouse IgG-conjugated Alexa Fluor488 or anti-rabbit

IgG-conjugated Alexa Fluor594 (both 1:500; Molecular Probes).  Controls using only secondary

antibodies were performed to ensure no non-specific staining or bleed-through was present (data

not shown).  Coverslips were mounted in gelvatol on glass slides and imaged at 100x power with

a Nikon Diaphot 300 epifluorescent microscope.  Images were collected using the Spot program

and analyzed with Adobe Photoshop software.

5.3.4. Western Blots.

Standard Western Blot protocols were used to examine the levels of DNA repair proteins in

whole cell extracts of HEL and Vero cells infected at the indicated multiplicities.  Briefly,

proteins were resolved on denaturing (SDS) Tris-HCl polyacrylamide gels and then transferred at

250mAmps (4
0
C) onto Hybond-P membranes (Amersham Biosciences).  Non-specific binding

was blocked with 5% milk in PBS-0.5%Tween20.  Membranes were washed with PBS-

0.5%Tween20 3x10 minutes before and after primary antibody staining and 3x10 minutes after

secondary antibody staining.  To detect proteins, membranes were incubated for 1 hour with the

following primary antibodies at the indicated dilutions in PBS-0.5%Tween20 with 3% milk:

DNA PKcs (1:1000; Upstate Biotechnology), mouse monoclonal Ku80 (1:5000; Upstate

Biotechnology), rabbit polyclonal Ku70-H308 (1:5000; Santa Cruz Biotechnology), mouse
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monoclonal Rad51-3C10 (1:2000; Upstate Biotechnology), mouse monoclonal ICP0-1112

(1:5000; Goodwin Institute for Cancer Research, Inc., Plantation, Fla.), mouse polyclonal

XRCC4 (1:1000; GeneTex), mouse monoclonal Rad50-13B3 (1:500; GeneTex), mouse

monoclonal Mre11-12D7 (1:400; GeneTex), and rabbit polyclonal NBS1/p95/nibrin (1:10,000;

Novus Biologicals).  Primary antibodies were detected with secondary anti-mouse (1:4x10
4
) or

anti-rabbit (1:1.5x10
4
) IgG HRP conjugated antibodies (Promega) diluted in PBS-0.5%Tween20

with 3% milk and were visualized by ECL plus Western Blotting Detection System (Amersham

Biosciences) upon exposure of membrane to film.

5.3.5. Gardella gel analysis.

Gardella gels were assembled and preformed as previously described (89).  After infection of

5x10
6
 cells at the indicated multiplicity of infection, cells were harvested at the indicated time

points by washing with TBS, scraping into TBS, and then pelleting by low-speed centrifugation.

Cell pellets were resuspended in 50uL loading dye (15% Ficoll, 0.01% bromophenol blue) and

loaded into the wells of the Gardella gel.  Gels were run at 45V for 3 hours to lyse cells and then

120V for 38 hours to separate circular from linear genomes of the same molecular weight.

Southern blots were used to visualize viral DNA. The 1.8kb BamHI-Y fragment of pKBY (166),

which contains a portion of the ICP4 gene of HSV-1, was used as the probe to detect viral

genomes during all Southern blot analyses.

5.4. Results

5.4.1. Formation of M/R/N complexes and H2AX foci as a function of ICP0.

Foci of the phosphorylated (serine 139) form of histone variant H2AX ( H2AX) accumulate at

sites of DNA double-strand breaks (DSB) (157, 160, 172).  M/R/N foci colocalize with H2AX

foci during repair of DNA DSBs that occur as a result of ionizing radiation (IR) (19) (144).
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Figure 11. Formation of M/R/N foci as a function of ICP0 during abortive infection.

HEL cells were infected with d109 (d-l) or d105 (m-u) at an moi of 20 prior to fixation and

indirect immunofluorescence (IF) staining at 1 hour (d-f; m-o), 2 hours (g-i; p-r), or 6 hours (j-l;

s-u) post infection. A.  Rad50 (green) and NBS1 (red) B. Mre11 (green) and NBS1 (red).  For

both (A) and (B), colocalization is shown in yellow and mock infected cells are shown (a-c).

Highly resolute, colocalizing M/R/N foci can be seen in the presence (d105; inset u) but not

absence (d109) of ICP0.

A B
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Using HSV-1 mutant strains d109 and d105, we examined M/R/N and H2AX foci formation

during viral infection of HEL cells as a function of ICP0.  d109 is an HSV-1 mutant that lacks

expression of all five IE viral genes and subsequently establishes a non-toxic persistent quiescent

state from which gene expression can be de-repressed by ICP0 (165).  d105 is an HSV-1 mutant

that expresses ICP0 but lacks expression of the additional four IE viral genes (165).  Both d109

and d105 form abortive infections in which neither mutant replicates due to lack of ICP4

expression.

We examined formation of M/R/N foci during abortive HSV infections as a function of

ICP0.  In the presence of ICP0, discrete and highly resolute foci of colocalizing Rad50 and

NBS1 (d105, m-u; Figure 11A) proteins and colocalizing Mre11 and NBS1 (d105, m-u; Figure

11B) proteins were observed throughout infection, indicating that M/R/N complexes form in the

presence of ICP0 during abortive infections.  However the numerous, highly resolute M/R/N foci

were not as evident in the absence of ICP0 (d109, d-l; Figure 11A and 11B) or during mock

infections (mock, a-c; Figure 11A and 11B). These complexes accumulated and persisted up to

24 hours post infection with d105 (a-c and d-f; Figure 12).  Co-localizing Mre11 and NBS1 foci

were also observed during wild-type KOS (g-i; Figure 13) but not ICP0-mutant d99 (d-f; Figure

13) infections carried out in the presence of phosphonoacetic acid to inhibit virus replication but

allow for IE gene expression (85).  d99 lacks expression of ICP0, but expresses the additional

four IE genes and thus replicates in the absence of PAA.

We next examined the formation of H2AX foci and its colocalization with M/R/N foci

during abortive infection as a function of ICP0.  With closer inspection, at one hour post

infection with d109, we observed some, yet less resolute, Mre11 foci (g; Figure 14).  These

Mre11 foci clearly co-localized with H2AX foci (g-i; Figure 14).  In the majority of cells, both
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Figure 12.  Rad50 and NBS1 foci accumulate and persist during abortive infection in the

presence of ICP0.

HEL cells were infected with d105 at an moi of 20 and fixed at 12 (a-c) or 24 (d-f) hours post

infection.   Indirect Rad50 and NBS1 IF staining is shown in green and red, respectively.

Colocalization is indicated in yellow.
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Figure 13.  Formation of Mre11 and NBS1 foci as a function of ICP0 during productive

infection in which replication is inhibited.

HEL cells were infected with KOS (g-i) or ICP0-mutant d99 (d-f) at moi of 10 and fixed 6 hours

post infection at which time cells were stained for either Mre11 (green) or NBS1 (red) by

indirect IF.  Cells were infected in the presence of PAA to inhibit virus replication.  Staining of

mock infected cells (a-c) is shown, and colocalization of Mre11 and NBS1 is shown in yellow.
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Mre11 and H2AX foci dissipated by 6 hours post infection (j-l; Figure 14), with Mre11/ H2AX

staining resembling the field of mock-infected cells (a-c; Figure 14).  By contrast, when ICP0

was expressed, both Mre11 (m, p; Figure 14) and H2AX (n, q; Figure 14) foci were observed

throughout d105 infection, with many foci being strongly detected at 6 hours post infection (p-q;

Figure 14), as in IR treated cells (d-e; Figure 14).  Interestingly, in the presence of ICP0, M/R/N

complexes do not co-localize with H2AX foci (o, r; Figure 14) as they do in IR treated cells (f;

Figure 14). These results suggest that infection with d109 induces a cellular DNA repair

response early during infection that dissipates or is completed later in infection, as evidenced by

the formation and then loss of co-localizing M/R/N and H2AX foci.  ICP0 appears to alter this

repair response to incoming HSV in that M/R/N foci accumulate and persist throughout infection

and do not colocalize with H2AX foci.

5.4.2. Levels of DNA repair proteins as a function of ICP0.

We next examined the levels of DNA repair proteins as a function of ICP0 expression (Figure

15).  For both infected HEL and Vero whole cell extracts, we compared the level of DNA repair

proteins in the presence of ICP0 (d106, KOS) and in the absence of ICP0 (d109, d99) at 6 hours

post abortive (d106, d109) and productive (KOS, d99) infection.   d106, like d105, expresses

ICP0 but lacks expression of the additional four IE genes (165).  Levels of proteins involved in

NHEJ (DNA PKcs, Ku70, Ku80, XRCC4) and HR (Rad51) were examined, as well as levels of

proteins that constitute the M/R/N complex (Mre11, Rad50, NBS1).  Of the proteins examined,

only the level of DNA PKcs was dramatically reduced in the presence of ICP0 during both d106

and KOS infection of HEL cells, relative to that observed during mock, d109, or d99 infection of

HEL cells.  Consistently, it has been previously shown that DNA PKcs undergoes proteasome-
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Figure 14. Colocalization of Mre11 and H2AX foci in the absence but not presence of ICP0

during abortive infection.

HEL cells were infected with d109 (g-l) or d105 (m-r) at an moi of 30 and fixed 1 hr (g-i; m-o)

or 6 hr (j-l; p-r) post infection.  Indirect IF was used to detect Mre11 (green) and H2AX (red);

colocalization is shown in yellow.  Cells in a-c were mock infected, with approximately only 5%

of cells containing Mre11/ H2AX foci in nuclei (inset c).  Cells in panels d-f were treated with 5

Gy ionizing radiation (IR) and allowed to recover for 30 minutes prior to fixation and staining.

Colocalization of Mre11 and H2AX can be seen in IR treated cells (inset f) and early during

d109 infection (inset i) but not during d105 infection (inset r).
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A. B.

Figure 15.  Global level of DNA repair proteins as a function of ICP0.

Western blot analysis of HEL (A) and Vero (B) whole cell extracts at 6hr post-infection with the

indicated virus (moi = 10).  The DNA repair proteins analyzed are indicated.
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dependent degradation as a result of ICP0 expression in human-derived Hela (107) (143) but not

monkey-derived Vero cell lines (200).

In addition, during KOS infection and to a lesser extent during ICP0-mutant d99 infection

of both HEL and Vero cells, the mobility of NBS1 was slightly decreased (NBS1; Figure 15),

which we project to be due to phosphorylation.  Phosphorylation of NBS1 indicates induction of

cellular ATM DNA repair processes (202) and has been observed by others during HSV

infection (111, 200) (178). However, our study indicates that NBS1 modification does not occur

as a function of ICP0 expression but rather occurs in response to additional factors that are

present during both wild-type KOS and ICP0-mutant d99 infections.

5.4.3. NHEJ is involved in circularization of HSV-1 genomes

We hypothesized that DNA repair pathways play a role in circularizing HSV-1 genomes in the

absence of ICP0 expression and that ICP0 inhibits circularization by inhibiting DNA repair

pathways.  Due to ICP0-induced degradation of DNA PKcs, which plays a major role in NHEJ,

we examined circularization of d109 genomes in cells lacking NHEJ proteins using Gardella gel

analysis (Figure 16).  M059J cells are a human glioblastoma derived cell line that lack DNA

PKcs activity (106).  M059K cells are their complementing cell line that contain normal levels of

DNA PKcs activity and were derived from the same human glioblastoma tumor (106).  In

M059K cells we detected circles in Gardella gels between 1 and 2 hours post infection, which is

consistent with our previously determined kinetics of d109 circularization in Vero cells (Figure

16A).  However, in M059J cells the kinetics of d109 circularization were severely delayed

(Figure 16A).  A similar delay in the kinetics of d109 circularization was also observed in mouse

embryonic fibroblasts (MEF) lacking Ku80 expression relative to a complementing MEF cell

line expressing Ku80 (Figure 16B) (194).  In addition, the fraction of d109 genomes that
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Figure 16.  Circularization of HSV genomes in cells deficient in NHEJ.

A.  MO59J (DNA PKcs -) or M059K (DNA PKcs +) human gliablastoma cells were infected

with d109  (moi 20) for the indicated times and analyzed by Gardella gels.  Arrow indicates

position of circular genomes.  B.  Ku80+/+ or Ku80-/- MEFs were infected with d109 (moi 20)

for the indicated times and analyzed by Gardella gels.  C. Vero, ligase4-/-p53-/-(a) MEFs,

ligase4-/-p53-/-(b) MEFs, and p53-/- MEFs were infected for 6 hours with d109 or d106 (moi

20) and then analyzed by a Gardella gel. Circular (O) and linear (l) genomes are indicated.

A.     B.  C.
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circularized was greatly decreased in cells lacking DNA PKcs (compare M059J and M059K 4hr;

Figure 16A).  Even more discernable is the reduction in circularized d109 genomes we also

observed in two independent MEF cell lines lacking both DNA ligase4 and p53 (lig4-/-p53-/- (a),

lig4-/-p53-/- (b)), relative to MEFs lacking only p53 (p53-/-) (Figure 16C).  Deletion of both p53

and DNA ligase4 rescues the embryonic lethality conferred by DNA ligase4 deletion alone (3)

(62) (93).  Consistent with ICP0's ability to inhibit circularization of viral genomes (89), circular

genomes were not detected during d106 infection of p53-/- or lig4-/-p53-/- (a) and (b) MEFs

(Figure 16C).  In lig4-/-p53-/- MEFs there was a small, but detectable, fraction of circular

genomes observed in the absence of ICP0 (Figure 16C).  These results provide strong evidence

for a critical, but not absolute, role of the NHEJ pathway in circularizing HSV genomes in the

absence of ICP0 expression.

Although ICP0 does not alter levels of proteins that constitute the M/R/N complex, it

induces the accumulation and persistence of M/R/N foci (Figure 11, 12, 13) during HSV

infection and inhibits co-localization of H2AX foci with M/R/N complexes (Figure 14),

suggesting that it alters DNA repair responses induced by incoming HSV.  We thus examined

circularization of d109 by Gardella gel analysis during infection of a human cell line derived

from a Nijmegen Break Syndrome patient containing a severely truncated non-functional form of

NBS1 and during infection of a cell line derived from a healthy, functional NBS1-expressing

individual.  There was no detectable difference in the kinetics of d109 circularization or the

fraction of genomes that circularized in cells lacking functional NBS1, with respect to cells

expressing functional NBS1 (Figure 17).  Because M/R/N nuclear repair foci are not formed in

cells lacking NBS1 (19) (43), the results suggest that processes localized to M/R/N nuclear foci

do not play a significant role in circularizing d109 genomes.
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Figure 17.  NBS1 does not affect HSV genome circularization.

Human cells lacking functional NBS1 (-/-) or expressing functional NBS1 (+/+) were infected

with d109 at an moi of 10, harvested at the indicated times post infection, and analyzed by

Gardella gels.  Circular (O) and linear (l) genomes are indicated.
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5.5. Discussion

We have previously shown that ICP0 inhibits HSV genome circularization (89) and have

subsequently hypothesized that in the absence of ICP0 activity the ends of HSV genomes are

treated as double-strand DNA breaks that are repaired via circularization of viral genomes by

cellular DNA double strand break repair pathways.  ICP0 could therefore inhibit circularization

of HSV genomes by inhibiting DNA repair pathways.  In this study we have examined both the

effect of ICP0 on the cellular DNA DSB repair environment and the effect of repair pathways on

circularization of HSV genomes.   Incoming HSV appears to stimulate DNA repair events, and

DNA repair pathways in particular NHEJ play a major role in HSV genome circularization.

ICP0 both affects DNA repair events and inhibits HSV genome circularization.

M/R/N complexes are essential for DSB repair and genomic stability.  These foci

accumulate at sites of ongoing DNA repair (19, 144).  Others have shown these foci accumulate

at sites of HSV replication (111, 188, 200) and suggest that these repair proteins facilitate the

HSV productive cycle (111).  Here we demonstrate that in the presence of ICP0, M/R/N

accumulate and persist both during abortive infection (d106) (Figure 11, 12) and, consistent with

the results of others (200), during productive infection (KOS+PAA) when replication is inhibited

by PAA (Figure 13).  H2AX foci, which are markers for ongoing DNA DSB repair (157, 160,

172), also accumulate during abortive infections in the presence of ICP0, as we have previously

observed (72).  However, unlike during DSB repair events, M/R/N and H2AX foci do not

colocalize and do persist when ICP0 is present (Figure 14).    Although not as apparent in Figure

11, both M/R/N and H2AX foci also form in the absence of ICP0 (d109) early (1hr) during

abortive HSV infection (Figure 14).    Importantly, H2AX foci colocalize with M/R/N foci

formed early during d109 infection, but at later times (6hr) both foci dissipate, which is similar to
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the formation and then dissipation of these foci during DSB repair events.  These results suggest

that input HSV stimulates DNA repair events that dissipate or are completed at later times during

infection in the absence of ICP0.  Importantly, these repair events are affected by the presence of

ICP0, as both H2AX and M/R/N foci accumulate and persist and do not colocalize.

These results are the first to show that during abortive infections, both H2AX foci and

M/R/N complexes form in response to input HSV (Figure 11, 14) and that ICP0 promotes the

accumulation and persistence of these complexes (Figure 12) but disables their association with

each other (Figure 14).  However, whether or not M/R/N complexes or H2AX foci form at sites

of input HSV genomes remains undetermined.  We did not observe correlations between the

number of H2AX foci formed and the number of input HSV genomes during infections at

various multiplicities (data not shown), which suggest that repair foci form at sites of cellular

DNA.  Early events during HSV-1 infection induce damage to host cell chromatin, including

chromosome uncoiling, fragmentation, and margination (26, 139, 140, 145, 182).  These events

require HSV entry and IE gene expression (61, 140) and subsequently could be caused by ICP0

during abortive infections, thereby inducing the accumulation and persistence of M/R/N and

H2AX foci.  Consistently, ICP0 induces the loss of kinetochore proteins CENPC and CENPA,

which may lead to chromosome instability (53).  However, M/R/N foci do not colocalize with

H2AX during infection, as would be expected during DSB repair events, suggesting that the

repair process is somehow disrupted in the presence of ICP0.

The levels of M/R/N protein constituents are not affected in either the presence or

absence of ICP0 during both productive and abortive infections (Figure 15).  However, during

productive infections, NBS1 is most likely modified by phosphorylation, as has been observed

by others (200) (111) (178).  M/R/N complexes are sensors to DNA DSB's and recruit/activate
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ATM (1, 105).  NBS1 is phosphorylated by ATM during activation of the ATM repair pathway

(202).  We have shown that this modification is not dependent on ICP0 but does require

additional viral proteins other than ICP0; others have suggested it to be dependent on the

presence of the HSV DNA polymerase HP66 (200).  During abortive infections, incoming HSV

appears to stimulate DNA repair events that induce M/R/N and H2AX formation, but these

events occur in the absence of detectable ATM activation, as NBS1 phosphorylation is not

present during abortive infections (d109, d106; Figure 15).  Others have also observed the

absence of detectable ATM activation during abortive infections with replication incompetent

virus (HSV amplicon vector) (178).  Regardless of ICP0, the ATM repair pathway does not

appear to be activated by input HSV.  During HSV infection, additional factors must play a role

in the activation of ATM.  Lack of HP66 inhibits recruitment of repair proteins, including NBS1,

to prereplicative sites and inhibits activation of ATM, as evidenced by the absence of NBS1

phosphorylation (200).    Perhaps recruitment of NBS1 to prereplicative sites, which are not

present during abortive infections, is required for ATM activation.

We have previously established that ICP0 inhibits HSV genome circularization (89) and

have shown here that ICP0 alters DNA repair events involving M/R/N complexes that occur

independent of ATM activation in response to incoming HSV.  Although ICP0 appears to alter

these DNA repair events, M/R/N complexes and the ATM pathway do not play a role in

circularization of HSV genomes, as HSV circularization remains unaffected during abortive

infections of cells lacking functional NBS1, in which M/R/N complexes do not form (Figure 17)

(19, 43).  Others have shown that M/R/N complexes and their associated processes may facilitate

HSV replication (111).  ICP0 may somehow direct this facilitation by promoting the
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accumulation and persistence of M/R/N complexes and/or by potentially altering their nuclear

distribution.

Of the proteins we examined, only the level of DNA PKcs was decreased in HEL cells

but not Vero cells as a function of ICP0 (Figure 15).  The levels of other examined proteins were

not affected in either the presence or absence of ICP0 during both productive and abortive

infections.  Consistently, it has been previously shown that DNA PKcs undergoes proteasome-

dependent degradation as a result of ICP0 expression in human-derived Hela (107) (143) but not

monkey-derived Vero cell lines (200).  Because of the cell type specific degradation of the global

level of DNA PKcs, we suggest that ICP0 may have a localized effect, possibly only occurring

where ICP0, viral genomes, and DNA repair proteins colocalize early during infection.

Consistently, in Hep-2 cells DNA PKcs is somewhat degraded and complexes of DNA PKcs,

Ku80, Ku70, and XRCC4 co-precipitate with the HSV single stranded DNA binding protein,

ICP8, at times in which ICP8 is localized to HSV genomes, suggesting a direct and/or indirect

interaction between these NHEJ repair proteins with viral genomes (188).  Furthermore, only

autophosphorylated forms of DNA PKcs, which are a very small fraction of the very abundant

global level of DNA PKcs, localize to sites of DNA DSB's during repair events (22).

In cells deficient in NHEJ repair, HSV genome circularization is reduced (Figure 16).

DNA PKcs and Ku80 play a critical but not absolute role in recognition and repair of DSB via

NHEJ (30), which is consistent with the reduction and delay but not abrogation of circularization

in cells lacking these proteins (Figure 16A, 16B).  DNA Ligase4 is the most essential protein in

the NHEJ mechanism due to its role in the enzymatic ligation of DNA ends (62, 198).

Consistently, circularization is almost completely inhibited in cells lacking DNA Ligase4 (Figure
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16B).  These results provide strong evidence for a role of NHEJ in circularization of HSV

genomes.

Infected cells appear to treat ends of linear double-stranded HSV genomes as breaks in

DNA, and NHEJ serves as a mechanism to repair these breaks, subsequently circularizing HSV

genomes.  Linear un-integrated cDNA copies of retroviral genomes, including HIV, also undergo

circularization (14, 91, 110) during infection and are substrates for the host cell NHEJ DNA

repair pathway (91, 110). Some NHEJ proteins may be inhibitory to HSV replication (143, 188).

HSV may evade host NHEJ pathways by expressing ICP0 to inhibit this pathway.  In some cells

types, ICP0 induces the global degradation of the NHEJ protein, DNA PKcs; in other cell types

the effect of ICP0 may be more localized than global.  This process would mirror that found

during adenovirus (AV) infection, in which Mre11 promotes concatemerization of AV genomes,

while AV E4 products inhibit concatemerization by promoting degradation of M/R/N proteins

(184).  Circularization of HSV genomes by NHEJ could result in a stable configuration during

latency (44, 89, 159).  In neurons, where HSV establishes latency, the abundance and/or activity

of ICP0 may be reduced (25) (86) and NHEJ may be the predominant pathway by which DSB's

in DNA are repaired (31, 66, 163).  Competition between NHEJ mechanisms, which attempt to

circularize HSV genomes, and the ability of ICP0 to inhibit circularization by altering/inhibiting

the DNA repair environment, may in part affect if and how latency is established.  When ICP0

prevails the balance may be swayed in favor of productive infections, when NHEJ processes

prevail the balance may be swayed in favor of latency.
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6. SUMMARY AND GENERAL DISCUSSION

6.1. Summary of results

The study presented here models changes in HSV genomes as they occur during the

establishment of productive and latent infections.  HSV mutant viruses deleted for specific

subsets of viral genes were used to elucidate how host cells respond to incoming linear, double-

stranded HSV genomes and how the virus manipulates this response to promote the productive

cycle.  The results of this study have important implications in understanding the mechanisms by

which HSV genomes replicate during the productive cycle, the mechanisms by which stable

genome configurations are established during latency, and the pivotal role that ICP0 plays in the

balance between the productive and latent life cycles.

In Chapter 3, we have shown by Gardella gel analysis (67) that during infection HSV

genomes circularize in the absence of ICP0 and that ICP0 inhibits genome circularization (89).

d109 is an HSV mutant that lacks expression of all five IE viral genes and can subsequently

persist in a non-toxic state in nuclei of infected cells (165).  D109 forms an abortive infection in

which the virus does not replicate and was used to model events leading to and during latency

(165).  During long-term infections that model latency, d109 genomes persist in a stable circular

configuration.  However, early during abortive infections, expression of ICP0 in cis or in trans

can inhibit genome circularization.  ICP0 also inhibits genome circularization early during

productive infections in which HSV replicates and when productive replication is inhibited by

phosphonoacetic acid (PAA).  Circular genomes are only present during productive infections

with ICP0 mutants.  Because ICP0 is available to inhibit genome circularization within the first

hour of wild-type infection and genome circularization occurs between 1 and 2 hours post

infection in the absence of ICP0, circular genomes are not likely to be present during the lytic

cycle.  Furthermore, if circular genomes were required for replication during productive
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infections, then all genomes that replicate would have to initially circularize.  During infection,

we detected as little as 2% of input genomes in a circular configuration by Gardella gel analysis,

while at least 10% of these input genomes can replicate.  If circularization were required for

replication, then at least 10% of input genomes would have to circularize to serve as templates

for replication and this fraction of circular genomes would have been detected by Gardella gel

analysis, which is sensitive enough to detect as little as 2% of genomes in a circular state.

Contrary to previous literature that suggests HSV replication is initiated from a circular genome

template via a theta mechanism (65, 149, 185, 186), we suggest that HSV genomes replicate

from a linear template, because ICP0 inhibits genome circularization and hence theta mode

replication which requires circular genomes.

Because in Chapter 3 we have challenged the widely accepted concept that circular genomes

serve as the initial template for HSV genome replication, we have employed/compared two

different analyses to examine HSV genome configurations in Chapter 4.  By comparing our

method of Gardella gel analysis (67, 89) for circular genomes to other's methods of restriction

enzyme analysis for end-to-end linkages of viral genomes (149, 185), we have clarified

discrepancies between our results that suggest HSV genomes circularize only in the absence of

ICP0 activity (89) and literature that suggests genomes circularize early during infection in both

the presence and absence of viral gene expression, including ICP0 (65, 149, 184, 186).  The

ultimate goal of Chapter 4 has been to determine whether or not circular genomes are present

early during productive infection and can subsequently serve as the initial template for genome

replication.

In Chapter 4, we have examined circularization during productive infections with a non-

inverting HSV mutant I358 (149, 150) and an ICP0-deleted version of I358 termed d99/I2.3.
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Using these viruses, Gardella gel analysis has shown that circular genomes are present in the

absence but not presence of ICP0 during productive infections.  Consistently, using restriction

enzyme analysis, we have also found that end-to-end linkages of viral genomes, indicative of

circularized genomes, are only present early during infection, prior to replication, in the absence

of ICP0 (d99/I2.3).  End-to-end linkages of genomes formed at later times during replication in

both the presence and absence of ICP0 correspond to replicative well DNA found in Gardella

gels in both the presence and absence of ICP0 and are likely to be indicative of highly branched

and/or concatemerized genomes generated during replication.  Importantly, novel end-to-end

linkages of viral genomes were only formed when purified virus stocks were used; when

unpurified stocks were used end-to-end linkages were detected prior to viral entry, during

infection, and in unpurified stocks.  The use of unpurified virus stocks in this analysis for end-to-

end linked genome junctions may result in the presence of contaminating end-to-end linked

genome fragments, which could be misinterpreted as HSV genome circularization and account in

part for inconsistencies between the results of other's (149, 185) with ours (89).  Together both

our Gardella gel analysis for circular genomes and our restriction enzyme analysis for end-to-end

linkages of genomes using purified HSV stocks provide strong evidence that during productive

infections HSV genomes only circularize in the absence of ICP0 and that ICP0 inhibits genome

circularization.  It follows that circular genomes are not likely the initial template for HSV

replication, rather, HSV genomes may replicate from a linear template.  In addition, the ability of

ICP0 to inhibit genome circularization, thereby providing a linear template for HSV replication,

is a newly defined mechanism by which ICP0 may promote the lytic cycle.

We have hypothesized that ends of linear, double-stranded HSV genomes are recognized as

double-strand breaks (DSB) in DNA by host cells.  In the absence of ICP0 activity, DNA DSB
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repair mechanisms in host cells may repair the ends of HSV genomes by circularization.  ICP0

may inhibit HSV genome circularization by inhibiting these repair pathways.  In Chapter 5 we

examined the effect of ICP0 on the cellular DSB repair environment and the effect of cellular

DSB repair pathways on circularization of HSV genomes.  Using mutant HSV viruses, we show

that Mre11/Rad50/NBS1 (M/R/N) DSB repair complexes form in response to incoming HSV

during abortive infections and that ICP0 promotes the accumulation and persistence of these

complexes but disables their association with a marker for DSB's in DNA ( H2AX).  This

suggests that ICP0 somehow alters the DNA repair environment during infection.  Although

M/R/N complexes are sensors of DSB's and recruit/activate the ATM repair response (1, 105),

the ATM pathway is not activated during abortive infections; it is activated independent of ICP0

during productive infections.  We show that M/R/N complexes and the ATM pathway do not

affect genome circularization; others have shown that they may facilitate HSV genome

replication (111).  Rather, non-homologous end-joining (NHEJ) mechanisms may circularize

HSV genomes and may be inhibited in certain cell types by ICP0 (107, 143, 188).  These results

suggest that host cells respond to incoming parental HSV genomes as foreign DNA with DSB's.

ICP0 may promote the productive cycle of the virus by inhibiting these DSB repair mechanisms,

providing a linear genome template from which replication can initiate.

6.2. New models of HSV replication

After IE and E gene expression, replication can proceed from three origins of replication on the

HSV genome.  A model for HSV replication, in which only one HSV genome is required, has

been deduced from both experimental evidence and the known structural characteristics of HSV

genomes (10, 21).  Many studies have provided evidence that circular genomes are present early

during HSV infection, in both the presence and absence of viral gene expression (65, 149, 185,
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186).  All of these studies deduced circularization of genomes by showing either end-to-end

linkages or loss of genome termini during infection.  Because end-to-end linkages of viral

genomes have been detected early during infection regardless of gene expression (65, 149, 185,

186), circles have been considered the default configuration of HSV genomes during infection.

These circular genomes have been proposed to serve as templates for replication during the

productive cycle (149, 185) and to serve as stable configurations during latency (44, 89, 159,

186).

HSV replication has been thought to proceed from this circular genome template by an

initial theta and subsequent rolling circle mechanism (10, 162), producing genome concatemers

during the replication process (6).  This model is supported by the fact that only one viral

genome is necessary for replication and the fact that the ends of viral genomes, which contain

homologous direct a repeats, are suitable substrates for ligation or recombination of genome

termini into circular genomes (162).  The evidence for the initial theta mode of replication has, in

part, led to theory for the later rolling circle stage of replication, which requires an initial circular

template.  There is evidence that genomes exist as highly branched concatemers during later

stages of replication (6, 174, 175), and a rolling circle mechanism is predicted to produce

concatemers of genomes (162), although not nearly as highly branched as those observed (174,

175).

However, in the present study we challenge the previous model of HSV replication by

providing evidence that replication is initiated from a linear genome template, while circular

genomes are the stable configuration during latency.  Within Chapters 3 and 4 we clarify in

detail how/why our results deviate from those interpreted by others.  Many inconsistencies of our

interpretations with others can be explained by technique (Chapter 4).  Using multiple
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techniques, including Gardella gel analysis for circular genomes and examining the formation of

end-to-end linkages of genomes, we consistently show that HSV genomes circularize in the

absence of ICP0 and that ICP0 inhibits genome circularization early during infection, providing a

linear genome template from which replication is most likely initiated.  For these reasons, a new

model of replication in which replication is initiated from a linear not circular genome is

required.

In light of our published results from Chapter 3 (89), studies have begun to consider

alternative mechanisms by which HSV replicates from a linear genome template (136, 137).

Replication of HSV may begin on a single, linear genome template from origins of replication

that require HSV proteins to initiate and proceed into semi-discontinuous replication.  However,

replication of a linear HSV genome would encounter problems when the replication fork reaches

genome termini, as removal of the RNA primer from the lagging-strand termini would create a

gap that would progressively eliminate genetic material upon successive cycles of replication.

One speculated mechanism by which HSV can circumvent this problem is through

recombination-dependent replication (RDR), a mechanism by which T4 phage lagging strand

synthesis is accomplished (129).  In T4, the end of one linear genome invades into a homologous

region of another linear genome, utilizing it as a template to complete lagging-strand synthesis

(129). However, only one HSV genome is required for replication and thus itself must be a

sufficient template from which replication proceeds.  The homologous inverted repeats

bracketing the UL and US regions of the genome provide a way in which RDR can complete

replication of a single linear HSV genome.  HSV genome termini may use the homologous

internal inverted repeats as templates for lagging-strand synthesis.  During further rounds of

replication, the end of one linear genome may use the homologous regions of another linear
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genome or its own internal inverted repeats as templates for lagging-strand synthesis.  RDR

would generate highly branched replication intermediates that are commonly seen in HSV

infected cells (174, 175) and we have observed in wells of Gardella gels during HSV replication

(89).  Furthermore, studies have reconstituted recombination-dependent DNA synthesis using

HSV-1 enzymes (136, 137).  These authors have also proposed that in addition to a means of

replication, RDR may repair double-strand breaks that may occur during replication at collapsed

replication forks and/or during isomerization events (136).   RDR fits both empirical and

theoretical observations thus far made for HSV genome configurations prior to and during

replication and subsequently remains a likely mechanism by which HSV genomes replicate.

6.3. Pivotal role of ICP0 in promoting productive cycle.

ICP0 facilitates HSV production during both lytic infections and during reactivation from a

repressed latent state.  Although ICP0 is known to induce the degradation of cellular proteins

(53, 107, 116, 143) and indiscriminantly transactivate gene expression, the mechanisms by which

ICP0 promotes productive infections remains unclear.  Because ICP0 is the only HSV protein

capable of inducing gene expression from otherwise quiescent HSV genomes, ICP0 is likely to

promote the lytic cycle by inhibiting repressors of virus gene expression and production.  In the

present study we provide evidence for a new mechanism by which ICP0 may promote the lytic

cycle.

 In Chapters 3 and 4, we show that ICP0 inhibits HSV genome circularization, providing

a linear genome template from which replication may be initiated.  HSV genomes may

circularize as a consequence of cellular mechanisms following infection, but the expression of

ICP0 very early in infection inhibits circularization.  Although circular herpesvirus genomes

have been detected in Gardella gels of VZV infected cells (100) and by electron microscopy in
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pseudorabies virus (PRV) infection (90), this circularization may take place prior to the synthesis

of their respective ICP0 homologs, as VZV Orf61 and PRV EP0 proteins, which both possess

structural and function similarities to HSV ICP0 (132, 133), differ from HSV ICP0 in that they

are expressed later during infection with these viruses.  In the case of HSV, linear molecules may

serve as more efficient templates for genome replication.  This may in part explain why ICP0

mutants are significantly impaired for replication at low multiplicities of infection (164, 183), a

condition in which a higher fraction of circular genomes accumulate (Chapter 3).

Exactly how ICP0 inhibits circularization remains unclear, however, it is likely that ICP0

inhibits DNA DSB repair pathways responsible for genome circularization.  As a known inducer

of protein degradation and with its activity as a ubiquitin ligase (13, 192), ICP0 may inhibit

circularization by the targeted degradation of repair proteins via the proteasome pathway.  In this

study, we show that NHEJ repair pathways circularize HSV genomes; others have shown that

proteins involved in NHEJ are inhibitory to the productive cycle of HSV (143, 188). NHEJ

requires the DNA-dependant protein kinase (34), which has been shown by others and us to be

targeted for proteasome-mediated degradation by ICP0 (107, 143, 188). The ability of NHEJ

repair mechanisms to circularize HSV genomes and of ICP0 to inhibit this repair pathway would

conceptually mirror that found during adenovirus (AV) infection, in which the M/R/N repair

complex promotes concatemerization of AV genomes, while AV E4 gene products inhibit

concatemerization by promoting degradation of M/R/N proteins (184).

Although ICP0 alters the DNA repair response of host cells to incoming HSV by altering

the nuclear distribution of M/R/N complexes and their association with a marker for DNA

DSB's, it does not induce the degradation of M/R/N constituents.  M/R/N complexes can be

found at ND10 bodies (18) and at sites of HSV replication (111, 178, 188, 200), which is likely
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to initiate at the periphery of ND10 bodies (117). Studies have shown that M/R/N complexes

may facilitate HSV replication (111).  Early during infection, ICP0 localizes to and disrupts

ND10 bodies by inducing the degradation of their major constituents PML and Sp100 (116, 117).

Disruption of ND10 may release or make available proteins such as M/R/N complexes that may

facilitate the lytic cycle.  ICP0 also localizes to and disrupts centromeres by inducing the

degradation of the centromere proteins CENPA and CENPC (53). The heterochromatin protein

HP1 can be found at both centromeres and ND10 bodies during HSV infection (51, 53) and has

been associated with transcriptional silencing (131).  Proteins such as HP1 could lead to

silencing of HSV genomes.  In this case, disruption of ND10 and centromere structures may

disable repressors of the HSV productive cycle.  Through complex interactions with proteins at

specific subnuclear sites and by targeting specific proteins for degradation, ICP0 may both

inhibit repressors and facilitate activators.  Much more research is required to delineate the exact

role that each cellular protein affected by ICP0 plays in either promoting or inhibiting the

productive cycle.  Those that repress the productive cycle are likely to be inhibited by ICP0,

while those that promote the productive cycle are likely to be facilitated by ICP0.

6.4. Circularization, latency, and reactivation

Latent HSV infections are established in sensory neurons that innervate the primary site of

productive infection.  During HSV latency, the productive cycle of viral gene expression is

repressed and HSV genomes persist in an extrachromosomal state (126) that is bound by

nucleosomes in a chromatin arrangement (40).  The ability of HSV genomes to adopt a

repressed, stable state is necessary for its non-toxic persistence during these life-long infections.

Many studies have examined the configuration of HSV genomes during persistent infections in

vitro and during latent infections in vivo.  DNA isolated from the trigeminal ganglia of both
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latently infected mice and humans lacks genome ends (44, 159).  During long-term infection of

neuronal-differentiated PC12 cells in which genomes become quiescent and do not produce

progeny virus, HSV genomes persist in an endless state (186).  In this study we have used

Gardella gel analysis to show that HSV genomes persist as stable circles during persistent and

quiescent infections that model latency (89).  The presence of endless genomes during latency

and the presence of circular genomes observed by us and endless genomes observed by others

during models of latency provide strong evidence that HSV genomes persist as circles during

life-long latent infections.

Linear un-integrated cDNA copies of retroviral genomes, including HIV, undergo

circularization (14, 91, 110) during infection and are substrates for the host cell NHEJ DNA

repair pathway (91, 110).  During infection host cell DNA repair pathways also induce

adenovirus concatemerizaion, which is inhibited by adenovirus proteins (111, 199).  We have

similarly hypothesized that host cells respond to incoming linear, double-stranded HSV genomes

as DNA double-strand breaks (DSB) that are subsequently repaired by circularization via host

cell DNA repair pathways.  ICP0 may inhibit circularization by inhibiting these repair pathways.

Consistently, in Chapter 5 we show that NHEJ circularizes HSV genomes and that ICP0 may be

somewhat inhibitory to NHEJ.  Interestingly, NHEJ may be the major mechanism of DSB repair

in neurons (31, 66, 163), where HSV latency is established and the abundance and/or activity of

ICP0 may be regulated or reduced (25, 86) during HSV infection.  When productive infections

spread to innervating neurons, these neurons may attempt to repair genome termini by NHEJ

mechanisms.  In this environment, genomes may circularize in some infected cells, where the

level/activity of ICP0 is low, leading to persistence and latency, and in other infected cells,
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where the level/activity of ICP0 is high, genomes may remain linear, resulting in an abortive or

lytic infection depending on the abundance of other viral regulatory and replication proteins.

From a latent state, the productive cycle can be reactivated by various physiological

stresses and also ICP0 (15, 29, 109).  However, in the current study, we have provided evidence

that HSV genome configurations diverge during diverging life cycles of HSV.  During the

productive cycle, we suggest that genomes replicate from a linear template, while during latency

we suggest genomes persist as stable circles.  During reactivation, stable circular genomes must

either serve as genome templates for replication or must become linear to serve as templates for

replication.  How the configuration of genomes change during reactivation remains unclear.

During reactivation, physiological stresses are thought to somewhat de-repress viral gene

expression, allowing for expression of ICP0, which is thought to further de-repress viral gene

expression by inhibiting cellular repressors (51).  We have shown that ICP0 inhibits genome

circularization, providing a linear template for genome replication during productive infections.

It follows that ICP0 may also play a role in providing a genome template for replication during

reactivation.  Further experiments are required to determine whether or not circular or linear

genomes serve as templates for replication during reactivation and if ICP0 plays a role in

regulating this configuration during reactivation, potentially creating yet another mechanism by

which ICP0 promotes the productive cycle.
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