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Abstract

DEVON ARCH GREGORY: Effects of HSV-1 infection
on disparate cell signaling pathways.

(Under direction of Steven L. Bachenheimer)

Herpes simplex virus (HSV) commandeers cellular machinery in order to replicate.

Two pathways which are utilized by the virus are the NFκB pathway and the DNA double

strand break (DSB) response. The NFκB pathway is activated in a sustained manner

following infection. This activation leads to a suppression of apoptosis in certain cell types

and may also assist in viral gene expression. The most common route of activation for NFκB

is through the IKK complex and IκB. This dissertation examines the NFκB pathway

upstream of IκB, characterizing the role of IKKα and IKKβ, the two kinase subunits of the

IKK complex. Both were found to be necessary for NFκB activation, though at different

junctions in the pathway. Potential upstream effectors of the IKK complex are also

characterized. PKR, NIK and Tak1 are kinases that activate the IKK complex following

various normal cellular stimuli. None play a role in activation following HSV infection

however, suggesting a unique method of activation by HSV.

The cellular DSB response normally recognizes breaks in cellular DNA in order to

repair the damage and initiate cell cycle arrest or apoptosis to maintain the integrity of the

cell and organism. This dissertation examines the machinery involved in the initial detection

and signaling of the DSB response following HSV infection. HSV activates the DSB

response dependent upon viral DNA replication. Though downstream signaling in the

pathway is not essential for viral replication, it does contribute to the efficacy of replication.
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Curiously, Mre11 was seen to be lost following infection. Mre11 is a component of the

MRN complex which initially detects DSBs. Its loss suggests that the DSB response is

inhibited and so the mechanism for its loss was pursued. Mre11 loss was not dependent upon

ICP0, nor the activities of the proteasome or lysosome. Viral DNA replication was required

for Mre11 loss, though not late gene expression. Mre11 loss was observed following

activation of the DSB response with camptothecin, suggesting that its loss following

infection is a result of an endogenous cellular mechanism.
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CHAPTER 1

INTRODUCTION

Herpes simplex virus type 1 (HSV-1) is estimated by the CDC to infect up to 90% of

the US population. It is closely related to herpes simplex virus type 2, sharing a homologous

genome with 40% sequence identity. Normally, HSV-1 causes oral fever blisters or cold

sores, while HSV-2 is associated with genital lesions; however, the viruses are capable of

infecting other sites and producing other pathologies. Most common of these are keratitis

from ocular infections that can lead to blindness and herpetic whitlow from infection of one’s

hands or fingers, which is common among health care professionals. The most severe

pathologies occur when HSV enters the central nervous system, causing encephalitis that can

result in death, and when HSV is contracted by neonates.

Both virus types are spread through direct or indirect contact. The virus will usually

initiate a primary infection at the sight of contact, possibly dependent upon pre-existing

breaches in the skin, creating a viral lesion. The propagating virus will infect enervating

neurons, travel through the axon to the cell body by retrograde transport, and become

dormant in the ganglia after the host’s immune system has cleared the initial infection. The

virus will remain in the neurons for as long as it lives, which can be the life of the host.

Periodically, the virus can become active in the neuron, often due to various stresses, and by

antegrade axonal transport, spread back to the area of the initial infection. These
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reoccurrences are normally mild in comparison to the initial infection and are sometimes

even asymptomatic.

Currently there are effective drugs to control HSV, both for initial infection and

recurrences; however, there is no method to remove latent virus and resistances to these

drugs can develop. There are a number of vaccines against HSV and more in development,

however to date none are efficacious enough to be practical. Obviously, by studying the

mechanisms of infection of HSV, we hope to develop additional treatments and perhaps

eventually even a cure. Better understanding viral infection can also help us better

understand the workings of the host as well as help us in developing tools for research and

treatment of other diseases.

HSV-1 

HSV-1 is one of the eight known human herpesviruses and is the prototypical

alphaherpesvirus. The other two known human alphaherpesviruses are HSV-2 and varicella-

zoster virus. The betaherpesviruses include human cytomegalovirus (HCMV) and human

herpesviruses 6 and 7. The human gammaherpesviruses are Epstein-Barr virus (EBV) and

Kaposi sarcoma-associated herpes virus or human herpes virus 8 (KSHV). HSV-1 has a

linear double stranded DNA genome of roughly 152kb, which encodes over 80 genes. In the

virion, the genome is surrounded by an icosahedral capsid. Surrounding the capsid is the

tegument layer, comprised of many proteins encoded by the virus. The envelope, comprised

of a lipid bilayer embedded with glycoproteins surrounds the tegument and capsid.

On a cellular level, HSV-1 infection begins when envelope glycoproteins facilitate

binding and entry into a host cell. Glycoprotein B (gB) or gC initially interact with heparin

sulfate on the cell surface, followed by gD interaction with coreceptors (77, 135, 143). A
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number of receptors can interact with gD, including the TNF receptor family member

HVEM, immunoglobulin family members HveB (nectin-2), HveC (nectin-1) and HIgB, and

3-O-sulfated heparin sulfate (21, 43, 100, 138). The above has been characterized for cell

surface mediated entry, though HSV can also enter cells through an endocytic route (102).

Regardless, the tegument and nucleocapsid are eventually released into the cytoplasm. The

capsid is then transported via the microtubule network to the nucleus in order to release the

viral DNA through a nuclear pore (122, 139).

Once inside the nucleus, the linear genome is circularized, localized to ND10s and

gene expression is initiated, though not necessarily in that order (122). Viral gene expression

occurs in a temporal cascade, beginning with immediate early (IE) genes, then early (E)

genes and finally late (L) genes following viral DNA replication (also known as α, β and γ

genes). Virion associated protein 16 (VP16) and host proteins HCF and Oct1 activate IE

gene transcription via the TAATGARAT sequence found in all IE gene promoters. There are

five IE genes, Infected Cell Proteins (ICPs) 0, 4, 22, 27 and 47. ICP0 is a promiscuous

transactivator, important for enhancing viral gene expression and accelerating infection

progression (14, 32, 33). ICP0 also possesses E3 ubiquitin ligase activity and is capable of

ubiquitinating many proteins, including PML, p53, DNA-PKcs and IkBα (12, 26, 35, 80,

106). In the case of DNA-PKcs and PML, ubiquitination by ICP0 leads to proteasomal

degradation in vivo. ICP4 is necessary for expression of E and L viral genes by stabilizing

general transcription factors on viral promoters. ICP4 down regulates IE gene expression as

well (25). ICP22 has also been implicated in upregulating viral gene transcription, though it

does not have transactivation activity itself (115, 121). ICP27 regulates gene expression post

transcriptionaly through its interactions with polyadenylation and splicing machinery (53,
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112, 120). ICP27 also activates several cellular signal transduction pathways (54, 96, 109).

ICP47 is the only IE gene that does not function to regulate gene expression. Instead it

blocks peptide loading onto transporter of antigen presentation (TAP) complexes in order to

promote immune evasion (39, 59).

Dependent upon IE gene products, expression of the second class of HSV-1 genes

occurs. These E genes encode components of the viral DNA replication machinery,

including the viral DNA polymerase UL30, single stranded DNA binding protein ICP8 (also

called UL29), the processivity factor UL42, origin-binding protein UL9 and the helicase-

primase complex consisting of UL5, UL8 and UL52. These localize to so-called

prereplicative sites, likely previous ND10 sites, where viral DNA replication is thought to be

initiated. Active DNA replication expands these sites, forming replication compartments that

fill most of the host nucleus. HSV DNA replication initiates dependent upon UL9, where bi-

directional theta replication occurs. At some point however, DNA replication is thought to

switch to a rolling circle and/or recombination dependent mechanism (165). The resultant

viral DNA is a complex multi-branched concatameric structure.

Following initiation of DNA replication the L genes are transcribed. This class is

further divided into leaky late genes that do not require viral DNA replication for expression

and true late genes that absolutely require DNA replication for expression. This

classification is not entirely accurate however, as all late genes lie on a continuum for the

requirement of viral DNA replication (144). Late gene products include the structural

components of the virion and machinery necessary for assembling the virion and exporting it

out of the cell.
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During the course of infection, the host cell has its normal functions modified so that

all available resources become available for the virus to replicate itself. ICP27 and the

tegument protein vhs (virion host shutoff) inhibit host cell translation by preventing mRNA

maturation and by degrading pre-existing mRNA respectively (24, 128). Cellular DNA is

condensed and marginalized and cell cycle is halted at G1/S and G2/M (29, 88, 103, 140).

HSV-1 also counters the cell's innate defenses against viruses. ICP27 prevents apoptosis

through its activation of NFκB and possibly through other mechanisms (49, 50). ICP34.5

counters transcriptional suppression by PKR by directing dephosphorylation of eIF2α (20).

Ultimately, viral replication depletes the cell of metabolic resources and causes necrosis.

When HSV-1 infects a neuron, it does not proceed along the lytic course described above,

but rather becomes latent. The exact mechanisms by which this manner of infection occurs

are not fully understood. It is known that some limited amount of replication occurs within

the neuron before the virus becomes silent, meaning that gene expression is curtailed.

Though the initial trigger for this switch is unknown, it is thought to be maintained by a

chronic immune response (71). Because neurons are generally not turned over, latency

persists for the life of the infected individual. The virus may reactivate periodically, often

due to stress, possibly because of decreased immune activity during such times. When

reactivation occurs, virions are transported antrograde where they infect cells proximal to the

original sight of infection. Though the reactivated neuron eventually dies, HSV is

maintained in the host till death because not every latently infected neuron reactivates at once

and reactivation can lead to infection of previously virus free neurons.
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NFκB

All human pathogens must contend with their host's immune response, and HSV is no

exception. Central to many of these barriers is nuclear factor Kappa B (NFκB). NFκB is a

family of transcription factors that can positively and negatively regulate a number of genes

involved in proliferation, apoptosis, inflammation, stress responses, innate and adaptive

immune response, oncogenesis and development, all of which contain κB elements, to which

NFκB binds, (44, 67, 105, 107). The exact function of NFκB when activated is highly

dependent upon the state of other signaling pathways, other transcription factors and the

stimuli responsible for activating NFκB (57, 113). The interplay between all these cellular

components can determine whether apoptosis or an inflammatory response is initiated.

There are five different NFκB subunits that can dimerize to form a functional

transcriptional factor; p65 (relA), RelB, c-Rel, p50 and p52. All the subunits contain a Rel-

homology domain which is necessary for DNA binding and dimer formation. Both p50 and

p52 can form homodimers or dimerize with any other subunit. The other three subunits only

dimerize with p50 or p52 and also contain transactivation domains. Dimers of p50 and p52

can still activate gene expression by interaction with the transcriptional co-activator BCL-3

(10).

Activation of the NFκB pathway normally results from signaling from cell surface or

intracellular receptors triggered by cytokines or molecules containing pathogen associated

molecular patterns, but various cellular stresses, such as DNA damage, can also lead to

activation. TNFα, IL1 and LPS are amongst the best known activators of NFκB, though

there are numerous others, some likely yet to be discovered. As there are a number of

extracellular and intracellular signals that lead to NFκB activation, there are many different



7

signaling cascades that can trigger NFκB activation. Normally however, these signaling

pathways converge at a signaling bottleneck, the IKK complex. After this point, NFκB

activation again is somewhat varied, though there is one pathway that is most frequently

observed across many cell types, known as the classical or canonical pathway. Because of its

relevance here and the complexity of the many other routes of activation, it will be the only

one described.

The classical pathway signals through the IKK complex consisting of inhibitor of κB

kinase α (IKKα), IKKβ and IKKγ. IKKα and IKKβ are kinases that target NFκB subunits

and a class of regulator proteins known as Inhibitor of κB (IκB). There are 5 IκB proteins;

IκBα, IκBβ, IκBγ, IκBε and BCL-3. In the classical pathway, IκBα binds to a p65/p50

heterodimer and masks p65’s nuclear localization sequence. Phosphorylation of IκBα by

IKK leads to its poly-ubiquitination and proteasome dependent degradation. Once released

from IκBα NFκB localizes to the nucleus. It is further regulated by post-translational

modifications. Phosphorylation of serine 276 results in a switch of p65’s interaction from

histone deacetylases such as HDAC to histone acetyl-transferases such as CBP/p300,

promoting gene transactivation. Serine 529 and 536 also play a role in promoting

transactivation, while serine 311 is important for DNA binding. Acetylation at a number of

sites also promotes NFκB transactivation (reviewed in (57, 113, 132, 161)).

Upstream of IKK in the classical pathway are a number of signaling paths. The most

commonly studied is the path from TNFα (reviewed in (57)). TNFα is a cytokine that signals

through its receptor TNFR1. When TNFR1 binds TNFα, it aggregates and binds adapter

molecules to activate various signaling pathways. For NFκB activation, TRADD, RIP and

Traf2 or 5 are the necessary adapters. Once these adapters have bound TNFR1, they recruit
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the IKK complex and TAK1, which leads to activation of both (136). Once IKK has been

activated, NFκB signaling proceeds as described above.

NFκB and viruses

NFκB is very significant for microbial pathogens. Its role in the immune response is a

important hurdle to overcome, and many viruses and bacteria have developed mechanisms to

interfere with NFκB activation (46, 62). NFκB activation can also serve to benefit viruses

however, and several viruses activate and exploit the pathway (61). Perhaps the most well

known case is HIV-1. HIV-1 contains κB elements in its LTR that, in conjunction with other

transcription elements, are necessary for efficient transcription. HIV-1 can cause NFκB

activation through several mechanisms. HIV-1 binding to its receptor, CD4, which can

signal to the NFκB pathway when activated, causes induction of NFκB. HIV-1 Tat induces

NFκB activation through engagement of cellular signaling cascades involving p56ick, while

Vpr and Nef induce IL-8 and IL-2 signaling respectively, causing NFκB activation. And

finally, activation of the immune response by HIV-1 also results in NFκB activation.

Many other viruses also contain NFκB binding sites, of most relevance here are the

herpes viruses. Both EBV and KSHV have NFκB binding sites in the promoters of their

major oncogenic proteins, LMP1 and K1 respectively, though it is unclear what role NFκB

plays in transcriptional control in vivo (7). The HCMV IE1 promoter contains 4 NFκB sites,

which may be important for(127) reactivation from latency as well as normal lytic expresion

(6, 127). HSV also has NFκB sites in the promoters of ICP0 and VP16, which for the ICP0

gene are capable of binding NFκB (4, 123). Activation of NFκB in all these viruses has been

shown to benefit replication (17, 52, 61, 69, 70, 109, 118, 127, 156).
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HSV’s ability to activate NFκB was first observed in studies looking at HSV-1

activation of HIV provirus (47). The activation is primarily of p65/p50 heterodimers

necessary for efficient HSV replication (109, 130). More recently, two phases of NFκB

activation have been reported. The initial activation is likely triggered by HSV engagement

of receptors capable of signaling to NFκB, and is transient in duration (4, 98, 155). The

second activation of NFκB is dependent upon IκB turnover and is sustained for the length of

infection (109). Though ICP4 (vi13) and ICP27 (n59r) deficient mutants are both impaired

for NFκB DNA biding, n12, a ICP4 mutant, shows only partial impairment of IκB loss while

d27-1, a ICP27 null mutant is unable to cause IκB loss (55, 109). Also, an HSV mutant

expressing only ICP27, ICP22 and ICP47 (d100) causes IκB degradation by 24 hpi. ICP27’s

activity that leads to NFκB activation was mapped to a domain within residues 12 to 63 and

is also in part dependent upon activation of JNK and p38 signaling pathways, as

pharmacological inhibitors of JNK and p38 also reduce IκB loss (55).

As mentioned above, ICP0 and other genes contain κB sites in their promoters (123).

For ICP0, NFκB has been shown to bind and contribute to transactivation (4). What role

NFκB might play in gene regulation for other HSV genes is not known. NFκB does however

appear to inhibit apoptosis in some cell types. HSV infection of HEp-2 cells that either

express a dominant negative IκB, or are treated with a pharmacological inhibitor of IκB

degradation, induces apoptosis (49, 50). Other reports have suggested that NFκB does not

actually play a role in inhibiting apoptosis. SK-N-SH cells infected with R5104, a HSV

mutant that aberrantly expresses Us11 at the immediate early stage, fails to cause NFκB

activation, but also does not cause apoptosis (147). Mouse embryo fibroblasts (MEFs)
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knocked out for p65, p50 or both also do not undergo apoptosis following wt or d120 (a ICP4

deleted mutant) infection, while the latter causes apoptosis in other cell types (148).

The conclusions from the latter experiments are problematic however. R5104 varies

from wildtype HSV by several changes, and it is unclear how these may effect both the

induction and inhibition of apoptosis separate from NFκB activity (16). It is difficult to

interpret the results from the MEFs because while they do not undergo apoptosis following

wt infection, as one might expect if NFκB was necessary to prevent apoptosis following

infection, they also do not undergo apoptosis following d120 infection. Infection with d120

does not activate NFκB and thus should cause apoptosis regardless of NFκB's presence in the

cell. This result suggests that these cell lines have gained a function that either prevents

induction of apoptosis due to HSV infection or inhibits apoptosis independent of NFκB.

Because these cell lines are sensitive to TNF or sorbitol apoptosis induction, the latter is

unlikely (148).

Currently, the pathways leading to NFκB activation are poorly understood and have

been part of my dissertation research. IKK is activated following infection, and treatment of

infected cells with prostaglandin A1 (PGA1) inhibited both IKK and NFκB activation (3). In

this study, PGA1 also inhibited immediate early gene expression, so it was unclear from

these results whether IKK is necessary for NFκB activation during infection, though it would

be expected to be. My own work confirmed IKK to be necessary for NFκB activation by

HSV and expanded our knowledge for the role of each kinase subunit using MEFs knocked

out for one or both of the kinase subunits (50). There are many potential upstream activators

of IKK, and which one might target IKK following HSV infection. Taddeo et al reported

that PKR is upstream of NFκB activation. However my results do not bear this out (50, 147).
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The reason for this discrepancy is unclear. I have also characterized two other potential

upstream kinases, TAK1 and NIK, and shown that they are not relevant for HSV activation

of NFκB.

Double Strand Break Response

Many types of DNA damage threaten the genomic integrity of a cell. DNA DSBs are

one of the more dangerous types of damage, resulting from ionizing radiation, genotoxic

chemicals, collapsed replication forks (often due to pre-existing damage in the DNA) and

purposeful DNA cleavage for cellular processes, such as V(D)J recombination. If not

repaired promptly and properly, DSBs can result in loss of large portions of chromosomes

and in translocations and large deletions, potentially causing cell death or deregulation, a

worse fate for the organism if cancer results. To avoid these fates, cells have a complex

system in place to quickly detect DSB and respond to them.

Primary in the response to DSBs is the MRN complex, comprised of Mre11, Rad50

and Nbs1 (22, 63, 78). The MRN complex is responsible for recognizing free DNA ends and

tethering the two broken ends together. The MRN complex also possesses nuclease and

helicase activity that process the ends for repair (110, 111, 157). Subsequent to finding the

DSB and binding, MRN interacts with ATM, causing ATM to become active through

autophosphorylation (9, 15, 79, 160). At this point, signal amplification occurs as ATM

phosphorylates a number of components to further repair and alert the cell to the occurrence

of the break. At or near the site of the break and to a newly activated ATM are two of its

targets, NBS1 and H2A.X (13, 86). H2A.X is a variant of histone H2A, and its

phosphorylation allows it to act as a landing pad for MDC1 (170). MDC1 acts as a scaffold

to the MRN complex via interaction with NBS1 and aids in further ATM activity (91, 99).
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ATM also phosphorylates 53BP1 and BRCA1, which act as additional scaffolding and are

important to recruit and aid in activation of some of ATM’s other targets, such as p53 and the

Chk proteins (38, 41, 94, 99).

In mammalian cells, repair normally occurs via non-homologous end joining (NHEJ),

resulting in two broken DNA ends being ligated together regardless of sequence. This non-

specificity can lead to small deletions or insertions. For this process of repair, the

heterodimeric Ku (Ku70/86) recognizes the DNA ends while the actual rejoining of the ends

occurs via the Xrcc4/LigaseIV complex aided by pol µ (63, 92, 108, 158). Though we know

these components are necessary for NHEJ, the full details of their interactions are as yet

unknown. Another protein that is sometimes involved in NHEJ is the catalytic subunit of

DNA dependent protein kinase (DNA-PKcs). DNA-PKcs seems to be necessary for a subset

of NHEJ that does not involve the MRN complex.

The other common mechanism by which DSBs are repaired is homologous

recombination (HR). This mechanism has been primarily studied in fungi, where it is the

primary method of repairing DSB. However, the mechanisms of HR appear to be highly

conserved throughout all eukaryotes. HR more accurately repairs DSB and requires a

homologous template to the broken duplex, i.e. a sister cromatid. The Rad52 epistasis group

(comprised of the MRN complex, RPA, Rad51, Rad52, Rad54, Xrcc2 and Xrcc3) is

responsible for the mechanisms of HR. HR has been thoroughly studied and reviewed (142,

167, 168). In simplified summary, a single strand from the broken DNA is bound up by RPA

and then Rad54 facilitates loading of Rad52 and Rad51, which form a filament around the

single strand (ss) DNA and cause it to invade the double strand (ds) DNA of a homologous

duplex. This invasion causes the displacement of one of the intact strands, which can then
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form a duplex with the complimentary strand from the broken DNA, all promoted by Rad51

and Rad54. Strands exchange between the homologous DNA occurs and the crossed DNA

strands are resolved by being cut and rejoined to the appropriate new dsDNA molecule.

In addition to facilitating repair, ATM also activates cell cycle checkpoints and in

extreme cases, apoptosis. ATM phosphorylates ATR, Chk2, Chk1 and p53, all of which can

inhibit cell cycle progression (23, 66, 68). ATR can also be activated through interactions

with the MRN complex and is a potent activator of Chk1 (94). Chk1 and Chk2 target Cdc25

proteins to inactivate them (42). Normally Cdc25 proteins serve to positively regulate Cdk

activity, necessary for cell cycle progression, by removing inhibitory phosphorylations (56,

169). p53 can also inactivate Cdk proteins through its transcriptional regulation of p21,

which directly binds to Cdk/cyclin complexes and prevents ATP binding (124). Apoptosis

can also be induced by p53, though this requires either additional signals or differential

activation as this only occurs in cases of irreparable damage (90).

Viruses and the DNA DSB response

Many previous reports have found interactions between viruses and host cell DNA

DSB response machinery. In some instances, cellular DSB machinery is detrimental to a

virus, and as such the virus in question has mechanisms to prevent the actions of the cellular

response machinery. In other cases, viruses are able to harness the cellular machinery for

their own advantage. Whether the cellular machinery is harmful or beneficial for a virus

depends on the life cycle of the virus, and in some instances the machinery can be both.

SV40 is a circular dsDNA virus with strong oncogenic properties. The large T

antigen of SV40 is a key component for the oncogenic properties of SV40. One transforming

mechanism of SV40 large T antigen is to directly bind p53 and prevent its transcriptional
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activity that is important in the DNA damage response (76). More recent reports have

elucidated a role for SV40 large T antigen in hindering the initial stages of the DNA damage

response. Study of cardiomyocytes transformed with SV40 large T antigen found that Mre11

co-immunoprecipitated with SV40 large T antigen and that transformed cell lines had greatly

reduced Mre11 protein, though not mRNA. Nbs1 and Rad50 in contrast seemed not to have

decreased protein levels (28). In fibroblasts, the presence of SV40 large T antigen was noted

to cause a decrease in Mre11 foci formation following IR treatment (166). Unfortunately,

none of these studies ventured into actual SV40 infection, so the benefit these actions of large

T antigen have on SV40 replication remain in the realm of speculation.

One study of interesting note did find a role for SV40 large T antigen in the context

of infection. Wu and colleagues discovered that SV40 large T antigen directly binds to

Nbs1. This binding prevents Nbs1, and presumably the entire MRN complex, from

preventing refiring of origins of replication that lead to erroneous duplication during S phase.

SV40 relies entirely on host DNA replication machinery to duplicate its genome, so loss of

replication control allows the SV40 genome to undergo exponential replication (119, 129,

173). Though it is unknown whether this function of the MRN complex is tied to a DNA

damage response, these results show an interesting interaction between a virus and DNA

damage response machinery.

Like HSV, adenovirus has a linear dsDNA genome. Adenovirus E1B-55K binds and

hinders p53 transcriptional activity and in conjunction with E4orf6 causes p53 to be degraded

(146). Adenovirus control of p53 allows suppression of apoptosis induced by the virus. It

also has two means to inactivate the MRN complex. Late in infection Mre11 and possibly all

three components of the MRN complex are degraded dependent upon either E4orf3 or
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E1B55K/E4orf6 (31). This late loss of the MRN complex prevents detection of DSB breaks

and activation of ATM. For the virus, this failure of the DNA damage response allows its

linear progeny genomes to escape concatamerization, which would prevent their packaging.

Earlier in infection however, E4orf3 binds the MRN complex and sequesters it to foci

throughout the nucleus. This activity of E4orf3 is necessary for viral DNA replication to

occur (73).

Recently Kudoh and colleagues characterized components of the DNA damage

response during the EBV lytic cycle (95). They found that ATM was activated and

phosphorylated Chk2, p53, H2AX and Nbs1. They also observed that activated ATM and

MRN complex colocalized with replicating EBV DNA. Interestingly, EBV BZLF-1, a major

transcriptional transactivator, counters the down stream effects of cell cycle checkpoint

induction by ATM by binding and inhibiting p53 and by activating promoters of the cell

cycle, such as E2F-1, cyclin E and Cdc25A (80, 106). These finding indicate that activation

of the cell cycle checkpoint by the damage response would be detrimental to EBV

replication. However, whether other components such as the MRN complex have any affect

on EBV replication is not yet known.

The first reported effect of HSV-1 on the DSB response was the observation that

HSV-1 caused the degradation of DNA-PKcs via ICP0 (51). This loss is thought to hinder

NHEJ, which could potentially act upon viral DNA (84, 137, 154, 162, 164). Several recent

reports have also established a link between viral DNA replication and components of the

DSB response. RPA, DNA-PKcs, Rad51, Mre11, Nbs1, ATM, Rad50 and Ku were seen via

indirect immunofluorescence microscopy (IF) to localize to replication compartments, and all

but Ku and DNA-PKcs also localized to prereplicative sites (154). HSV-1 ssDNA binding
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protein, ICP8, which is present at sites of DNA replication, has also been shown to interact

with DNA-PKcs, Rad50, Ku, Mre11, RPA and BRCA1 (84, 137, 164). Similar to EBV,

HSV-1 also causes activation of many DSB response factors, in this case Nbs1, RPA, ATM,

Chk2 and 53BP1 (85). These activation events appear to occur by the MRN complex’s

activation of ATM, independent of active viral DNA replication. The importance of this

activation is underlined by a report by Lilley et al. that demonstrates the inability of virus to

replicate in cells deficient for the MRN complex or ATM (137). The importance of ATM

has been disputed however, as Shirata et al. reported that while cells from individual with AT

or NBS are defective in supporting viral infection, specific knockdown of ATM with siRNA

had no effect on viral replication (154). Interestingly, cells deficient in Ku actually facilitate

viral replication better than wild type (wt) cells (163). In contrast, HSV inhibits ATR, and

thus Chk1, activation (165).

HR is induced by HSV-1 infection as evidenced by recombination during heterotypic

coinfection or isomerization of HSV-1’s genome during normal infection. HR may also play

an important role in viral DNA replication by recovering stalled replication forks (81, 82).

Many of the DSB response factors are important components in the HR machinery and thus

their importance in HSV-1 replication might be explained. Thus, in one aspect, HSV-1 uses

the DSB response machinery to aid in its own replication. However in the case of DNA-

PKcs, Ku and perhaps NHEJ in general, HSV-1 seems to antagonize or be antagonized by

the DSB response machinery. NHEJ might also be the mechanism of genome circularization

during the establishment of latency in neurons. With this paradox it is important to

understand the stages of HSV-1’s life cycle in which the DSB response interacts with the

virus. Currently, evidence suggests a positive role for the DSB response in DNA replication.
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As of yet, we do not know if the DSB response machinery might have an effect on late

events, such as processing and packaging of replicated DNA.

Materials and Methods

Cells: Spontaneously immortalized mouse embryo fibroblasts (MEFs) derived from

normal mice or mice with targeted deletions in IKK α, or IKKβ (172) were obtained form Tal

Kafri (UNC-Chapel Hill). MEFs from normal mice or mice with a targeted deletion of the

double-stranded RNA-activated protein kinase PKR (37) were obtained from Bryan Williams

(Cleveland Clinic). Diploid human embryonic lung fibroblasts (HELs) and HeLa cells were

obtained from ATCC. The above cells were maintained in Dulbecco’s Minimal Essential

Medium (DMEM) supplemented with 10% fetal bovine calf serum, 100U/ml penicillin, 1%

streptomycin, and 1% L-glutamine. Hep2 cells obtained from ATCC were maintained in

Minimal Essential Medium supplemented as for DMEM. CV-1 cells were obtained from

Saul Silverstein (Saul Silverstein) and grown in DMEM supplemented with 5% newborn calf

serum, 100U/ml penicillin, 1% streptomycin, and 1% L-glutamine. Telomerase

immortalized human foreskin keratinocytes (HFKs) were a gift from Shannon Kenney

(University of Wisconsin-Madison) and Nancy Raab-Traub (UNC-Chapel Hill) with

permission from A. J. Klingelhutz who derived the cell line as previously described (104).

HFKs were maintained in Keratinocyte-SFM from Gibco supplemented with EGF and

bovine pituitary extract.

Viruses: HSV-1 strains KOS1.1 and 17+ were used as the wildtype (wt) virus strains.

The following mutants were used: ICP8 mutant d301 (David Knipe, Harvard Univ.); UL30

(polymerase) mutant HP66 (Donald Coen, Harvard Univ.); ICP0 null mutants 7134, d22 and

d99 (Priscilla Schaffer, Harvard Univ.); ICP4 mutant n12 (Neal DeLuca, Univ. of
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Pittsburgh); UL17 mutant ∆UL17 (Joel Baines, Cornel Univ.); UL25 and UL28 mutants

kUL25 and GCB (Fred Homa, Univ. of Pittsburgh); UL15, UL32 and UL6 mutants hr81-1, 

hr64 and hr74 (Sandy Weller, Univ. of Conneticut) and UL26 mutants dZ and H61E

(Prashant Desai, John Hopkins Univ.).

Antibodies: Rabbit polyclonal antibodies against IKKα (H-470, sc-7607), IKKβ (H-

744, sc-7218), IκB-α (C-21, sc-371), PARP (H-250, sc-7150) were purchased from Santa

Cruz. Polyclonal antibody against p65 (100-4165) was purchased from Rockland.

Monoclonal antibodies against Rad50 (13B3) and Mre11 (12D7) and polyclonal antibody

against Mre11 (GTX30294) were purchased from Genetex, Inc. Monoclonal antibody

against Nbs1 (100-222) and polyclonal antibodies against phospho-Nbs1 (100-284) and

phospho-ATM (100-307A2) were obtained from Novus Biologicals. Monoclonal antibody

DNA-PKcs (05-423) was purchased from Upstate. Monoclonal antibody against ICP0

(H1A027-100) was purchased from Virusys. Monoclonal antibodies against ICP4 (1101)

and ICP27 (H1113) were purchased from Rumbaugh-Goodwin Institute. Polyclonal

antibody against ICP8 (3-83) was a gift from David Knipe. Polyclonal antibody against gC

(R47) was a gift from Gary Cohen and Roselyn Eisenberg. Polyclonal antibody against

VP16 was purchased from Clontech. Goat anti-rabbit and anti-mouse HRP-conjugated

secondary antibodies were purchased from Amersham Biosciences

Infection and preparation of extracts: Near confluent or confluent monolayers seeded

one to two days previously were inoculated with virus at the indicated multiplicity of

infection (MOI) calculated based on titers corrected for the host cell lines (1 HEL/HFK pfu ~

4 Vero pfu). Thirty minutes to one hour following inoculation, cells were overlayed with

spent media or spent media containing 400 µg/mL phosphonoacedic acid (PAA (an inhibitor
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of herpesvirus DNA polymerase)), 10 µg/mL cycloheximide, 5 µg/mL Actinomycin D, 5mM

Caffeine, 10µM KU-55933 or, NH4Cl or MG132 (Sigma) at the indicated concentrations.

Monolayers were harvested by washing with cold PBS and then scraping directly into 1X

SDS sample buffer [3.85mM Tris-base (pH 6.8), 9.1% β-mercaptoethanol, 1.82% SDS, 4.6%

glycerol, and 0.023% bromophenol blue (in 100% EtOH)] and boiling for 5’. In the case of

HELs, media from monolayers was collected and the monolayers were treated with trypsin

until the cells detached. The cells were then suspended in PBS, combined with the

previously collected media and were spun down and washed once with PBS before addition

of 1X SDS sample buffer and boiling as above. Fractionated cytoplasmic and nuclear

extracts were prepared as described previously (60, 104, 109). Briefly, cells were collected

by trypsinization, spun through a cushion of bovine calf serum, washed twice in PBS,

resuspended in 3 packed cell volumes of CE buffer (10 mM HEPES, pH 7.8, 1 mM EDTA,

60mM KCl, 1 mM PMSF, 0.1% NP-40, 25% glycerol, 0.4mM NaF, 0.4 mM Na3VO4, 10µM

pepstatin, and Complete Protease Inhibitor Cocktail [Roche]) and incubated on ice for 10’.

Following a 10 sec spin in a bench-top microcentrifuge, the supernatant was collected and

the nuclear pellet resuspended in CW buffer (CE buffer without NP40 or glycerol), and

repelleted. Nuclei were resuspended in 2 packed cell volumes of NE buffer (20mM Tris-HCl,

pH 8.0, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM PMSF, 25% glycerol, and

phosphatase and protease inhibitors as described above). After incubation on ice for 10’,

nuclei were pelleted at 60,000 rpm at 4oC for 20’ in a Beckman TLA100.3 rotor and the

nuclear supernatant recovered.

Western Blotting: Cell or protein equivalents of samples were separated by SDS-

PAGE and transferred to PolyScreen polyvinylidene difluoride membranes (Perkin-Elmer
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Life Sciences). Ponceau S (Sigma) was used to visualize total protein and insure no

discrepancies in protein equivalences. Membranes were blocked in 5% milk in TBST

(150mM NaCl, 20mM Tris [pH 7.6], 0.05% Tween 20) then washed and probed with

appropriate primary antibodies, followed by further washing and probing with the

appropriate secondary antibody, all in TBST. After final washing in TBST, signal was

detected using Perkin-Elmer Western Lightening substrate. Multiple exposures were made

on Kodak BMR film to insure the linear range was obtained. Images were scanned and

processed using Adobe Photoshop.

Electrophoretic mobility shift assay (EMSA): Preparation of nuclear extracts and

mobility shift assays for NFκB were performed as described previously (50). Nuclear extract

were incubated with a radiolabeled probe containing a κB-binding site

TGGGGATTCCCCA in buffer containing 10mM Tris-HCl (pH 7.9), 50mM NaCl, 0.5mM

EDTA, 10% glycerol, 1 mM DTT, and 2µg poly (dIdC)·(poly dIdC). Following 20’

incubation at room temperature, aliquots were fractionated at 4oC on non-denaturing 4%

polyacrylamide gels prepared in 0.25X TBE [1X TBE is 10mM Tris base (pH 8.3), 9mM

boric acid, and 2mM EDTA]. Gels were then placed on 3MM paper, dried under vacuum and

heat, and exposed to BMR film at –70oC.

Plaque assay: Virus was titered as described previously (50). Monolayers of cells in

60mm or 100mm dishes were infected with HSV at a MOI of 5. Cells and medium were

harvested at various times pi. and subjected to 4 freeze/thaw cycles in an ethanol and dry ice

bath then 37 oC water bath. Serial 10-fold dilutions of the lysates were assayed in triplicate

on monolayers of Vero or CV-1 cells in 12 well dishes. After 1h, monolayers were covered

with DMEM-H containing 2% CS and 0.3% methylcellulose. After 3d incubation at 37oC,
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medium was aspirated from the wells and plaques stained with 0.8% crystal violet in 50%

ethanol.

Immunofluorescence: Cells were seeded on glass coverslips and allowed to grow

until confluent. The monolayers were infected at low multiplicity (MOI of .1 or .01). At the

indicated times, cells were washed with PBS, then fixed with 5% paraformaldehyde in PBS

for 10 minutes followed by permeabilization with 1% Triton X-100 in PBS. The cells were

then incubated in blocking buffer (2.5% normal goat serum, 2.5% normal horse serum and

1% gelatin in PBS) for at least 30 minutes, probed with the indicated primary antibody, and

then washed and probed with either Texas red conjugated anti-rabbit or FITC conjugated

anti-mouse antibody (Santa Cruz), all in blocking buffer. Primary antibodies were omitted

for control cells. Following final washing with PBS, the coverslips were mounted and

allowed to set before visualization with an Olympus FV500 confocal laser scanning

microscope.

Real time PCR: Cell monolayers were infected at an MOI of 5 as above and then

harvested using Promega Wizard SV Genomic DNA Purification System to isolate cellular

and viral DNA. Primers against c-Myc (TCAAGAGGTGCCACGTCTCC,

TCTTGGCAGCAGGATAGTCCTT) and UL19 (AAACATCGCTGCCTGGAG,

GGGGCGCTTAAACTGTACG) were designed by Dirk Dittmer. DNA and primers diluted

1:200 were mixed with SyberGreen and run on an ABI prism 7000 for 40 cycles at 95o

denaturing for 30" and 55o annealing for 1'. 7000 systems SDS software was used to collect

cycle data. Fold viral DNA copy was calculated based on dCt of UL19 normalized to the dCt

of c-Myc.



CHAPTER 2

CHARACTERIZATION OF NFκB ACTIVATION FOLLOWING HSV INFECTION

[A portion of the results presented here were published in Gregory et al., 2004 (50)]

At the outset of our research presented here, it had long been known that NFκB was

activated by HSV infection, but little was known regarding the cause or reason for NFκB

activation. A report by Amici et al had recently demonstrated the activation of the IKK

complex following HSV infection by kinase assay of immunoprecipitated IKK complexes

(109). To test whether IKK activity was causing NFκB activation following HSV infection,

they used PGA1, a prostaglandin, to inhibit IKK activity and assess for NFκB activation by

IκBα turnover, NFκB gel shift activity and NFκB reporter activity. In all cases, PGA1

treatment caused loss of IKK activity and failure of NFκB activation. They concluded from

this that IKK was behaving normally as part of the canonical NFκB pathway,

phosphorylating IκBα and causing its degradation. They also demonstrated, as have others,

that loss of NFκB activation greatly reduced virus yield, concluding it to be a necessary

component of HSV infection (125).

While these are reasonable conclusions, the Amici et al. study suffers from the

standard caveats of using pharmacological inhibitors, namely secondary targets and

cytotoxicity. While a previous report by this group did show that other cellular kinases were

not as sensitive to PGA1, they did not include such controls in their system for HSV (109).
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They did assay for toxicity of PGA1 in their HSV system and claimed no affect. However,

their results do show a marked reduction in ICP4 protein levels, which has been shown to

contribute to NFκB activation, as well as a general failure of HSV to create a normal [35S]

methionine-labeled polypeptide profile (159). Due to these results, the contribution of IKK

to NFκB activation and HSV infection remained unclear.

To clarify the role of the IKK complex in NFκB during HSV infection and the

involvement of its common upstream effectors, we sought to use a genetic approach. We

obtained wild type (wt) mouse embryo fibroblasts (MEFs) or MEFs knocked out for either

IKKα or IKKβ. These cell lines were characterized for their ability to facilitate HSV

infection and NFκB activation. Our results indicated that IKK is indeed necessary for NFκB

activation, with each kinase subunit uniquely contributing to infection. We also sought to

determine if PKR, NIK or TAK1, known upstream kinases of IKK, contributed to NFκB

activation. MEFs knocked out for functional PKR and cells transiently transfected with

dominant negative NIK or TAK1 constructs were characterized for NFκB activation

following infection.

Differential roles of IKKα and IKKβ in NFκB activation

Normal, IKKα-/- or IKKβ-/- MEFs were infected with wt virus and harvested at 8hpi or

treated with TNFα for 15 min and harvested. Lysates were fractionated into either

cytoplasmic or nuclear partitions. Western blots were performed to assay for cellular

components of the NFκB pathway and viral proteins (Fig 2.1). The phenotypes of the cell

lines were confirmed; both IKKα and IKKβ were present in lysates from wild type MEFs,

while lysates from IKKα-/- and IKKβ-/- MEFs lacked the respective IKK subunit. Detection

of the IKK subunits also served as a loading control for cytoplasmic extracts and a purity
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control for nuclear extracts. No IKK proteins were detected in the nuclear fractions (Data not

shown (DNS)). Similarly, PARP was used as our nuclear loading control and cytoplasmic

purity control and was also not detected in our cytoplasmic fractions (DNS). IκBα is the IKK

complex’s immediate down stream target and is degraded after IKK dependent

phosphorylation. IκBα was lost in wt and IKKα-/- MEFS following both HSV infection and

TNFα treatment. IKKβ-/- MEFs however did not lose IκBα. Translocation of p65 from the

cytoplasm to the nucleus followed a pattern similar to IκBα loss, as expected. Both wt and

IKKα-/- MEF lysates had an increase in nuclear p65 upon HSV infection or TNFα treatment.

Both also had increased total p65 following TNFα treatment, possibly due to Sp1 dependent

activation of the p65 gene (109). One difference between these two cell lines was the portion

of p65 translocated. While wt MEFs translocated the majority of p65 to the nucleus, a

significant portion was still detectable in the cytoplasm. This was not the case for IKKα-/-, 

where nearly all the p65 was translocated to the nucleus. This difference may be due to the

apparent smaller pool of total endogenous p65 in the IKKα-/- cells. The IKKβ-/- MEFs had

some translocation of p65 to the nucleus following HSV infection or TNFα treatment, though

much reduced in comparison to the proportions translocated in the other two cell lines, which

was consistent with the failure to turnover IκBα in the IKKβ-/- MEFs. These results suggest

that IKKβ is the dominant subunit responsible for phosphorylating IκBα and causing NFκB

nuclear translocation following HSV infection and may indicate that some upstream

signaling components to IKKβ following infection are the same as those involved in TNFα or

IL signaling, which also primarily signal through IKKβ.

Viral proteins were next assayed in these lysates. Both IE and E protein levels were

similar between all three cell types, as indicated by ICP27 (IE) and ICP8 (E). Both IKKα-/- 
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and IKKβ-/- lines had reduced late protein abundance however. The true late gC was nearly

undetectable in both knockout lines, while the leaky late VP16 was reduced by roughly 5 fold

in both lines. The failure to produce late proteins suggests either a failure to properly

replicate the viral genome or disruption of viral late gene transactivation.

To assess NFκB DNA binding ability, another marker of activation, the nuclear

lysates were subjected to electrophoretic mobility shift assay (EMSA). NFκB complexes

were detected in all cell lines following either HSV infection or TNFα treatment (Fig 2.2).

However, the level of a slower mobility complex in both IKKα-/- and IKKβ-/- lines was

greatly reduced, slightly more so in the IKKβ-/- MEFs than the IKKα-/- MEFs. Previously,

p65 and p50 were reported to form the dominant NFκB dimer activated by HSV (11, 45, 74,

175). In order to determine if that was the case in our system, we used antibodies to

supershift the complexes. Antibody against E2F2 was used as an irrelevant control and did

not shift either complex. Antibody against p65 shifted the more abundant slower mobility

complex and antibody against p50 shifted both the abundant slow mobility complex and a

less abundant fast mobility complex. This pattern suggests that HSV primarily activates

p65/p50 heterdimers and to a lesser extent p50 homodimers in these MEFs. Some complexes

appeared to not be shifted following incubation with the p65 or p50 antibodies. The make up

of these complexes is unclear; possibly they are other NFκB dimers or simply p65/50 or

p50/p50 dimers that were not bound by antibody.

As a final assessment of these MEFs, yield assays were performed. Monolayers were

infected and harvested at either 16 or 24 hpi. Virus was then titered on Vero monoloayers

(Table 2.1). Both knockout lines were deficient in viral yield, though the IKKβ-/- MEFs

much more so than the IKKα-/- MEFs. The IKKα-/- MEFs yielded 5.4 and 6.2 fold less virus
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at 16 and 24 hpi respectively than wt MEFs. The IKKβ-/- yields were 16.3 and 28.5 fold less

than wt. These results are consistent with the Western blot and EMSA data, showing a

greater contribution of IKKβ to NFκB activation. However, the large difference in yield is

inconsistent with the similar deficiencies in late protein levels in the two cell lines and may

indicate further deficiencies of the IKKβ-/- cells.

NFκB activation in PKR-/- MEFs

As active IKK is clearly necessary for NFκB activation and viral replication, we

sought to determine what was leading to IKK activation. The double-stranded RNA

dependent protein kinase (PKR) is activated by a number of physiological stresses and can

cause NFκB activation through Trafs, NIK and IKK (20). PKR is activated following HSV

infection, likely due to substantial symmetrical transcription following viral DNA replication

(175). One of the primary targets of PKR is eIF-2α, which, once phosphorylated by PKR,

inhibits translation. Normally HSV antagonizes PKR via the late protein ICP34.5, which

promotes dephosphorylation of eIF-2α. However, because PKR is not itself inhibited, it may

still activate NFκB. To determine if this was the case we characterized HSV activation of

NFκB in wt MEFs or MEFs lacking functional PKR (PKR+/+ and PKRo/o respectively).

To assess NFκB activation following HSV infection of these cell lines, EMSA and

Western blotting were performed (Fig 2.3). NFκB DNA binding was induced following

HSV infection or TNFα treatment in the wild type cells. The p65/p50 and p50/p50 EMSA

complexes were again present, though in contrast to our previous results, HSV appeared to

induce p65/p50 and p50/p50 equally. This difference is likely caused by differential

transformation states of the wt cell lines. In the PKRo/o lines, there was p50/p50 complex

binding in untreated cells, indicating a constitutive activation of NFκB. Both HSV infection
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and TNFα treatment induced more NFκB binding, though primarily of the p50/p50 complex.

TNFα induction of p65/p50 complex was reduced in comparison to the wild type cell,

consistent with previous reports (27). HSV induction of the p65/p50 complex in PKRo/o cells

was unaffected, suggesting that PKR is not necessary for HSV activation of NFκB. Western

blotting of protein equivalent samples supported this, as IκBα was lost following infection in

both cell types. The amount of ICP4 however, was greater in the PKRo/o cell line.

NFκB activation in the presence of dominant negative TAK1 and NIK

TAK1 and NIK are important for NFκB activation from a variety of signals. At the

time of this research, it was not know if either was activated following HSV infection,

though evidence for TAK1 activation has since be reported (93, 141). Given their prominent

roles in a diversity of NFκB activation routes, we wished to ascertain whether they were

necessary for HSV NFκB activation. To this end, we transiently transfected HEp-2 cells with

dominant negative constructs of either TAK1 or NIK and then infected them with HSV.

Cells were harvested at 8 hpi and Western blotting was performed (Fig 2.4). Increased levels

of TAK1 or NIK in their respective transected cells confirmed the expression of the dominant

negative constructs. The level of IκBα was comparable in the uninfected samples of all three

treatments. This result confirmed that the constructs were functionally inactive, as

overexpression of wild type TAK1 or NIK results in NFκB activation (3, 109). In all cases,

IκBα was also lost following infection, suggesting that HSV either does not utilize either

TAK1 or NIK in activating NFκB or uses redundant pathways to activate NFκB. Also,

neither dominant negative construct inhibited NFκB DNA binding activity as assayed by

EMSA (Gregory and Bachenheimer, unpublished observation).
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Significance of Results

HSV activation of NFκB is essential for viral replication (64, 81-83, 150, 151). The

results here help further our understanding of how NFκB is activated by HSV. Both IKKα

and IKKβ appear to have distinct necessary functions for HSV NFκB activation. PKR does

not appear to be necessary for NFκB activation, though it is also activated by HSV infection.

Likewise, NIK and TAK1 activity is not necessary for NFκB activation following infection.

The IKK subunits are both necessary for efficient replication though for different

reasons. Loss of IκBα and thus translocation of p65 to the nucleus were almost wholly

dependent upon IKKβ, while mostly independent of IKKα. There was still some observable

p65 translocation and IκBα loss in the absence of IKKβ, likely due to compensating activity

of IKKα. Both subunits are critical for NFκB DNA binding, and thus likely for

transactivation ability. These roles are the same as those reported in the canonical NFκB

pathway following TNFα induction in MEFs. IKKβ was shown to be critical for IκBα

phosphorylation and degradation, and NFκB translocation, DNA binding and gene

transactivation, while IKKα had a minimal role in IκBα phosphorylation and degradation and

NFκB degradation, but was also important for NFκB DNA binding and gene transactivation

(149). Studies utilizing siRNA knockdown of the IKK subunits in HeLa cells also

demonstrated that IKKβ was the more important of the two subunits, but that the two IKKs

had a greater redundancy than the MEF studies indicated (109). Using siRNA knockdown

would also benefit our understanding of HSV NFκB activation in more biologically relevant

human cell lines.

The IKK mediated NFκB activation in MEFs is clearly relevant to HSV replication,

as failure of the activation causes up to 6 and 28 fold reductions in virus yield in IKKα and
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IKKβ cells respectively, and appears to be important for late stages of infection. While there

was no deficiency in IE and E protein levels, late protein levels were greatly reduced. This

result is different from that seen previously following infection of IκBα-SR transfected C33

cells, where there was no observable change in viral proteins, including gC, despite a ~5 fold

reduction in yield and inhibition of IκBα loss and NFκB DNA binding (50). However,

repetition of the DN-IκBα experiment in HEp-2 cells resulted in a similar decrease in gC,

suggesting that the difference in results is due to cell type differences (55). This result, along

with the results from the MEFs, indicates NFκB serves an important function for viral DNA

replication and/or late gene expression.

While ICP27 is likely the viral activator of the sustained NFκB activation, what other

viral or cellular factors mediate this activation has not yet been established fully (147). Our

results with the PKRo/o MEFs indicate that PKR is not necessary for HSV NFκB activation,

however, this is the opposite of the conclusion reached by Taddeo et al., who reported that

NFκB was not activated in this same cell line (136). In their report, they showed IκBα loss

was impaired and IKK kinase activity did not increase following infection in PKRo/o cells

compared to wild type cells. In contrast the results presented above show no difference in

IκBα loss and increase in NFκB DNA binding activity. The difference in results with IκBα

might be explained by differences in HSV strains used; KOS1.1 vs F. It should be noted

however, that although they did not see an increase in IKK kinase activity following

infection in the PKRo/o cells, the basal level in the PKRo/o cells was greater than they

observed in the wt cells even after infection, suggesting a constitutive activation of the NFκB

pathway in the PKR deficient cells. This is actually consistent with our observation that the

PKRo/o cells have p50 homodimer DNA binding activity in the absence of external stimuli.
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If the PKRo/o cells have an altered NFκB pathway, any results regarding HSV NFκB

activation are suspect. To more clearly determine if PKR is involved in HSV NFκB

activation a different approach, such as siRNA or a specific PKR inhibitor, will have to be

used.

Our results also indicate that TAK1 and NIK are not necessary for HSV NFκB

activation. Expression of dominant negative constructs of TAK1 or NIK did not interfere

with NFκB activation by HSV as determined by IκBα loss. TAK1 is essential for NFκB

activation initiated through a number of ligands and signaling pathways and operates by

directly activating IKKβ leading to IκBα degradation (27). Though there is some evidence

that TAK1 can be activated by ICP0, it is unclear whether this actually occurs during HSV

infection (87, 93, 141). Even if it is activated, it appears that HSV activates NFκB primarily

by other mechanisms. Whether NIK is activated following HSV infection is unknown,

though it also appears to play no role in IκBα degradation following infection. NIK normally

targets IKKα and is not necessarily critical for IκBα degradation. However, expression of a

dominant negative NIK antagonizes NFκB activation by several pathways mediated by

Traf2, Traf6, IRAK and other factors (85, 137, 164). Because DN-NIK does not hinder HSV

NFκB activation, it is likely that HSV mediates IKK activation through means normally not

utilized by the cell in response to cytokines. As such, discovering the immediate upstream

effectors of IKK might need to be done through assays of direct interaction following

infection, such as IPs.
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Figure 2.1

Figure 2.1. IKKβ is the primary kinase for IκBα loss and p65 nuclear translocation.

Fractionated lysates from wt, IKKα-/- or IKKβ-/- MEFs harvested at 8 hpi were assayed for

cellular (A) or viral (B) proteins by Western blot. M, mock infected. H, infected with wt

HSV. T, treated with TNFα for 15'.
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Figure 2.2

Figure 2.2. IKKα and IKKβ are necessary for NFκB DNA binding activity following

infection. A. Nuclear lysates from wt, IKKα-/- or IKKβ-/- MEFs harvested at 8 hpi were

assayed for NFκB DNA binding activity by EMSA. B. Nuclear lysates from wt MEFs

infected with HSV or treated with TNFα were subjected to EMSA with antibodies against

E2F, p65 or p50. M, mock infected. T, treated with TNFα for 15'. I, infected with wt HSV.
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Table 2.1

Table 2.1. Virus yield from wt, IKKα-/- and IKKβ-/- MEFs at 16 and 24 hpi. As per the

Materials and Methods in Chapter 1, cells and media from three independent experiments at

each time were collected and virus yields determined. Fold decrease is ratio of the yield

from the wt cells to the knockout cells.
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Figure 2.3

Figure 2.3. PKR is not required for NFκB activation following HSV infection. Cells with or

without functional PKR were infected or treated with TNFα. A. Nuclear lysates were

subjected to EMSA to detect NFκB DNA binding. B. Whole cell lysates were subjected to

Western blotting to detect IκBα or ICP4. M, mock infected. I, infected with wt HSV.
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Figure 2.4

Figure 2.4. NIK and Tak1 are not necessary for NFκB activation. HEp-2 cells were

transfected with plasmids expressing either dominant negative NIK or Tak1. After 16h the

cells were infected with wt HSV and harvested at 8 hpi. Lysates were assayed for IκBα loss

and NIK and Tak1 expression by Western blot. M, mock infected. K, infected with wt HSV.



CHAPTER 3

ACTIVATION OF THE DNA DSB RESPONSE FOLLOWING HSV INFECTION

Recently, many studies have begun to characterize the cellular the DSB response

following infection with HSV, the results of which were detailed in Chapter 1. For the

following part of my dissertation research I studied the DSB response in two biologically

relevant cell lines; hTERT immortalized human keratinocyes (HFKs) and normal human

lung fibroblasts (HELs). I initially characterized the status of the machinery most upstream

in the DSB response: the MRN complex and ATM. Upon discovering that the DSB response

was activated and that Mre11 was lost following infection, I further characterized the

requirements for each. The latter is the focus of Chapter 4. Here I will describe my findings

regarding the activation of the cellular DSB pathway.

The DSB response and Mre11 Loss Following HSV-1 Infection

Initially I sought to determine the status of the DSB response components following

HSV infection. HFKs (Fig 3.1) were infected with wild type HSV-1 at an MOI of 10 and

harvested at the indicated times. Lysates were analyzed by Western blot for viral and host

DSB response proteins. The IE protein ICP0 was detectable by 1 hour post infection (hpi)

and increased until 2 hpi, after which its accumulation remained unchanged. The early (E)

protein ICP8 was detectable by 2 hpi and reached a steady level by 4 hours. By 4 hpi, the

late (L) proteins VP16 and gC could be detected and increased in levels until at least 8 hpi.

This pattern suggests that viral DNA replication began between 2 and 4 hpi.
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Between 2 and 4 hpi I also observed activation of the DSB response proteins ATM

and Nbs1. Others have reported that such activation resulted from viral DNA replication

(85). Activated Chk2, however, was detected at 2 hpi. Chk2 activation preceding detectable

activation of other DSB response components following HSV-1 infection was also reported

by Lilley et al. and possibly indicates a limited amount of viral DNA replication at this

earlier time (85, 137, 164). I also observed loss of DNA-PKcs following infection in HFKs.

The loss began as early as 1hpi, though complete loss did not occur until after 2 hpi. Total

levels of Rad50 and Nbs1 did not significantly change following infection in HFKs, similar

to previous reports of other cell types (85, 137, 164). Essentially identical results were

obtained using HEL cells (DNS).

Mre11 levels were also reported to be unchanged following HSV-1 infection (85).

However, I observed a sharp decline in Mre11 levels between 2 and 4 hpi in HFKs and

HELs. This loss was slightly delayed when compared to DNA-PKcs loss. Due to the

temporal resolution of this experiment, I was unable to determine whether Mre11 loss

coincided with, or was preceded by, viral DNA replication. However, as Mre11 is necessary

for efficient viral DNA replication, the latter explanation is more likely (85, 137, 154, 164).

By immunofluorescence microscopy (IF), all three MRN components have been seen

localized at sites of HSV DNA replication (40, 116). To see how Mre11 and Nbs1 behaved

in our cell culture system, I infected either HFK or HEL at 0.01 MOI and fixed cells at

various times post infection up to 8h, then immuno-stained for either Mre11 or Nbs1, and

ICP8 and visualized by confocal microscopy (Fig 3.2A). By using a low MOI, I could

observe several early stages of infection as judged by ICP8 localization patterns (diffuse,

punctuate, small and large globular). Mre11 and Nbs1 were both localized diffusely
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throughout the nucleus with nucleolus exclusion in uninfected cells. Early during infection,

prior to detection of ICP8 or when ICP8 was diffuse, Mre11 and Nbs1 localization was

indistinguishable from uninfected cells (Fig 3.2 A&B). However, once ICP8 became

punctuate or globular, indicating localization to prereplicative sites and then replication

compartments, these proteins became enriched co-locally with ICP8, indicating their

presence at prereplicative sites and in replication compartments. Mre11 levels did not appear

to change during these times.

When I allowed the infection to proceed for 24h or 48h, I detected cells with bright

ICP8 staining throughout the nucleus but with little or no Mre11 staining (Fig 3.2C). In

contrast, Nbs1 staining persisted at these late times in cells with bright ICP8 staining.

Results from quantification of cellular staining patterns are shown in Table 3.1. These data

support the Western blot results in Figure 3.1 in suggesting Mre11 is lost following viral

DNA replication. The discrepancy in times at which Mre11 is lost is likely due to the

differences in MOI.

The requirement of de novo gene expression for the DSB response and Mre11 loss

Input HSV genomes are linear, but circularize shortly following infection, possibly

due to activity of the DSB response (85, 137, 164). As such, it would be expected that input

genomes are able to activate the DSB response. Also, HSV-1 infection inhibits host gene

expression, which would be expected to result in loss of unstable proteins as they turn over

and are no longer replenished. To test if input viral genomes activate the DSB response or if

Mre11 loss was due to instability, I infected HFKs or HELs in the presence or absence of

actinomycin D or cycloheximide to inhibit mRNA or protein synthesis respectively. Cells

were harvested at 16 hpi and the lysates analyzed by Western blot (Fig 3.3). Treatment with
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either drug prevented viral gene expression, as indicated by the lack of detectable ICP0.

Some gC was detected following drug treatment, likely from input virions. No Nbs1

activation was observed in the presence of either drug, indicating that input genomes are not

sufficient to cause detectable activation of the DSB response. Also, drug treatment did result

in roughly 50% reduction of Mre11 and Nbs1 levels, in both infected and uninfected cells.

However, HSV-1 reduced Mre11 levels to 10% of the untreated mock control, indicating that

loss was due to more than protein instability. These data also indicate that de novo viral gene

expression is needed for full Mre11 loss, consistent with the observed kinetics in Fig 3.1.

DSB response activation and Mre11 loss are dependent upon a late viral event

Our initial Western blot analysis (Fig. 3.1) suggested that the action of either early or

late viral functions were the effectors of DSB response activation and Mre11 loss. In order

to differentiate between early and late functions, I used various mutants to halt infection at

specific stages of gene expression. Mutants which fail to express either ICP4 (n12) or ICP27

(d27) are deficient in early and late gene expression. Infecting either HFKs or HELs with

these viruses did not result in DSB response activation or Mre11 loss (Fig 3.4). The amount

of ICP8 was reduced in n12 infection as expected, while ICP8 levels in d27 infection were

equivalent to wt. I did detect gC in both infections, though the minimal amounts are likely

the contribution of input virions. No ICP4 or ICP27 was detected in the lysates of cells

infected with their respective mutants, confirming their genotype. These data indicate that

DSB response activation and Mre11 loss require ICP4 and ICP27, as well as the expression

of early or late proteins dependent upon ICP4 and ICP27.

To allow E gene expression, but prevent L gene expression, I infected cells with

mutants deficient in ICP8 (d301) or viral DNA polymerase (HP66), or with wt virus in the
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presence of PAA, an inhibitor of the viral DNA polymerase. These conditions prevent viral

DNA replication and thus prevent true-late gene expression. HFKs or HELs infected with

the two mutants exhibited gC amounts above that seen after n12 infection, though reduced in

comparison to wt infection, while PAA treatment resulted in gC levels equivalent to that seen

with n12. IE and E gene expression was largely unaffected as demonstrated by ICP4, ICP0,

ICP27 and ICP8 levels. I did not observe Nbs1 activation under conditions which prevented

viral DNA replication, which is in contrast to previous reports that observed activation of

ATM and Nbs1 following HSV infection in the presence of PAA or acyclovir (another

inhibitor of viral DNA replication), though not following HP66 (pol-) infection (85). I did

not observe Mre11 loss under these conditions, suggesting that viral DNA replication and/or

L gene expression are necessary for its loss.

Importance of the DSB response for HSV replication

Previous reports on the importance of ATM in HSV infection are contradictory.

Lilley et al. reported that fibroblasts from Ataxia Telangiectasia (AT) patients and cells

treated with caffeine, which inhibits ATM activity, do not support efficient viral replication

(137). Shirata et al. also showed that AT fibroblasts were unable to support efficient viral

replication. However, using siRNA to knockdown ATM in 293T cells, they found no defect

in viral replication (58). To elucidate ATM’s importance to HSV replication and determine

if activation of ATM’s targets are necessary for Mre11 loss, HFKs were infected and either

left untreated or treated with caffeine or KU-55933 (ATMi), a specific inhibitor of ATM (85,

137, 164). Cells were harvested at 8 hpi for Western blotting or at 24 hpi for virus yield or

quantification of viral DNA by real time PCR (Fig 3.5 & Table 3.2). Western blot analysis

showed that while both caffeine and ATMi inhibited Nbs1 phosphorylation by ATM, ATMi
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was much more effective. Also, while caffeine greatly reduced gC levels, ATMi had no

effect. Neither prevented Mre11 loss, indicating that the loss was not dependent upon events

downstream of ATM in the DSB response. Caffeine treatment also resulted in a ~30%

reduction in viral genome copy number and a 10 to 38 fold reduction in virus yield while

ATMi treatment had no effect on genome copy number and only caused up to a 4 fold

reduction in yield. These results suggest that caffeine’s effects on HSV infection are largely

due to activities other than ATM inhibition, and that while ATM activation does contribute to

HSV replication, it is not essential.

Significance of results

The DSB response is activated following HSV infection. Input virus alone was

insufficient to trigger this activation and the activation required viral DNA replication and/or

late gene expression. While activation of this pathway did aid virus replication to some

degree, it was not necessary for replication. These observations are mostly in keeping with

those reported by others (137).

Most evidence suggests that activation of the DSB response is tied closely to viral

DNA replication. While input viral genomes are linear, and thus potentially recognizable by

the DSB response machinery, there is no evidence that they activate a large scale DSB

response. Infection with UV inactivated and wt virus in the presence of gene expression

inhibitors failed to cause detectable activation of the DSB response (85). Interference with

viral DNA replication does, however, hinder activation of the DSB response. Lilley et al.

reported that PAA treatment did inhibit activation of the DSB response following HSV

infection at low, but not high MOIs (137). Shirata et al. confirmed this result and also

demonstrated that acyclovir was able to interfere with the DSB response (164). Wilkinson
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and Weller also saw inhibition of the DSB response following PAA treatment and also saw

no activation by HP66 (pol-) infection (154). These reports, and that of Taylor and Knipe

(85, 137), also demonstrated that DSB components localize to sites of viral DNA replication,

and ATM and Nbs1 at these sites are activated. Taken together with my results, these reports

indicate that viral DNA replication triggers activation of the DSB response.

One discrepancy between our results and those of others is the effect of PAA on

inhibition of the DNA damage response. I used a relatively high MOI in my experiments,

which, according to Lilley et al. and Shirata et al. (164), should have been refractory to

PAA’s effects on Nbs1 activation. One likely reason that PAA, and also acyclovir, do not

always inhibit activation of the DSB response is that, depending upon the exact conditions,

these drugs allow some limited DNA replication. There were cell type and virus strain

differences between our study and others, which might account for different extents of viral

replication following drug treatment. Viral DNA replication was never directly assayed,

though I used gC as a surrogate and Wilkinson and Weller used IF to visualize replication

compartment formation (85, 137, 154, 164). In the future, a direct assay of viral DNA

replication, such as quantitative PCR, will be able to determine if it explains the different

results.

While the DSB response is likely activated by viral DNA replication, its importance

to viral replication is still not understood. Due to the localization of DSB machinery to

replication compartments, it has been proposed that the machinery helps facilitate viral DNA

replication (85). This hypothesis is supported by Lilley et al.’s results (137) showing that

cells from A-TLD or AT patients, thus deficient in Mre11 or ATM respectively, fail to

facilitate efficient viral replication with over a log reduction in yield. Cells treated with
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caffeine or expressing adenovirus E1B and E4orf6 proteins, which respectively are inhibited

for ATM activation or have the MRN complex degraded, also had over a log reduction in

yield. Mre11 deficient cells were also impaired for viral DNA replication. These results are

called into question by the report by Shirata et al. (137). They also noted a deficiency in viral

replication at the level of viral E protein in cells from AT or NBS (Nbs1 deficient) patients.

However, if the DSB response primarily plays a role in aiding viral DNA replication, it

should only cause reductions in L protein levels and not IE or E protein levels. They also

went on to show that siRNA knockdown of ATM in 293T cells had no effect on virus yield.

It is unclear what differences there might be in the cell types to account for the discrepant

results. It is possible that SV40 large T antigen is disrupting the normal DSB response in

293T cells, though Shirata et al. demonstrated that it was intact following irradiation (58).

In our cell system, it appears that the DSB response, at least at the level of ATM

activation, is not important for viral DNA replication and contributes only moderately to

virus replication. Because caffeine has targets other than ATM, I also used the newly

developed KU-55933 to specifically inhibit ATM activation (85, 152, 165, 171). While

caffeine did drastically reduce both viral yield and DNA replication, ATMi had no effect on

viral copy number and only moderately reduced virus yield. Thus, caffeine’s inhibitory

effects on virus replication are likely due to effects on targets other than ATM. How ATMi

affected viral replication is unclear, as there also seemed to be no defect in late gene

expression or viral genome copy number. One possibility is that failure to activate ATM

somehow interferes with proper assembly or egress of progeny virions. Another explanation

is that while viral DNA replication is able to produce equivalent genome copies with or
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without ATM activity, its absence results in defective genomes which are unable to

contribute to infectious progeny virus.

The results with ATM do not, however, provide insights into what role the MRN

complex, which is upstream of ATM, might play in HSV replication. Because recombination

is likely used by HSV to replicate its genome, and the MRN complex is normally necessary

for such mechanism, it is very likely that the MRN complex is necessary for viral DNA

replication, as suggested by the A-TLD and adenovirus protein expressing cells (85).

Because the results from the ATM deficient AT cells calls into question the results from A-

TLD cell lines and because of the possible multiple effects of adenovirus E1B and E4orf6

that cause MRN degradation, further studies are needed to elucidate the role of MRN in HSV

infection.

Another aspect of the DSB response in HSV infection is its implications for the

establishment of latency. Lilley et al. suggested that there may be a link between latency and

the DSB response, as neurons are deficient in the DSB response (146). They went on to

show that in vitro differentiated neurons infected with HSV do not activate the DSB response

and also do not form replication compartments. They suggested that the inability of neurons

to mount a DSB response causes a failure in viral replication leading to establishment of

latency. I find this unlikely however; as such defects would also likely equally impair

reactivation.
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Figure 3.1

Figure 3.1. The DSB response is activated and Mre11 lost following HSV infection. HFKs

were infected and harvested at the indicated times post infection. Whole cell lysates were

probed for cellular components of the DNA DSB response and viral proteins by Western

blot.
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Figure 3.2A
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Figure 3.2B
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Figure 3.2C

Figure 3.2. Mre11 and Nbs1 localize to sites of viral DNA replication. A & B. HFKs were

infected at an MOI of 0.01 and fixed at 2, 4, 6 & 8 hpi. IF was performed according to the

Materials and Methods in Chapter 1. Displayed cells are ordered to depict progression of

infection and do not represent particular time points. C. HFKs were infected as in A & B,

fixed at 24 or 48 hpi and subjected to IF.
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Table 3.1

Cells w/o Mre11 24hpi 48hpi

Uninfected 14.7%

(n=129)

22.7%

(n=79)

Infected 48.1%

(n=27)

70.8%

(n=24)

Table 3.1. Mre11 is lost at late times following HSV infection. Cells visualized by IF as

seen in Figure 3.2C were counted for the presence of Mre11 staining in conjunction with

ICP8 staining.
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Figure 3.3

Figure 3.3. Activation of the DSB response and Mre11 loss following infection require de

novo gene expression. HELs were infected in the presence or absence of Actinomycin D

(ActD) or Cycloheximide (CycloX). Whole cell lysates were assayed for components of the

MRN complex or viral proteins by Western blot. M, mock infected.
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Figure 3.4

Figure 3.4. The DSB response activation and Mre11 loss require viral DNA replication.

HFKs and HELs were infected with wt virus in the presence or absence of PAA or with the

mutants deficient in ICP8 (8-), polymerase (pol-), ICP4 (4-) or ICP27 (27-). Lysates were

assayed for cellular or viral proteins by Western blot. M, mock infected.
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Figure 3.5

Figure 3.5. ATM activation is not required for Mre11 loss, nor late gene expression. HELs

were infected in the presence or absence of caffeine (Caff) or KU-55933 (ATMi) and

harvested at 8 hpi. Whole cell lysates were assayed for cellular and viral proteins by Western

blot.
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Table 3.2

Table 3.2. ATM activity is not essential for viral replication. HELs were infected in the

presence or absence of Caffeine (Caff) or KU-55933 (ATMi) and harvested at 24 hpi.

Parrallel samples were assayed for viral yield or viral DNA copy as described in the

Materials and Methods in Chapter 1.



CHAPTER 4

CHARACTERIZATION OF MRE11 LOSS FOLLOWING HSV INFECTION

As presented in Chapter 3, Mre11 is lost following HSV infection of HFKs and

HELs. Adenovirus also causes loss of Mre11 in order to protect linear progeny genomes

from recognition by the MRN complex and subsequent repair, which would result in their

concatermizaration and/or circularization (18, 34, 89, 106). Though HSV DNA replication

mechanisms do not result in linear genome accumulation, the replicated DNA must be

processed into genome length units in order to be properly packaged into progeny virions. I

wondered if HSV might be also be inactivating the MRN complex by degrading Mre11 in

order to protect efficient processing and packaging of viral DNA. To test this model, I set

out to characterize the mechanism of Mre11 loss following infection. In Chapter 3 I

demonstrated that Mre11 loss requires de novo protein synthesis and is not caused by inherit

instability of the protein. I have also shown that Mre11 loss requires viral DNA replication

and occurs independent of ATM activity.

Mre11 loss is independent of ICP0, the proteasome and lysosome

ICP0 possesses E3 ubiquitin ligase activity and has been demonstrated to cause the

proteasomal dependent degradation of many cellular proteins; DNA-PKcs, CENP-A, CENP-

C, PMS and Sp100 (33). Though these targets of ICP0 are degraded early during infection,

ICP0 is present throughout the course of infection allowing for the possibility that it may

target Mre11 for degradation late during infection. To test whether ICP0 was necessary for
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Mre11 loss, I infected HFKs with either wild type HSV-1 or the ICP0 mutant 7134 at various

MOIs. At 16 hpi, the cells were harvested and lysates analyzed by Western blot (Fig 4.1A).

At low MOI infections, ICP0 mutants are deficient in expression of other viral genes

(36). Here I saw no difference in gene expression between wt HSV-1 and 7134, regardless of

MOI, indicating that all the MOIs used were above the threshold of this deficiency. As

expected, 7134 failed to express ICP0 and thus did not cause DNA-PKcs degradation.

However, the absence of ICP0 had no discernable effect upon either activation of Nbs1 or

Mre11 loss. I observed similar results with HELs (DNS). These data indicate that ICP0 is

not required for Mre11 loss following HSV-1 infection.

The possibility remained that Mre11 was being degraded by the proteasome due to

the actions of other viral or cellular proteins. To determine if Mre11 loss was mediated by

the proteasome, I infected HFKs with wt HSV-1 in the presence or absence of MG132, an

inhibitor of the 26S proteasome. Cells were harvested at 8 hpi and lysates analyzed by

Western blot (Fig 4.1B). Treatment with MG132 protected DNA-PKcs from degradation and

had only a minor impact on viral protein levels. Activation of Nbs1 and viral protein levels

were slightly reduced by treatment with MG132. This was expected, since MG132 was

previously reported to hinder the progression of HSV infection (85, 137, 164). Mre11 levels

were minimally affected by MG132 treatment. While some Mre11 was retained following

MG132 treatment, comparison with DNA-PKcs protection clearly indicated that Mre11 loss

was largely due to mechanisms other than proteasomal degradation.

Because Mre11 did not appear to be lost through proteasomal degradation, I decided

to test if the lysosome was the cause of loss. HFKs were infected and after 1 hour, to allow

for absorption and release of capsids from endosomes, treated with NH4Cl. The cells were
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harvested at 8 hpi and lysates subjected to Western blotting (Fig 4.1C). I observed no change

in Mre11 loss with either 10 or 20 mM NH4Cl, an inhibitor of lysosomal activity. These

concentrations were sufficient to prevent productive infection when present at the time of

infection (DNS). These data indicate that Mre11 loss is not mediated by the lysosome.

Mre11 loss is cell type specific

Others have reported that Mre11 is not lost following HSV infection of Vero, HeLa

or HFF cells (1, 8, 117, 126, 131, 133, 134). To determine if I could observe Mre11 loss in

cell types other than HFKs and HELs, I infected HeLa, HEp-2 and CV-1 cells with various

HSV strains. HeLa and HEp-2 cells were infected at MOIs of 5 or 10 respectively, with wild

type KOS or 17+, and ICP0 mutants 7134, d99 or d22, and harvested at 16 and 20 hpi (Fig

4.2 A & B). CV-1 cells were infected with KOS or 7134 at various MOIs and harvested at

20 hpi (Fig 4.2 C).

Western blotting of lysates from HeLa or HEp-2 cells showed infection with all

strains tested resulted in decreased Mre11 levels, while other cellular proteins were largely

unaffected. This was not the case with CV-1 cells. Initially I observed no change in Mre11

levels in whole cell lysates from CV-1 cells (DNS). To insure Mre11 was not being

inactivated by mislocalization, I prepared fractionated lysates from CV-1 cells infected at

various MOIs at 20 hpi. All the MRN components largely localized to the nucleus, with no

relocalization or reduction of levels. These results indicate that Mre11 loss is a cell type

dependent phenotype, though not a virus strain dependent phenotype.

Analysis of Late mutants for Mre11 loss

Because Mre11 loss did not occur in the absence of viral DNA replication and late

gene expression, I decided to assay viruses deficient in expression of various late genes for
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their ability to cause Mre11 loss. Because any benefit to HSV replication due to Mre11 loss

is likely to be due to preventing detection and subsequent repair of free DNA ends at late

times of infection, I felt it likely that Mre11 was being lost in order to protect the efficacy of

processing and packaging of progeny genomes, which results in generation of free DNA

ends. Thus, I chose to test mutants that have been characterized as deficient in proper

processing and packaging of progeny genomes. Mutant viruses individually deleted for UL6

(hr74), UL15 (hr81-1), UL17 (dUL17), UL25 (kUL25), UL28 (GCB) and UL32 (hr64) were

tested for Mre11 loss following infection (101). UL6 encodes the portal protein through

which DNA enters the capsid (2, 174). UL15 and UL28 gene products are components of the

terminase (97, 145). The UL25 gene product is necessary for stabilizing encapsidated DNA

and late stages of capsid maturation (75, 153). UL17 and UL32 expression is necessary for

correct localization of preformed capsids to sites of DNA packaging (30).

I infected HFKs (Fig. 4.3A) and HELs (DNS) with these mutants and harvested at

8hpi to test for Mre11 loss. I noted that the UL15 and UL17 mutants consistently, and UL6

mutant occasionally, showed less Mre11 loss than wt virus, as seen in Fig. 4.3A. However,

further analysis of the lysates revealed reduced levels of selected viral proteins. This defect

has been previously seen for these mutants and contributed to a high complementation index

when titers were determined on complimenting cell lines (personal communication, S. Weller

& J. Baines). These mutants also exhibited reduced activation of Nbs1, indicating inefficient

viral DNA replication. As such I could not determine whether the failure to cause Mre11

loss was due to the specific loss of the viral genes or due to the general replication defect.

In order to overcome this defect in general viral fitness for the viral mutants hr81-1,

hr74 and dUL17, I repeated infections at an MOI of 200 (Fig. 4.3B). At this MOI, viral
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protein levels in the mutant infected cells were equal to or in excess of that of wt virus at an

MOI of 20, and Nbs1 activation was also equivalent to wt infected cells. However, under

these conditions I also no longer saw any defect in Mre11 loss. This result would indicate

that UL15, UL6 and UL17 products are unnecessary for Mre11 loss.

Another late function that could affect Mre11 loss is the viral protease encoded by

UL26, which conceivably could directly target Mre11. To determine if UL26 was necessary

for Mre11 loss, I infected HFK cells with UL26dZ, a mutant with a deletion of the entire

UL26 orf, or UL26H61E, a point mutant disabling the protealytic activity of the viral

protease (Fig. 4.3C). At an MOI of 20, these mutants had no defect in Mre11 loss or viral

protein accumulation. This result suggests that the viral protease does not contribute to loss

of Mre11.

Camptothecin causes Mre11 loss

Though none of the late mutants I tested were defective in Mre11 loss in the end, I

did make an interesting observation that Mre11 loss was occasionally observable despite

absence of detectable late proteins (DNS). This observation led us to consider the possibility

that viral DNA replication, rather than a viral encoded late function, was the trigger of Mre11

loss. As viral DNA replication is the trigger for activation of the DSB response, I considered

the possibility that activation of the DSB response could lead to Mre11 degradation, perhaps

as part of a negative feedback loop. However, in Chapter 3 I demonstrated that inhibition of

ATM and thus the DSB response downstream of ATM did not affect Mre11 loss. Mre11 is

upstream of ATM, and thus it would still be possible that engagement of DNA ends by the

MRN complex would be sufficient to cause Mre11 loss.
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If MRN detection and engagement of DSBs were sufficient to cause Mre11 loss, I

would expect this to occur outside the context of HSV infection. To test if this was the case,

I treated cells with camptothecin (CPT), which results in the generation of free DNA ends

and activation of the DSB response in S-phase cells due to topoisomerase I inhibition.

Because CPT primarily functions in S-phase, I serum starved confluent HEL cultures and

then released them by passaging in media with serum. After allowing 20 hours for the cells

to re-enter the cell cycle, which has previously been shown to result in an enriched S-phase

population, cells were treated with CPT and/or ActD (85, 137, 164). ActD was used to

control for differences in protein level due to differential cell growth. After 4 hours

treatment cells were harvested and lysates subjected to Western blotting (Fig 4.4). Rad50

and tubulin levels were reduced equally in all cells treated with ActD, with or without CPT,

in comparison to untreated cells. ActD treatment also resulted in reduced Mre11 levels,

though combined ActD and CPT treatment caused further reduction. CPT treatment alone

resulted in a further reduction of all protein levels compared to ActD treatment. A possible

cause for this might be a greater induction of apoptosis in these cells, though no

cytopathology was observable (DNS).

Though the reduction in Mre11 following CPT was insignificant compared to that

observed following HSV infection, this result does indicate that activation of the DSB

response, or perhaps certain general cellular stresses, can cause Mre11 turnover. I suspect

that the loss of Mre11 was less significant due to the fact that CPT treatment most greatly

affects cells in S-phase. While my conditions should enrich for an S-phase population, many

cells were likely still in G1/G0 or perhaps had progressed beyond S-phase by 20 hours after
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release from serum starvation. As such, a portion of the cells were unaffected by CPT

treatment, thus reducing the observable loss.

Significance of Results

Mre11 loss following HSV infection would be expected to inhibit the ability of the

cellular DSB response machinery to recocognize and respond to DSBs. How this loss might

affect HSV replication, if it does at all, is unclear. Here, I have shown that Mre11 loss

following HSV infection is a late event that is dependent upon viral DNA replication and

perhaps late gene expression. Unlike many other cellular proteins that are lost following

HSV infection, Mre11 loss is not caused by ICP0 activity, nor does it depend upon the

proteasome or lysosome, though it is possible that NH4Cl does not fully inhibit the

protealytic activity of lysosomes. As these general degradation mechanisms appear not to be

involved in Mre11 loss, the actions of specific proteases is left as the most plausible

explanation for the loss. Another possibility is that Mre11 is being displaced from the MRN

complex, resulting in its instability and degradation. This is unlikely however, as it would

still depend upon Mre11 being degraded by the proteasome or lysosome.

Others have not reported that Mre11 is lost following infection, though their systems

utilized different cell types and/or virus strains (20, 85, 137, 164). In my hands, I found that

Mre11 loss was dependent upon cell type, though not virus strain. The basis for the

differences between the cell types is unknown, though notably the one cell type in which I

observed no loss of Mre11 at all was a non-human primate derived line, whereas all others

tested were of human origin. Further experiments may determine if this is a human specific

phenotype.
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My results suggest that either viral DNA replication or the function of late genes

trigger Mre11 loss following HSV infection. While I have shown a number of late gene

functions to be unnecessary for Mre11 loss, it remains possible that there is a functional

redundancy amongst those I tested or that a function I have not tested is responsible for

Mre11 loss. I expect this not to be the case however, as Mre11 loss is observable in the

absence of late protein expression, which leaves viral DNA replication as the likely trigger

for loss. To further confirm this, late genes could be expressed from a cosmid library to

determine if any are sufficient to cause Mre11 loss.

If viral DNA replication does trigger Mre11 loss, the mechanisms of how this occurs

is unclear. It is possible that viral DNA replication allows an IE or E protein to either

directly or indirectly target Mre11, leading to Mre11’s degradation. However, I have already

demonstrated that the most likely candidate, ICP0, is not necessary for Mre11 loss. No other

IE or E proteins have characterized functions that would suggest they would be involved in

protein loss. Another possible mechanism would involve a cellular protein being triggered

by viral DNA replication to cause Mre11 loss. As it is known that viral DNA replication

does trigger some cellular stress pathways, such as the DSB response and PKR, this is a

reasonable possibility (85).

If activation of such stress pathways does lead to Mre11 loss, I would expect their

activation to lead to Mre11 loss out of the context of infection. I found this was indeed the

case for the DSB response induced by CPT treatment. This result may indicate that the

activation of the MRN complex by viral DNA replication leads to Mre11 turnover.

However, as Mre11 loss still occured when ATM activation was inhibited, the loss would not

be the result of effectors in the DSB response pathway downstream of ATM. If Mre11 loss
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is simply a by-product of DSB response activation, it may be that loss does not contribute to

viral replication. Given that Mre11 is likely important for viral DNA replication, its loss may

in fact be detrimental (48, 114). Even so, the observed loss of Mre11 following CPT

treatment may represent a novel negative regulatory mechanism for the DSB response.

Further experiments are needed to identify the exact mechanism of Mre11 loss and

determine if loss following HSV infection and CPT treatment are in fact the same. Use of

specific and broad range protease inhibitors might identify the relevant protease and thus also

allow the significance, if any, of Mre11 loss to viral infection to be determined. Otherwise,

tagging of Mre11 and either pull down experiments or live cell microscopy tracking may

provide clues to the fate of Mre11 through identification of interacting proteins or

observation of aberrant localization.

Figure 4.1A
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Figure 4.1. Mre11 loss does not require ICP0 or the activities of the proteasome or

lysosome. A. HFKs were infected with wt or a ICP0 deficient virus at the indicated MOIs

and harvested at 8 hpi. Whole cell lysates were assayed for cellular and viral proteins by

Western blot. B & C HFKs were infected with wt virus and were overlayed with media with

or without MG132 or NH4Cl at the indicated concentrations at 1 hpi. Lysates were assayed

by Western blot for cellular and viral proteins. M, mock infected. H, infected with wt HSV.
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Figure 4.1B

Figure 4.1C
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Figure 4.2A

Figure 4.2B
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Figure 4.2C

Figure 4.2. Mre11 loss is cell type dependent. HeLa (A), HEp-2 (B) and CV-1 (C) cells

were infected with the indicated wt or ICP0 deficient viruses at the indicated MOIs and

harvested at the indicated times. A & B. Whole cell lysates were probed for cellular and

viral proteins by Western blot. C. Fractionated lysates were likewise probed.
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Figure 4.3

Figure 4.3. Processing and packaging mutants cause Mre11 loss. HFKs were infected with

wt or the indicated mutants characterized for defective processing and packaging of viral

DNA (A & B) or the viral encoded protease (C). Mutant viruses were used at an MOI of 20

(A) or 200 (B). Lysates were analyzed for cellular and viral proteins by Western blot.
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Figure 4.4

Figure 4.4. Camptothecin treatment causes Mre11 loss. HELs were growth arrested by

contact inhibition and serum starvation. 20 hours following release from arrest by replating

in fresh media, cells were treated with camptothecin (CPT) or actinomycin D (ActD) for 4

hours. Whole cell lysates were assayed for Rad50, Mre11 and tubulin by Western blot.



CHAPTER 5

CONCLUSIONS

Viruses are efficient pathogens that are absolutely dependent upon a host cell to

complete their life cycle. To facilitate viral replication, host cell machinery is co-opted by

the virus to carry out necessary tasks in replication. In this dissertation I have characterized

two instances in which HSV interacts with host cell signaling machinery to benefit its own

replication. First, I have demonstrated the independent importance of the two kinase

components to the IKK complex, IKKα and IKKβ, in the activation of the NFκB pathway

following HSV infection. Second, I have demonstrated activation of the DSB response and

the loss of Mre11, a component of the DSB response, following HSV infection. Here I will

discuss the relevance of these findings to our knowledge of HSV life cycle and consider

future research in these areas.

NFκB activation

I have shown that the second sustained NFκB activation following HSV infection is

dependent upon both IKKα and IKKβ. IKKα was necessary for NFκB DNA binding activity,

and thus any transactivation or transrepression activity NFκB may normally have during

HSV infection. IKKβ was necessary for IκBa degradation and thus p65/p50 nuclear

translocation. It is also possible that IKKβ plays a further role in controlling DNA binding

ability or transactivation ability, though it was not possible to assay for these activities due to

the upstream defects in the pathway.
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IKKα has been shown to be important for NFκB binding to a subset of its responsive

promoters, likely due to phosphorylating p65 and or p50 (113). IKKα can also function as a

derepressor by targeting transcriptional repressors SMRT and HDAC3 for removal from

NFκB target genes and by phosphorylating histone H3 (123). To determine if IKKα has

similar functions during HSV infection several experiments need to be performed. If IKKα

does directly target p65 or p50 during infection, this could be revealed by comparision of

phosphorylated residues detected by Western blot of lysates from cells with or without

functional IKKα. Also, cells expressing p65 with alanine substitutions mutations at sites

targeted by IKKα could be infected to determine if they replicate the IKKα null phenotype

seen in Chapter 2. Conversely, glutamic acid substitutions, which can mimic

phosphorylation at these residues, could be used to assay complementation of NFκB

activation and HSV replication defects in IKKα-/- cells.

Similarly, Western blotting for phosphorylated sites on repressors, such as SMRT and

HDAC3, and H3 from infected cells with or without IKKα could determine if IKKα

functions as a derepressor following HSV infection. Also, chromatin immunoprecipitation

(ChIP) could be performed to analyze the differential make up of the chromatin structures at

HSV dependent NFκB bound sites in cells with or without IKKα. This experiment would

also require identifying sites, other than the ICP0 promoter, that are bound by NFκB

following infection. The VP16 promoter is the only other site in the HSV genome with

identified putative NFκB sites (113). Other sites could be identified by performing ChIP

with antibodies against p65, blunt cloning the released DNA fragments and sequencing them.

This method would identify any bound DNA not already known or not identifiable by

scanning for putative NFκB binding sites in the HSV or cellular genomes.
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Determining if IKKβ also has a role in activation of p65/p50 by phosphorylation

following infection will be more difficult, as the defect in IκBα turnover and p65

translocation must be bypassed to determine if any such phosphorylations are important for

DNA binding or transactivation. Some p65 translocation is seen in IKKβ-/- cells, and thus it

may be possible to directly detect phosphorylation sites by Western blot. Sites that are

targeted in wt, but not IKKβ-/-, cells would determine which residues, if any, are targeted by

IKKβ following HSV infection. Alanine replacements could again be tested to determine if

any of the IKKβ targeted sites are important. Glutamic acid replacement would be useful if

IκBα degradation can be affected without IKKβ activation and activation of other pathways

that potentially lead to p65 or p50 phosphorylation.

The observation that IKKβ-/- cells had up to a 28 fold reduction in yield and IKKα-/- 

cells had only up to a 6 fold reduction while both failed to activate NFκB and allow for

substantial late gene expression suggests that IKKβ has additional roles outside of NFκB

activation. In addition to the NFκB subunits, IKKβ has been shown to phosphorylate Bcl10,

IRS1, Dok1, 14-3-3 and FOXO3a (109). Currently there are no reports of activation of these

targets following infection. Assaying for such activations could potentially reveal additional

roles for IKKβ in HSV infection.

Though IKKβ is the primary activator of NFκB following infection, the upstream

effector is still unknown. I tested two upstream factors known to activate NFκB primarily

through IKKβ, PKR and Tak1, as well as Nik, which normally signals through IKKα, for

their importance in HSV NFκB activation. PKR was tested using deficient cell lines while

dominant negative constructs of Tak1 and NIK were used to test for their contribution. None

were necessary for NFκB activation following HSV infection. Whether HSV utilizes
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existing cellular pathways that activate IKK or simply encodes its own activating function

remains to be determined. Current evidence suggests that IKK activation may involve both

of the above.

Both ICP4 and ICP27 contribute to NFκB activation following HSV infection (55).

More recent studies by Hargett et al. (54, 55) indicate that ICP27 is necessary and sufficient

for NFκB activation. They also demonstrated that p38 and JNK signaling, which ICP27 also

triggers, contribute to HSV NFκB activation. That the ICP27 mutant dLeu was capable of

activating p38 and JNK, but was deficient in NFκB activation, indicates both that ICP27

activation of p38 and JNK is not sufficient for NFκB activation, and that it either utilizes an

as yet undescribed pathway to activate NFκB, or perhaps directly contributes to NFκB

activation (4, 49, 50). Further experiments characterizing ICP27 mutants and their physically

interacting proteins and other signaling pathways will lead to a more complete understanding

of HSV NFκB activation.

The other important aspect of NFκB signaling during HSV infection is its role in

virus infection. Currently there is evidence that NFκB activates the ICP0 gene and prevents

apoptosis following HSV infection (123). How NFκB affects apoptosis prevention during

infection and what other roles it may play are not yet known. Because the promoter of VP16

also contains putative NFκB binding sites, it is likely that NFκB also activates VP16

expression (72). It is also possible that NFκB binds other unidentified sites in the HSV

genome and activates other genes. Further studies utilizing ChIP may reveal such sites in

relevant cell types, as discussed above.

NFκB anti-apoptotic activity is well characterized following TNFα induction (5, 65).

NFκB activates expression of a number of anti-apoptotic genes, such as those encoding IAPs,



73

Bcl2 family members, TRAF2 & 5 and others. Though it is not known how HSV affects

transcription of all of these genes, Bcl-2 and XIAP are upregulated and play a role in

preventing apoptosis following infection (85, 137, 164). It is not known whether this

upregulation is dependent upon NFκB. Assaying mRNA levels of Bcl-2 and XIAP, as well

as other NFκB dependent anti-apoptotic genes, following infection of cells unable to activate

NFκB, such as the IKK knockout MEFs or cells transfected with DN-IκBα, will establish

whether they are in fact activated by NFκB. Further studies utilizing cells knocked out or

down for these upregulated genes will confirm the role for Bcl-2 and XIAP in preventing

apoptosis following infection and determine if any other factors play a similar role.

DBS response activation

I have shown that HSV activates the DSB response following infection, dependent

upon viral DNA replication, in accordance with reports from others (85). The significance of

this observation is not entirely clear. While immunofluorescence and immunoprecipitation

data clearly demonstrate interactions between the DSB machinery and viral DNA replication,

its role remains unknown. The most likely explanation is that the DSB machinery aids in

facilitating later stage recombination dependent viral DNA replication. This might explain

my observation that inactivation of ATM did not greatly affect viral genome copy number or

virus yield, as ATM is not essential for recombination, though it does contribute to its

efficacy.

Mre11 is upstream of ATM and is necessary for recombination. Fibroblasts deficient

for Mre11 (A-TLD derived) or cells where Mre11 is degraded (expressing adenovirus EIB

and E4Orf6) are defective in facilitating virus replication and, at least in the case of the

former, DNA replication (19). WRN is another protein involved in recombination (154).
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Cell lines deficient for WRN also have been shown to be defective in supporting viral

replication and HSV specific recombination (85). These results strongly suggest that HSV

requires DSB and recombination machinery to replicate its DNA. Further studies could be

performed to directly assay the resulting replicated DNA structures under conditions where

host recombination machinery is perturbed. Knock out cell lines and siRNA mediated

knockdown of other components of the DSB response would further our understanding of the

exact mechanisms that are used in HSV DNA replication. It may also be possible to use

electron microscopy of HSV DNA at various stages of replication to directly visualize the

replication mechanisms.

Mre11 loss

Because Mre11 appears to be necessary for efficient viral replication, it is curious that

Mre11 is lost following infection . However, because Mre11 loss also only occurs following

initiation of DNA replication, it may be that it has served its utility by the time of loss.

Another possibility is that Mre11 loss may limit the extent of viral DNA replication. A third

non-mutually exclusive possibility, which I originally hypothesized upon observation of

Mre11 loss, is that the loss is beneficial to HSV because it prevents interference with

processing and packaging of progeny genomes. Packaged genomes are linear and could be

acted upon by the DSB response machinery if the free DNA ends were accessible. Though

the exact mechanism of packaging is not known, it is thought to be similar to phage

packaging and thus packaged genomes are not likely to be accessible to cellular machinery.

Nonetheless, packaging would still result in the unpackaged viral DNA having free DNA

ends that would be accessible to the host machinery. Processing of these ends by the MRN

complex could then be detrimental to further packaging.
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To test these models, a method of inhibiting Mre11 loss without interfering with

Mre11 activity would have to be developed. While I have done much to advance our

understanding of what triggers Mre11 loss following HSV infection, I have not discovered a

method of preventing Mre11 loss without also preventing DNA replication where it likely

functions to the benefit of the virus. It is clear that unlike the case of most host proteins lost

following infection, ICP0 is not responsible for Mre11 loss. Even more curious, neither the

proteasome nor the lysosome are effectors of Mre11 loss. While it remains possible that a

function encoded by a late gene is responsible for the loss, I have not been able to identify a

late protein that is necessary for Mre11 loss. As Mre11 loss was observable in the absence of

late gene expression, I hypothesized that activation of the DSB response by DNA replication

triggers the loss. Credence for this model is gained from the observation that camptothecin

(CPT), which also activates the DSB response, causes Mre11 loss. Inhibition of ATM

activation does not prevent Mre11 loss, indicating that the upstream engagement of the MRN

complex is sufficient for Mre11 loss absent any signaling downstream of ATM.

Further study is required to confirm that DSB damage can trigger Mre11 turnover.

Cell lines expressiong mutant forms of Mre11 or Rad50 which are either unable to bind and

process DNA or unable to engage Nbs1 could be used to determine if such activities are

necessary for Mre11 loss after HSV infection. Also, direct visualization of live cells with

florescence-tagged Mre11 may enable us to track the fate of Mre11 following the induction

of DSBs caused by CPT or other damaging agents. Along with confirming the trigger for

Mre11 loss, the mechanism of loss must still be determined. As the proteasome and

lysosome have been eliminated as mechanisms for Mre11 loss, only specific proteases are

left as likely effectors of Mre11 loss.
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I have determined that UL26, the HSV encoded protease, is not required for Mre11

loss, leaving either an undiscovered viral protease or a cellular protease as the effecter of

Mre11 loss. Because Mre11 loss appears to be a normal cellular response to DSB stimulus,

Mre11 is more likely to be targeted by a cellular protease. Broad range and specific protease

inhibitors could be used to determine what type of protease is involved. Inhibitory

conditions might also allow for the protease to be pulled down with Mre11 by IP, and thus

directly identified. Identification of the protease responsible for Mre11 would finally allow

determination of whether Mre11 loss is beneficial, neutral or harmful to HSV replication.

Effects of inhibition of the protease could be assayed first by yield assay, and then by

assaying effects on viral DNA replication, processing and packaging. Because of potential

secondary effects of protease inhibition, Mre11 proteins resistant to protease cleavage could

be designed to directly assay for the importance of Mre11 loss, provided such changes do not

also interfere with MRN activity.



77

References

1. Addison, C., F. J. Rixon, and V. G. Preston. 1990. Herpes simplex virus type 1
UL28 gene product is important for the formation of mature capsids. J Gen Virol 71
(Pt 10):2377-84.

2. Adelman, K., B. Salmon, and J. D. Baines. 2001. Herpes simplex virus DNA
packaging sequences adopt novel structures that are specifically recognized by a
component of the cleavage and packaging machinery. Proc Natl Acad Sci U S A
98:3086-91.

3. Amici, C., G. Belardo, A. Rossi, and M. G. Santoro. 2001. Activation of I kappa b
kinase by herpes simplex virus type 1. A novel target for anti-herpetic therapy. J Biol
Chem 276:28759-66.

4. Amici, C., A. Rossi, A. Costanzo, S. Ciafre, B. Marinari, M. Balsamo, M.
Levrero, and M. G. Santoro. 2006. Herpes simplex virus disrupts NF-kappaB
regulation by blocking its recruitment on the IkappaBalpha promoter and directing
the factor on viral genes. J Biol Chem 281:7110-7.

5. Angelova, A., T. Tenev, and T. Varadinova. 2004. Expression of cellular proteins
Bcl-X(L), XIAP and Bax involved in apoptosis in cells infected with herpes simplex
virus 1 and effect of pavine alkaloid (-)-thalimonine on virus-induced suppression of
apoptosis. Acta Virol 48:193-6.

6. Assogba, B. D., B. H. Choi, and H. M. Rho. 2002. Transcriptional activation of the
promoter of human cytomegalovirus immediate early gene (CMV-IE) by the hepatitis
B viral X protein (HBx) through the NF-kappaB site. Virus Res 84:171-9.

7. Assogba, B. D., N. W. Paik, and H. M. Rho. 2004. Transcriptional activation of
gammaherpesviral oncogene promoters by the hepatitis B viral X protein (HBx).
DNA Cell Biol 23:141-8.

8. Baines, J. D., A. P. Poon, J. Rovnak, and B. Roizman. 1994. The herpes simplex
virus 1 UL15 gene encodes two proteins and is required for cleavage of genomic viral
DNA. J Virol 68:8118-24.

9. Bakkenist, C. J., and M. B. Kastan. 2003. DNA damage activates ATM through
intermolecular autophosphorylation and dimer dissociation. Nature 421:499-506.

10. Bates, P. W., and S. Miyamoto. 2004. Expanded nuclear roles for IkappaBs. Sci
STKE 2004:pe48.

11. Bonnet, M. C., C. Daurat, C. Ottone, and E. F. Meurs. 2006. The N-terminus of
PKR is responsible for the activation of the NF-kappaB signaling pathway by
interacting with the IKK complex. Cell Signal 18:1865-75.



78

12. Boutell, C., and R. D. Everett. 2003. The herpes simplex virus type 1 (HSV-1)
regulatory protein ICP0 interacts with and Ubiquitinates p53. J Biol Chem
278:36596-602.

13. Burma, S., B. P. Chen, M. Murphy, A. Kurimasa, and D. J. Chen. 2001. ATM
phosphorylates histone H2AX in response to DNA double-strand breaks. J Biol Chem
276:42462-7.

14. Cai, W., and P. A. Schaffer. 1992. Herpes simplex virus type 1 ICP0 regulates
expression of immediate-early, early, and late genes in productively infected cells. J
Virol 66:2904-15.

15. Carson, C. T., R. A. Schwartz, T. H. Stracker, C. E. Lilley, D. V. Lee, and M. D.
Weitzman. 2003. The Mre11 complex is required for ATM activation and the G2/M
checkpoint. Embo J 22:6610-20.

16. Cassady, K. A., M. Gross, and B. Roizman. 1998. The second-site mutation in the
herpes simplex virus recombinants lacking the gamma134.5 genes precludes shutoff
of protein synthesis by blocking the phosphorylation of eIF-2alpha. J Virol 72:7005-
11.

17. Chaudhary, P. M., A. Jasmin, M. T. Eby, and L. Hood. 1999. Modulation of the
NF-kappa B pathway by virally encoded death effector domains-containing proteins.
Oncogene 18:5738-46.

18. Chelbi-Alix, M. K., and H. de The. 1999. Herpes virus induced proteasome-
dependent degradation of the nuclear bodies-associated PML and Sp100 proteins.
Oncogene 18:935-41.

19. Cheng, W. H., M. Muftuoglu, and V. A. Bohr. 2007. Werner syndrome protein:
Functions in the response to DNA damage and replication stress in S-phase. Exp
Gerontol.

20. Chou, J., J. J. Chen, M. Gross, and B. Roizman. 1995. Association of a M(r)
90,000 phosphoprotein with protein kinase PKR in cells exhibiting enhanced
phosphorylation of translation initiation factor eIF-2 alpha and premature shutoff of
protein synthesis after infection with gamma 134.5- mutants of herpes simplex virus
1. Proc Natl Acad Sci U S A 92:10516-20.

21. Cocchi, F., M. Lopez, L. Menotti, M. Aoubala, P. Dubreuil, and G. Campadelli-
Fiume. 1998. The V domain of herpesvirus Ig-like receptor (HIgR) contains a major
functional region in herpes simplex virus-1 entry into cells and interacts physically
with the viral glycoprotein D. Proc Natl Acad Sci U S A 95:15700-5.

22. Costanzo, V., T. Paull, M. Gottesman, and J. Gautier. 2004. Mre11 assembles
linear DNA fragments into DNA damage signaling complexes. PLoS Biol 2:E110.



79

23. Cuadrado, M., B. Martinez-Pastor, M. Murga, L. I. Toledo, P. Gutierrez-
Martinez, E. Lopez, and O. Fernandez-Capetillo. 2006. ATM regulates ATR
chromatin loading in response to DNA double-strand breaks. J Exp Med 203:297-
303.

24. Daksis, J. I., J. M. Cocking, M. A. Skinner, and V. L. Chan. 1987. Temperature-
sensitive herpes simplex virus type 1 mutants defective in the shutoff of cellular DNA
synthesis and host polypeptide synthesis. Virus Res 6:297-315.

25. DeLuca, N. A., M. A. Courtney, and P. A. Schaffer. 1984. Temperature-sensitive
mutants in herpes simplex virus type 1 ICP4 permissive for early gene expression. J
Virol 52:767-76.

26. Diao, L., B. Zhang, J. Fan, X. Gao, S. Sun, K. Yang, D. Xin, N. Jin, Y. Geng, and
C. Wang. 2005. Herpes virus proteins ICP0 and BICP0 can activate NF-kappaB by
catalyzing IkappaBalpha ubiquitination. Cell Signal 17:217-29.

27. Diao, L., B. Zhang, C. Xuan, S. Sun, K. Yang, Y. Tang, W. Qiao, Q. Chen, Y.
Geng, and C. Wang. 2005. Activation of c-Jun N-terminal kinase (JNK) pathway by
HSV-1 immediate early protein ICP0. Exp Cell Res 308:196-210.

28. Digweed, M., I. Demuth, S. Rothe, R. Scholz, A. Jordan, C. Grotzinger, D.
Schindler, M. Grompe, and K. Sperling. 2002. SV40 large T-antigen disturbs the
formation of nuclear DNA-repair foci containing MRE11. Oncogene 21:4873-8.

29. Ehmann, G. L., T. I. McLean, and S. L. Bachenheimer. 2000. Herpes simplex
virus type 1 infection imposes a G(1)/S block in asynchronously growing cells and
prevents G(1) entry in quiescent cells. Virology 267:335-49.

30. Ehmann, G. L., and University of North Carolina at Chapel Hill. Curriculum in
Genetics and Molecular Biology. 2001. Effects of herpes simplex virus type 1 on
the cell cycle.

31. Evans, J. D., and P. Hearing. 2005. Relocalization of the Mre11-Rad50-Nbs1
Complex by the Adenovirus E4 ORF3 Protein Is Required for Viral Replication. J
Virol 79:6207-15.

32. Everett, R. D. 1984. Trans activation of transcription by herpes virus products:
requirement for two HSV-1 immediate-early polypeptides for maximum activity.
Embo J 3:3135-41.

33. Everett, R. D., C. Boutell, and A. Orr. 2004. Phenotype of a herpes simplex virus
type 1 mutant that fails to express immediate-early regulatory protein ICP0. J Virol
78:1763-74.

34. Everett, R. D., W. C. Earnshaw, J. Findlay, and P. Lomonte. 1999. Specific
destruction of kinetochore protein CENP-C and disruption of cell division by herpes
simplex virus immediate-early protein Vmw110. Embo J 18:1526-38.



80

35. Everett, R. D., P. Freemont, H. Saitoh, M. Dasso, A. Orr, M. Kathoria, and J.
Parkinson. 1998. The disruption of ND10 during herpes simplex virus infection
correlates with the Vmw110- and proteasome-dependent loss of several PML
isoforms. J Virol 72:6581-91.

36. Everett, R. D., A. Orr, and C. M. Preston. 1998. A viral activator of gene
expression functions via the ubiquitin-proteasome pathway. Embo J 17:7161-9.

37. Farwell, D. G., K. A. Shera, J. I. Koop, G. A. Bonnet, C. P. Matthews, G. W.
Reuther, M. D. Coltrera, J. K. McDougall, and A. J. Klingelhutz. 2000. Genetic
and epigenetic changes in human epithelial cells immortalized by telomerase. Am J
Pathol 156:1537-47.

38. Foray, N., D. Marot, A. Gabriel, V. Randrianarison, A. M. Carr, M. Perricaudet,
A. Ashworth, and P. Jeggo. 2003. A subset of ATM- and ATR-dependent
phosphorylation events requires the BRCA1 protein. Embo J 22:2860-71.

39. Fruh, K., K. Ahn, H. Djaballah, P. Sempe, P. M. van Endert, R. Tampe, P. A.
Peterson, and Y. Yang. 1995. A viral inhibitor of peptide transporters for antigen
presentation. Nature 375:415-8.

40. Garber, D. A., S. M. Beverley, and D. M. Coen. 1993. Demonstration of
circularization of herpes simplex virus DNA following infection using pulsed field
gel electrophoresis. Virology 197:459-62.

41. Gatei, M., S. P. Scott, I. Filippovitch, N. Soronika, M. F. Lavin, B. Weber, and
K. K. Khanna. 2000. Role for ATM in DNA damage-induced phosphorylation of
BRCA1. Cancer Res 60:3299-304.

42. Gautier, J., M. J. Solomon, R. N. Booher, J. F. Bazan, and M. W. Kirschner.
1991. cdc25 is a specific tyrosine phosphatase that directly activates p34cdc2. Cell
67:197-211.

43. Geraghty, R. J., C. Krummenacher, G. H. Cohen, R. J. Eisenberg, and P. G.
Spear. 1998. Entry of alphaherpesviruses mediated by poliovirus receptor-related
protein 1 and poliovirus receptor. Science 280:1618-20.

44. Gerondakis, S., M. Grossmann, Y. Nakamura, T. Pohl, and R. Grumont. 1999.
Genetic approaches in mice to understand Rel/NF-kappaB and IkappaB function:
transgenics and knockouts. Oncogene 18:6888-95.

45. Gil, J., M. A. Garcia, P. Gomez-Puertas, S. Guerra, J. Rullas, H. Nakano, J.
Alcami, and M. Esteban. 2004. TRAF family proteins link PKR with NF-kappa B
activation. Mol Cell Biol 24:4502-12.

46. Gilmore, T. D., and M. Herscovitch. 2006. Inhibitors of NF-kappaB signaling: 785
and counting. Oncogene 25:6887-99.



81

47. Gimble, J. M., E. Duh, J. M. Ostrove, H. E. Gendelman, E. E. Max, and A. B.
Rabson. 1988. Activation of the human immunodeficiency virus long terminal repeat
by herpes simplex virus type 1 is associated with induction of a nuclear factor that
binds to the NF-kappa B/core enhancer sequence. J Virol 62:4104-12.

48. Gloire, G., J. Horion, N. El Mjiyad, F. Bex, A. Chariot, E. Dejardin, and J.
Piette. 2007. Promoter-dependent effect of IKKalpha on NF-kappa B/p65 DNA
binding. J Biol Chem.

49. Goodkin, M. L., A. T. Ting, and J. A. Blaho. 2003. NF-kappaB is required for
apoptosis prevention during herpes simplex virus type 1 infection. J Virol 77:7261-
80.

50. Gregory, D., D. Hargett, D. Holmes, E. Money, and S. L. Bachenheimer. 2004.
Efficient replication by herpes simplex virus type 1 involves activation of the
IkappaB kinase-IkappaB-p65 pathway. J Virol 78:13582-90.

51. Hadjipanayis, C. G., and N. A. DeLuca. 2005. Inhibition of DNA repair by a herpes
simplex virus vector enhances the radiosensitivity of human glioblastoma cells.
Cancer Res 65:5310-6.

52. Hammarskjold, M. L., and M. C. Simurda. 1992. Epstein-Barr virus latent
membrane protein transactivates the human immunodeficiency virus type 1 long
terminal repeat through induction of NF-kappa B activity. J Virol 66:6496-501.

53. Hann, L. E., W. J. Cook, S. L. Uprichard, D. M. Knipe, and D. M. Coen. 1998.
The role of herpes simplex virus ICP27 in the regulation of UL24 gene expression by
differential polyadenylation. J Virol 72:7709-14.

54. Hargett, D., T. McLean, and S. L. Bachenheimer. 2005. Herpes simplex virus
ICP27 activation of stress kinases JNK and p38. J Virol 79:8348-60.

55. Hargett, D., S. Rice, and S. L. Bachenheimer. 2006. Herpes simplex virus type 1
ICP27-dependent activation of NF-kappaB. J Virol 80:10565-78.

56. Harper, J. W., G. R. Adami, N. Wei, K. Keyomarsi, and S. J. Elledge. 1993. The
p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent kinases.
Cell 75:805-16.

57. Hayden, M. S., and S. Ghosh. 2004. Signaling to NF-kappaB. Genes Dev 18:2195-
224.

58. Hickson, I., Y. Zhao, C. J. Richardson, S. J. Green, N. M. Martin, A. I. Orr, P.
M. Reaper, S. P. Jackson, N. J. Curtin, and G. C. Smith. 2004. Identification and
characterization of a novel and specific inhibitor of the ataxia-telangiectasia mutated
kinase ATM. Cancer Res 64:9152-9.



82

59. Hill, A., P. Jugovic, I. York, G. Russ, J. Bennink, J. Yewdell, H. Ploegh, and D.
Johnson. 1995. Herpes simplex virus turns off the TAP to evade host immunity.
Nature 375:411-5.

60. Hilton, M. J., D. Mounghane, T. McLean, N. V. Contractor, J. O'Neil, K.
Carpenter, and S. L. Bachenheimer. 1995. Induction by herpes simplex virus of
free and heteromeric forms of E2F transcription factor. Virology 213:624-38.

61. Hiscott, J., H. Kwon, and P. Genin. 2001. Hostile takeovers: viral appropriation of
the NF-kappaB pathway. J Clin Invest 107:143-51.

62. Hiscott, J., T. L. Nguyen, M. Arguello, P. Nakhaei, and S. Paz. 2006.
Manipulation of the nuclear factor-kappaB pathway and the innate immune response
by viruses. Oncogene 25:6844-67.

63. Hopfner, K. P., C. D. Putnam, and J. A. Tainer. 2002. DNA double-strand break
repair from head to tail. Curr Opin Struct Biol 12:115-22.

64. Hu, Y., V. Baud, M. Delhase, P. Zhang, T. Deerinck, M. Ellisman, R. Johnson,
and M. Karin. 1999. Abnormal morphogenesis but intact IKK activation in mice
lacking the IKKalpha subunit of IkappaB kinase. Science 284:316-20.

65. Huang, H., H. Chan, Y. Y. Wang, D. Y. Ouyang, Y. T. Zheng, and S. C. Tam.
2006. Trichosanthin suppresses the elevation of p38 MAPK, and Bcl-2 induced by
HSV-1 infection in Vero cells. Life Sci 79:1287-92.

66. Hurley, P. J., and F. Bunz. 2007. ATM and ATR: components of an integrated
circuit. Cell Cycle 6:414-7.

67. Inoue, J., J. Gohda, T. Akiyama, and K. Semba. 2007. NF-kappaB activation in
development and progression of cancer. Cancer Sci 98:268-74.

68. Jazayeri, A., J. Falck, C. Lukas, J. Bartek, G. C. Smith, J. Lukas, and S. P.
Jackson. 2006. ATM- and cell cycle-dependent regulation of ATR in response to
DNA double-strand breaks. Nat Cell Biol 8:37-45.

69. Keller, S. A., D. Hernandez-Hopkins, J. Vider, V. Ponomarev, E. Hyjek, E. J.
Schattner, and E. Cesarman. 2006. NF-kappaB is essential for the progression of
KSHV- and EBV-infected lymphomas in vivo. Blood 107:3295-302.

70. Keller, S. A., E. J. Schattner, and E. Cesarman. 2000. Inhibition of NF-kappaB
induces apoptosis of KSHV-infected primary effusion lymphoma cells. Blood
96:2537-42.

71. Khanna, K. M., A. J. Lepisto, V. Decman, and R. L. Hendricks. 2004. Immune
control of herpes simplex virus during latency. Curr Opin Immunol 16:463-9.



83

72. Kucharczak, J., M. J. Simmons, Y. Fan, and C. Gelinas. 2003. To be, or not to be:
NF-kappaB is the answer--role of Rel/NF-kappaB in the regulation of apoptosis.
Oncogene 22:8961-82.

73. Kudoh, A., M. Fujita, L. Zhang, N. Shirata, T. Daikoku, Y. Sugaya, H. Isomura,
Y. Nishiyama, and T. Tsurumi. 2005. Epstein-Barr virus lytic replication elicits
ATM checkpoint signal transduction while providing an S-phase-like cellular
environment. J Biol Chem 280:8156-63.

74. Kumar, A., J. Haque, J. Lacoste, J. Hiscott, and B. R. Williams. 1994. Double-
stranded RNA-dependent protein kinase activates transcription factor NF-kappa B by
phosphorylating I kappa B. Proc Natl Acad Sci U S A 91:6288-92.

75. Lamberti, C., and S. K. Weller. 1998. The herpes simplex virus type 1
cleavage/packaging protein, UL32, is involved in efficient localization of capsids to
replication compartments. J Virol 72:2463-73.

76. Lanson, N. A., Jr., D. B. Egeland, B. A. Royals, and W. C. Claycomb. 2000. The
MRE11-NBS1-RAD50 pathway is perturbed in SV40 large T antigen-immortalized
AT-1, AT-2 and HL-1 cardiomyocytes. Nucleic Acids Res 28:2882-92.

77. Laquerre, S., R. Argnani, D. B. Anderson, S. Zucchini, R. Manservigi, and J. C.
Glorioso. 1998. Heparan sulfate proteoglycan binding by herpes simplex virus type 1
glycoproteins B and C, which differ in their contributions to virus attachment,
penetration, and cell-to-cell spread. J Virol 72:6119-30.

78. Lee, J. H., and T. T. Paull. 2005. ATM activation by DNA double-strand breaks
through the Mre11-Rad50-Nbs1 complex. Science 308:551-4.

79. Lee, J. H., and T. T. Paull. 2004. Direct activation of the ATM protein kinase by the
Mre11/Rad50/Nbs1 complex. Science 304:93-6.

80. Lees-Miller, S. P., M. C. Long, M. A. Kilvert, V. Lam, S. A. Rice, and C. A.
Spencer. 1996. Attenuation of DNA-dependent protein kinase activity and its
catalytic subunit by the herpes simplex virus type 1 transactivator ICP0. J Virol
70:7471-7.

81. Li, Q., Q. Lu, J. Y. Hwang, D. Buscher, K. F. Lee, J. C. Izpisua-Belmonte, and I.
M. Verma. 1999. IKK1-deficient mice exhibit abnormal development of skin and
skeleton. Genes Dev 13:1322-8.

82. Li, Q., D. Van Antwerp, F. Mercurio, K. F. Lee, and I. M. Verma. 1999. Severe
liver degeneration in mice lacking the IkappaB kinase 2 gene. Science 284:321-5.

83. Li, Z. W., W. Chu, Y. Hu, M. Delhase, T. Deerinck, M. Ellisman, R. Johnson,
and M. Karin. 1999. The IKKbeta subunit of IkappaB kinase (IKK) is essential for
nuclear factor kappaB activation and prevention of apoptosis. J Exp Med 189:1839-
45.



84

84. Lilley, C. E., C. T. Carson, A. R. Muotri, F. H. Gage, and M. D. Weitzman. 2005.
DNA repair proteins affect the lifecycle of herpes simplex virus 1. Proc Natl Acad Sci
U S A.

85. Lilley, C. E., C. T. Carson, A. R. Muotri, F. H. Gage, and M. D. Weitzman. 2005.
DNA repair proteins affect the lifecycle of herpes simplex virus 1. Proc Natl Acad Sci
U S A 102:5844-9.

86. Lim, D. S., S. T. Kim, B. Xu, R. S. Maser, J. Lin, J. H. Petrini, and M. B. Kastan.
2000. ATM phosphorylates p95/nbs1 in an S-phase checkpoint pathway. Nature
404:613-7.

87. Ling, L., Z. Cao, and D. V. Goeddel. 1998. NF-kappaB-inducing kinase activates
IKK-alpha by phosphorylation of Ser-176. Proc Natl Acad Sci U S A 95:3792-7.

88. Lomonte, P., and R. D. Everett. 1999. Herpes simplex virus type 1 immediate-early
protein Vmw110 inhibits progression of cells through mitosis and from G(1) into S
phase of the cell cycle. J Virol 73:9456-67.

89. Lomonte, P., K. F. Sullivan, and R. D. Everett. 2001. Degradation of nucleosome-
associated centromeric histone H3-like protein CENP-A induced by herpes simplex
virus type 1 protein ICP0. J Biol Chem 276:5829-35.

90. Ludlow, J. W. 1993. Interactions between SV40 large-tumor antigen and the growth
suppressor proteins pRB and p53. Faseb J 7:866-71.

91. Lukas, C., F. Melander, M. Stucki, J. Falck, S. Bekker-Jensen, M. Goldberg, Y.
Lerenthal, S. P. Jackson, J. Bartek, and J. Lukas. 2004. Mdc1 couples DNA
double-strand break recognition by Nbs1 with its H2AX-dependent chromatin
retention. Embo J 23:2674-83.

92. Mahajan, K. N., S. A. Nick McElhinny, B. S. Mitchell, and D. A. Ramsden. 2002.
Association of DNA polymerase mu (pol mu) with Ku and ligase IV: role for pol mu
in end-joining double-strand break repair. Mol Cell Biol 22:5194-202.

93. Malinin, N. L., M. P. Boldin, A. V. Kovalenko, and D. Wallach. 1997. MAP3K-
related kinase involved in NF-kappaB induction by TNF, CD95 and IL-1. Nature
385:540-4.

94. Matsuoka, S., M. Huang, and S. J. Elledge. 1998. Linkage of ATM to cell cycle
regulation by the Chk2 protein kinase. Science 282:1893-7.

95. Mauser, A., E. Holley-Guthrie, A. Zanation, W. Yarborough, W. Kaufmann, A.
Klingelhutz, W. T. Seaman, and S. Kenney. 2002. The Epstein-Barr virus
immediate-early protein BZLF1 induces expression of E2F-1 and other proteins
involved in cell cycle progression in primary keratinocytes and gastric carcinoma
cells. J Virol 76:12543-52.



85

96. McLean, T. I., and S. L. Bachenheimer. 1999. Activation of cJUN N-terminal
kinase by herpes simplex virus type 1 enhances viral replication. J Virol 73:8415-26.

97. McNab, A. R., P. Desai, S. Person, L. L. Roof, D. R. Thomsen, W. W. Newcomb,
J. C. Brown, and F. L. Homa. 1998. The product of the herpes simplex virus type 1
UL25 gene is required for encapsidation but not for cleavage of replicated viral DNA.
J Virol 72:1060-70.

98. Medici, M. A., M. T. Sciortino, D. Perri, C. Amici, E. Avitabile, M. Ciotti, E.
Balestrieri, E. De Smaele, G. Franzoso, and A. Mastino. 2003. Protection by
herpes simplex virus glycoprotein D against Fas-mediated apoptosis: role of nuclear
factor kappaB. J Biol Chem 278:36059-67.

99. Mochan, T. A., M. Venere, R. A. DiTullio, Jr., and T. D. Halazonetis. 2003.
53BP1 and NFBD1/MDC1-Nbs1 function in parallel interacting pathways activating
ataxia-telangiectasia mutated (ATM) in response to DNA damage. Cancer Res
63:8586-91.

100. Montgomery, R. I., M. S. Warner, B. J. Lum, and P. G. Spear. 1996. Herpes
simplex virus-1 entry into cells mediated by a novel member of the TNF/NGF
receptor family. Cell 87:427-36.

101. Newcomb, W. W., R. M. Juhas, D. R. Thomsen, F. L. Homa, A. D. Burch, S. K.
Weller, and J. C. Brown. 2001. The UL6 gene product forms the portal for entry of
DNA into the herpes simplex virus capsid. J Virol 75:10923-32.

102. Nicola, A. V., A. M. McEvoy, and S. E. Straus. 2003. Roles for endocytosis and
low pH in herpes simplex virus entry into HeLa and Chinese hamster ovary cells. J
Virol 77:5324-32.

103. Olgiate, J., G. L. Ehmann, S. Vidyarthi, M. J. Hilton, and S. L. Bachenheimer.
1999. Herpes simplex virus induces intracellular redistribution of E2F4 and
accumulation of E2F pocket protein complexes. Virology 258:257-70.

104. Olgiate, J., G. L. Ehmann, S. Vidyarthi, M. J. Hilton, and S. L. Bachenheimer.
1999. Herpes simplex virus induces intracellular redistribution of E2F4 and
accumulation of E2F pocket protein complexes. Virology 258:257-70.

105. Pahl, H. L. 1999. Activators and target genes of Rel/NF-kappaB transcription factors.
Oncogene 18:6853-66.

106. Parkinson, J., S. P. Lees-Miller, and R. D. Everett. 1999. Herpes simplex virus
type 1 immediate-early protein vmw110 induces the proteasome-dependent
degradation of the catalytic subunit of DNA-dependent protein kinase. J Virol
73:650-7.



86

107. Pasparakis, M., T. Luedde, and M. Schmidt-Supprian. 2006. Dissection of the
NF-kappaB signalling cascade in transgenic and knockout mice. Cell Death Differ
13:861-72.

108. Pastwa, E., and J. Blasiak. 2003. Non-homologous DNA end joining. Acta Biochim
Pol 50:891-908.

109. Patel, A., J. Hanson, T. I. McLean, J. Olgiate, M. Hilton, W. E. Miller, and S. L.
Bachenheimer. 1998. Herpes simplex type 1 induction of persistent NF-kappa B
nuclear translocation increases the efficiency of virus replication. Virology 247:212-
22.

110. Paull, T. T., and M. Gellert. 2000. A mechanistic basis for Mre11-directed DNA
joining at microhomologies. Proc Natl Acad Sci U S A 97:6409-14.

111. Paull, T. T., and M. Gellert. 1999. Nbs1 potentiates ATP-driven DNA unwinding
and endonuclease cleavage by the Mre11/Rad50 complex. Genes Dev 13:1276-88.

112. Pearson, A., D. M. Knipe, and D. M. Coen. 2004. ICP27 selectively regulates the
cytoplasmic localization of a subset of viral transcripts in herpes simplex virus type 1-
infected cells. J Virol 78:23-32.

113. Perkins, N. D. 2007. Integrating cell-signalling pathways with NF-kappaB and IKK
function. Nat Rev Mol Cell Biol 8:49-62.

114. Perkins, N. D. 2006. Post-translational modifications regulating the activity and
function of the nuclear factor kappa B pathway. Oncogene 25:6717-30.

115. Poffenberger, K. L., P. E. Raichlen, and R. C. Herman. 1993. In vitro
characterization of a herpes simplex virus type 1 ICP22 deletion mutant. Virus Genes
7:171-86.

116. Poffenberger, K. L., and B. Roizman. 1985. A noninverting genome of a viable
herpes simplex virus 1: presence of head-to-tail linkages in packaged genomes and
requirements for circularization after infection. J Virol 53:587-95.

117. Poon, A. P., and B. Roizman. 1993. Characterization of a temperature-sensitive
mutant of the UL15 open reading frame of herpes simplex virus 1. J Virol 67:4497-
503.

118. Prosch, S., R. Wuttke, D. H. Kruger, and H. D. Volk. 2002. NF-kappaB--a
potential therapeutic target for inhibition of human cytomegalovirus (re)activation?
Biol Chem 383:1601-9.

119. Querido, E., P. Blanchette, Q. Yan, T. Kamura, M. Morrison, D. Boivin, W. G.
Kaelin, R. C. Conaway, J. W. Conaway, and P. E. Branton. 2001. Degradation of
p53 by adenovirus E4orf6 and E1B55K proteins occurs via a novel mechanism
involving a Cullin-containing complex. Genes Dev 15:3104-17.



87

120. Rice, S. A., and D. M. Knipe. 1988. Gene-specific transactivation by herpes simplex
virus type 1 alpha protein ICP27. J Virol 62:3814-23.

121. Rice, S. A., M. C. Long, V. Lam, P. A. Schaffer, and C. A. Spencer. 1995. Herpes
simplex virus immediate-early protein ICP22 is required for viral modification of host
RNA polymerase II and establishment of the normal viral transcription program. J
Virol 69:5550-9.

122. Roizman, B. a. K. D. M. 2001. Herpes Simplex Viruses and Their Replication IN
Fields Virology, Forth ed, vol. 2. Lippincott Williams & Wilkins, Philadelphia, PA.

123. Rong, B. L., T. A. Libermann, K. Kogawa, S. Ghosh, L. X. Cao, D. Pavan-
Langston, and E. C. Dunkel. 1992. HSV-1-inducible proteins bind to NF-kappa B-
like sites in the HSV-1 genome. Virology 189:750-6.

124. Roos, W. P., and B. Kaina. 2006. DNA damage-induced cell death by apoptosis.
Trends Mol Med 12:440-50.

125. Rossi, A., P. Kapahi, G. Natoli, T. Takahashi, Y. Chen, M. Karin, and M. G.
Santoro. 2000. Anti-inflammatory cyclopentenone prostaglandins are direct
inhibitors of IkappaB kinase. Nature 403:103-8.

126. Salmon, B., C. Cunningham, A. J. Davison, W. J. Harris, and J. D. Baines. 1998.
The herpes simplex virus type 1 U(L)17 gene encodes virion tegument proteins that
are required for cleavage and packaging of viral DNA. J Virol 72:3779-88.

127. Sambucetti, L. C., J. M. Cherrington, G. W. Wilkinson, and E. S. Mocarski.
1989. NF-kappa B activation of the cytomegalovirus enhancer is mediated by a viral
transactivator and by T cell stimulation. Embo J 8:4251-8.

128. Sandri-Goldin, R. M. 1994. Properties of an HSV-1 regulatory protein that appears
to impair host cell splicing. Infect Agents Dis 3:59-67.

129. Sarnow, P., Y. S. Ho, J. Williams, and A. J. Levine. 1982. Adenovirus E1b-58kd
tumor antigen and SV40 large tumor antigen are physically associated with the same
54 kd cellular protein in transformed cells. Cell 28:387-94.

130. Schafer, S. L., J. Hiscott, and P. M. Pitha. 1996. Differential regulation of the HIV-
1 LTR by specific NF-kappa B subunits in HSV-1-infected cells. Virology 224:214-
23.

131. Schaffer, P. A., J. P. Brunschwig, R. M. McCombs, and M. Benyesh-Melnick.
1974. Electron microscopic studies of temperature-sensitive mutants of herpes
simplex virus type 1. Virology 62:444-57.

132. Schmitz, M. L., I. Mattioli, H. Buss, and M. Kracht. 2004. NF-kappaB: a
multifaceted transcription factor regulated at several levels. Chembiochem 5:1348-58.



88

133. Sherman, G., and S. L. Bachenheimer. 1988. Characterization of intranuclear
capsids made by ts morphogenic mutants of HSV-1. Virology 163:471-80.

134. Sherman, G., and S. L. Bachenheimer. 1987. DNA processing in temperature-
sensitive morphogenic mutants of HSV-1. Virology 158:427-30.

135. Shieh, M. T., D. WuDunn, R. I. Montgomery, J. D. Esko, and P. G. Spear. 1992.
Cell surface receptors for herpes simplex virus are heparan sulfate proteoglycans. J
Cell Biol 116:1273-81.

136. Shim, J. H., C. Xiao, A. E. Paschal, S. T. Bailey, P. Rao, M. S. Hayden, K. Y.
Lee, C. Bussey, M. Steckel, N. Tanaka, G. Yamada, S. Akira, K. Matsumoto, and
S. Ghosh. 2005. TAK1, but not TAB1 or TAB2, plays an essential role in multiple
signaling pathways in vivo. Genes Dev 19:2668-81.

137. Shirata, N., A. Kudoh, T. Daikoku, Y. Tatsumi, M. Fujita, T. Kiyono, Y. Sugaya,
H. Isomura, K. Ishizaki, and T. Tsurumi. 2005. Activation of ataxia telangiectasia-
mutated DNA damage checkpoint signal transduction elicited by herpes simplex virus
infection. J Biol Chem 280:30336-41.

138. Shukla, D., J. Liu, P. Blaiklock, N. W. Shworak, X. Bai, J. D. Esko, G. H. Cohen,
R. J. Eisenberg, R. D. Rosenberg, and P. G. Spear. 1999. A novel role for 3-O-
sulfated heparan sulfate in herpes simplex virus 1 entry. Cell 99:13-22.

139. Sodeik, B., M. W. Ebersold, and A. Helenius. 1997. Microtubule-mediated
transport of incoming herpes simplex virus 1 capsids to the nucleus. J Cell Biol
136:1007-21.

140. Song, B., J. J. Liu, K. C. Yeh, and D. M. Knipe. 2000. Herpes simplex virus
infection blocks events in the G1 phase of the cell cycle. Virology 267:326-34.

141. Song, H. Y., C. H. Regnier, C. J. Kirschning, D. V. Goeddel, and M. Rothe. 1997.
Tumor necrosis factor (TNF)-mediated kinase cascades: bifurcation of nuclear factor-
kappaB and c-jun N-terminal kinase (JNK/SAPK) pathways at TNF receptor-
associated factor 2. Proc Natl Acad Sci U S A 94:9792-6.

142. Sonoda, E., M. Takata, Y. M. Yamashita, C. Morrison, and S. Takeda. 2001.
Homologous DNA recombination in vertebrate cells. Proc Natl Acad Sci U S A
98:8388-94.

143. Spear, P. G., M. T. Shieh, B. C. Herold, D. WuDunn, and T. I. Koshy. 1992.
Heparan sulfate glycosaminoglycans as primary cell surface receptors for herpes
simplex virus. Adv Exp Med Biol 313:341-53.

144. Stingley, S. W., J. J. Ramirez, S. A. Aguilar, K. Simmen, R. M. Sandri-Goldin, P.
Ghazal, and E. K. Wagner. 2000. Global analysis of herpes simplex virus type 1
transcription using an oligonucleotide-based DNA microarray. J Virol 74:9916-27.



89

145. Stow, N. D. 2001. Packaging of genomic and amplicon DNA by the herpes simplex
virus type 1 UL25-null mutant KUL25NS. J Virol 75:10755-65.

146. Stracker, T. H., C. T. Carson, and M. D. Weitzman. 2002. Adenovirus
oncoproteins inactivate the Mre11-Rad50-NBS1 DNA repair complex. Nature
418:348-52.

147. Taddeo, B., T. R. Luo, W. Zhang, and B. Roizman. 2003. Activation of NF-
kappaB in cells productively infected with HSV-1 depends on activated protein
kinase R and plays no apparent role in blocking apoptosis. Proc Natl Acad Sci U S A
100:12408-13.

148. Taddeo, B., W. Zhang, F. Lakeman, and B. Roizman. 2004. Cells lacking NF-
kappaB or in which NF-kappaB is not activated vary with respect to ability to sustain
herpes simplex virus 1 replication and are not susceptible to apoptosis induced by a
replication-incompetent mutant virus. J Virol 78:11615-21.

149. Takaesu, G., R. M. Surabhi, K. J. Park, J. Ninomiya-Tsuji, K. Matsumoto, and
R. B. Gaynor. 2003. TAK1 is critical for IkappaB kinase-mediated activation of the
NF-kappaB pathway. J Mol Biol 326:105-15.

150. Takeda, K., O. Takeuchi, T. Tsujimura, S. Itami, O. Adachi, T. Kawai, H. Sanjo,
K. Yoshikawa, N. Terada, and S. Akira. 1999. Limb and skin abnormalities in mice
lacking IKKalpha. Science 284:313-6.

151. Tanaka, M., M. E. Fuentes, K. Yamaguchi, M. H. Durnin, S. A. Dalrymple, K. L.
Hardy, and D. V. Goeddel. 1999. Embryonic lethality, liver degeneration, and
impaired NF-kappa B activation in IKK-beta-deficient mice. Immunity 10:421-9.

152. Tauchi, H., J. Kobayashi, K. Morishima, D. C. van Gent, T. Shiraishi, N. S.
Verkaik, D. vanHeems, E. Ito, A. Nakamura, E. Sonoda, M. Takata, S. Takeda,
S. Matsuura, and K. Komatsu. 2002. Nbs1 is essential for DNA repair by
homologous recombination in higher vertebrate cells. Nature 420:93-8.

153. Taus, N. S., B. Salmon, and J. D. Baines. 1998. The herpes simplex virus 1 UL 17
gene is required for localization of capsids and major and minor capsid proteins to
intranuclear sites where viral DNA is cleaved and packaged. Virology 252:115-25.

154. Taylor, T. J., and D. M. Knipe. 2004. Proteomics of herpes simplex virus
replication compartments: association of cellular DNA replication, repair,
recombination, and chromatin remodeling proteins with ICP8. J Virol 78:5856-66.

155. Teresa Sciortino, M., M. A. Medici, F. Marino-Merlo, D. Zaccaria, M. Giuffre,
A. Venuti, S. Grelli, and A. Mastino. 2007. Signaling pathway used by HSV-1 to
induce NF-kappaB activation: possible role of herpes virus entry receptor A. Ann N
Y Acad Sci 1096:89-96.



90

156. Thornburg, N. J., W. Kulwichit, R. H. Edwards, K. H. Shair, K. M. Bendt, and
N. Raab-Traub. 2006. LMP1 signaling and activation of NF-kappaB in LMP1
transgenic mice. Oncogene 25:288-97.

157. Trujillo, K. M., S. S. Yuan, E. Y. Lee, and P. Sung. 1998. Nuclease activities in a
complex of human recombination and DNA repair factors Rad50, Mre11, and p95. J
Biol Chem 273:21447-50.

158. Udayakumar, D., C. L. Bladen, F. Z. Hudson, and W. S. Dynan. 2003. Distinct
pathways of nonhomologous end joining that are differentially regulated by DNA-
dependent protein kinase-mediated phosphorylation. J Biol Chem 278:41631-5.

159. Ueberla, K., Y. Lu, E. Chung, and W. A. Haseltine. 1993. The NF-kappa B p65
promoter. J Acquir Immune Defic Syndr 6:227-30.

160. Uziel, T., Y. Lerenthal, L. Moyal, Y. Andegeko, L. Mittelman, and Y. Shiloh.
2003. Requirement of the MRN complex for ATM activation by DNA damage. Embo
J 22:5612-21.

161. Verma, I. M., J. K. Stevenson, E. M. Schwarz, D. Van Antwerp, and S.
Miyamoto. 1995. Rel/NF-kappa B/I kappa B family: intimate tales of association and
dissociation. Genes Dev 9:2723-35.

162. Wilcock, D., and D. P. Lane. 1991. Localization of p53, retinoblastoma and host
replication proteins at sites of viral replication in herpes-infected cells. Nature
349:429-31.

163. Wilkinson, D. E., and S. K. Weller. 2006. Herpes simplex virus type I disrupts the
ATR-dependent DNA-damage response during lytic infection. J Cell Sci 119:2695-
703.

164. Wilkinson, D. E., and S. K. Weller. 2004. Recruitment of cellular recombination
and repair proteins to sites of herpes simplex virus type 1 DNA replication is
dependent on the composition of viral proteins within prereplicative sites and
correlates with the induction of the DNA damage response. J Virol 78:4783-96.

165. Wilkinson, D. E., and S. K. Weller. 2003. The role of DNA recombination in herpes
simplex virus DNA replication. IUBMB Life 55:451-8.

166. Wu, X., D. Avni, T. Chiba, F. Yan, Q. Zhao, Y. Lin, H. Heng, and D. Livingston.
2004. SV40 T antigen interacts with Nbs1 to disrupt DNA replication control. Genes
Dev 18:1305-16.

167. Wyman, C., and R. Kanaar. 2004. Homologous recombination: down to the wire.
Curr Biol 14:R629-31.

168. Wyman, C., D. Ristic, and R. Kanaar. 2004. Homologous recombination-mediated
double-strand break repair. DNA Repair (Amst) 3:827-33.



91

169. Xiong, Y., G. J. Hannon, H. Zhang, D. Casso, R. Kobayashi, and D. Beach. 1993.
p21 is a universal inhibitor of cyclin kinases. Nature 366:701-4.

170. Xu, X., and D. F. Stern. 2003. NFBD1/MDC1 regulates ionizing radiation-induced
focus formation by DNA checkpoint signaling and repair factors. Faseb J 17:1842-8.

171. Yamaguchi-Iwai, Y., E. Sonoda, M. S. Sasaki, C. Morrison, T. Haraguchi, Y.
Hiraoka, Y. M. Yamashita, T. Yagi, M. Takata, C. Price, N. Kakazu, and S.
Takeda. 1999. Mre11 is essential for the maintenance of chromosomal DNA in
vertebrate cells. Embo J 18:6619-29.

172. Yang, Y. L., L. F. Reis, J. Pavlovic, A. Aguzzi, R. Schafer, A. Kumar, B. R.
Williams, M. Aguet, and C. Weissmann. 1995. Deficient signaling in mice devoid
of double-stranded RNA-dependent protein kinase. Embo J 14:6095-106.

173. Yew, P. R., and A. J. Berk. 1992. Inhibition of p53 transactivation required for
transformation by adenovirus early 1B protein. Nature 357:82-5.

174. Yu, D., and S. K. Weller. 1998. Genetic analysis of the UL 15 gene locus for the
putative terminase of herpes simplex virus type 1. Virology 243:32-44.

175. Zamanian-Daryoush, M., T. H. Mogensen, J. A. DiDonato, and B. R. Williams.
2000. NF-kappaB activation by double-stranded-RNA-activated protein kinase (PKR)
is mediated through NF-kappaB-inducing kinase and IkappaB kinase. Mol Cell Biol
20:1278-90.


