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Abstract Viruses encounter many challenges within host cells in order to
replicate their nucleic acid. In the case of DNA viruses, one challenge that must
be overcome is recognition of viral DNA structures by the host DNA damage
response (DDR) machinery. This is accomplished in elegant and unique ways
by different viruses as each has specific needs and sensitivities dependent on its
life cycle. In this review, we focus on three DNA tumor viruses and their inter-
actions with the DDR. The viruses Epstein-Barr virus (EBV), Kaposi’s sarcoma-
associated herpesvirus (KSHV), and human papillomavirus (HPV) account for
nearly all of the virus-associated human cancers worldwide. These viruses have
also been excellent models for the study of oncogenic virus-mediated cell trans-
formation. In this review, we will discuss how each of these viruses engage and
subvert aspects of the host DDR. The first level of DDR engagement is a result of
the genetic linkage between the oncogenic potential of these viruses and their abil-
ity to replicate. Namely, the promotion of cells from quiescence into the cell cycle
to facilitate virus replication can be sensed through aberrant cellular DNA replica-
tion structures which activate the DDR and hinder cell transformation. DNA tumor
viruses subvert this growth-suppressive DDR through changes in viral oncopro-
tein expression which ultimately facilitate virus replication. An additional level
of DDR engagement is through direct detection of replicating viral DNA. These
interactions parallel those observed in other DNA virus systems in that the need
to subvert these intrinsic sensors of aberrant DNA structure in order to replicate
must be in place. DNA tumor viruses are no exception. This review will cover the
molecular features of DNA tumor virus interactions with the host DDR and the
consequences for virus replication.
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Abbreviations

DDR DNA damage response

EBV Epstein-Barr virus

KSHV  Kaposi’s sarcoma-associated herpesvirus

HPV Human papillomavirus

ATM Ataxia-telangiectasia mutated

ATR Ataxia-telangiectasia and RAD3-related

MRN  Mrel1-Rad50-Nbsl

BL Burkitt’s lymphoma

LCL Lymphoblastoid cell line

DSB Double-stranded break

ssDNA  Single-stranded DNA

EBNA  Epstein-Barr virus nuclear antigen

LMP (EBV) latent membrane protein

vFLIP  (KSHV) viral FLICE (FADD-like IL-1f-converting enzyme) inhibitory
protein

1 Introduction

This review will focus on the interplay between DNA tumor viruses and the host
DNA damage response (DDR). We will first discuss the components of the DDR
sensing machinery and signaling pathways, then the interplay between viruses
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and the DDR. The role of the DDR in regulating replication of each specific virus,
Epstein-Barr virus (EBV), Kaposi’s sarcoma-associated herpesvirus (KSHV), and
human papillomaviruses (HPV), will then be discussed individually. Finally, we
will address emerging themes in the interactions between viral proteins and DNA
with the DDR and convergent roles of the DDR in regulating latent versus lytic
virus replication.

1.1 The DNA Damage Response

Our DNA must be replicated faithfully in the face of continuous damage by
both endogenous and exogenous agents. Damaged DNA that is not repaired dur-
ing the cell cycle has the potential to cause genomic instability which could ulti-
mately result in cancer. The DDR is a signal transduction pathway that senses
and recruits repair complexes to the site of damage and can stall cell cycle pro-
gression until the repair is completed [reviewed in (Bartek et al. 2007)]. The
presence of damaged DNA triggers a response mediated by members of the
phosphoinositide-3-like kinase (PIKK) family of serine/threonine kinases: ataxia-
telangiectasia mutated (ATM), ataxia-telangiectasia and RAD3-related (ATR), or
DNA-dependent protein kinase (DNA-PK) (Smith et al. 2010). This leads to the
activation via phosphorylation of a number of downstream factors leading to repair
or in the face of irreparable damage, senescence, or apoptosis.

The most detrimental form of DNA damage is a double-stranded break (DSB)
which is sensed by the ATM arm of the DDR (Fig. 1a and reviewed in Derheimer
and Kastan 2010). In response to DSBs, the Mrell-Rad50-Nbsl (MRN) com-
plex binds to the site of DNA damage and ATM is recruited to the damaged DNA,
where it interacts with the MRN complex (Derheimer and Kastan 2010; Falck
et al. 2005). ATM then undergoes an activating autophosphorylation at serine 1981,
which causes it to transition from a dimer to a monomer (So et al. 2009; Bakkenist
and Kastan 2003). ATM is further activated through additional phosphorylations
as well as acetylation of lysine 3016 by TIP60 (Sun et al. 2005). Recent evidence
also implicates the modulation of phosphorylation by protein phosphatase 2A
(Goodarzi et al. 2004) and WIP1 phosphatases in the activation of ATM (Shreeram
et al. 2006). ATM then phosphorylates H2AX on S139 (known as YH2AX) (Burma
et al. 2001) which recruits the critical adaptor protein MDC1 (Stewart et al. 2003).
The ubiquitin ligase proteins RNF8 and RNF168 bind to ATM-phosphorylated
MDCI leading to the ubiquitination of YH2AX, which scaffolds the interactions
with 53BP1 and Brcal (Huen et al. 2007; Mailand et al. 2007; Kolas et al. 2007;
Doil et al. 2009). These events nucleate and retain a host of DNA repair factors
at sites of DNA damage as well as enabling the phosphorylation of downstream
targets of ATM including Chk2, p53, and Cdc25 family members that mediate cell
cycle arrest and apoptosis (Smith et al. 2010; Matsuoka et al. 2007).

ATR is essential in cells for DNA replication as it responds to single-stranded
DNA (ssDNA) exposure following replication fork collapse and the uncoupling of
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Fig. 1 Schematic diagram of the ATM and ATR DNA damage response signaling pathways.
a ATM activation responding to a DNA double-stranded break (DSB). The initial complex of
Mrel 1, Rad50, and Nbsl targets the DSB and recruits ATM to activate its kinase domain. This
leads to phosphorylation and monomerization, which then triggers a cascade of target phos-
phorylations. H2AX, the histone H2A variant, is first phosphorylated and provides a scaffold
for MDCI1, which recruits the ring-finger Ub ligases RNF8 and RNF168 to ubiquitinate H2AX.
Concomitantly, enzymes such as Tip60 are recruited that can facilitate both ATM activation and
chromatin de-compaction through acetylation of ATM directly and histone tails, respectively. The
ubiquitination of H2AX further promotes recruitment and retention of factors such as 53BP1 and
Brcal that establish stable DDR foci propagating ATM signaling to effector molecules such as
the checkpoint kinase Chk2, the transcription factor p53, and others. b ATR activation respond-
ing to ssDNA exposure following DNA replicative stress. Following replication fork collapse,
ssDNA exposure is sensed by the protein RPA that coats these regions and serves as a scaffold to
recruit the kinase ATR through its co-factor ATRIP. The critical ATR-activating factor TopBP1 is
recruited through the Rad9-Rad1-Husl1 (9-1-1) complex at the replication fork. Finally, Claspin
recruitment to the complex enables ATR phosphorylation of Chkl and many other downstream
effectors. A common downstream target is p53, which can be phosphorylated by both ATM and
ATR leading to phenotypic outcomes ranging from DNA repair to apoptosis and senescence
depending on the strength and duration of the DNA-damaging signal

the replication complex (Fig. 1b and reviewed in Nam and Cortez 2011). Replication
protein A (RPA) coats the ssDNA and recruits ATR through its partner ATR-
interacting protein (ATRIP) (Zou and Elledge 2003). Topoisomerase-binding protein
1 (TopBP1) is recruited to the ssDNA through the Rad9-Rad1-Hus1 (9-1-1) complex
and then binds to both ATR and ATRIP. This stimulates ATR kinase activity lead-
ing to the phosphorylation of downstream effectors (Kumagai et al. 2006; Matsuoka
et al. 2007) including the critical mediator Claspin, which recruits Chkl to ssDNA,
thus enabling ATR to phosphorylate and activate its kinase domain to promote check-
point activation (Jeong et al. 2003; Kumagai and Dunphy 2003; Smith et al. 2010).
Chkl is the primary effector of the intra-S and G2/M checkpoints while Chk2
exerts influence in G1/S and intra-S (Bartek and Lukas 2003; Stracker et al. 2009).
Both Chkl and Chk2 phosphorylate the Cdc25 family of phosphatases that func-
tion to activate cyclin-dependent kinases (CDKs) by removing inhibitory phos-
phorylations (Smith et al. 2010). Chk2 also modulates cell cycle progression
by phosphorylating E2F, and both Chkl and Chk2 can phosphorylate p53 with
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downstream consequences on G1/S-phase progression and apoptosis. Chkl and
Chk2 also play a role in DNA repair through the phosphorylation and activation of
components of the homologous recombination (HR) pathway (Stracker et al. 2009).
Despite the apparent dissection of function between the ATM and ATR pathway
signaling to Chk2 and Chkl, respectively, these pathways are often functionally
redundant where common targets are temporally offset in being phosphorylated
by one kinase or the other (Stiff et al. 2006). Nevertheless, the engagement of the
DDR leads to a rapid accumulation of factors with characteristic activating phos-
phorylations at sites of DNA damage. These hallmarks are useful measures of DDR
activity, but detailed genetic analysis of individual signaling molecules is necessary
to get an accurate picture of how these complex signaling networks are built.

1.2 Viruses and the DDR

Viruses face extraordinary challenges upon infection of a host cell. Both RNA and
DNA viruses must evade innate sensors of foreign nucleic acids and other pattern
recognition receptors to begin protein production, genome replication, and new par-
ticle formation. In the case of DNA viruses, a major challenge involves a specific
conflict setup between the viral and host DNA genomes. The viral DNA genome
may be recognized as damaged DNA and initiates a DDR that could have bene-
ficial or catastrophic consequences for virus replication. For instance, adenovirus
DNA structures are recognized by the host DDR to prevent cleavage and packag-
ing of progeny DNA. An adenovirus protein E3 ubiquitin ligase complex (E4orf3/
E1B55k) specifically degrades the components of the host DNA damage—sensing
Mrel1/Rad50/Nbs1 (MRN) complex to allow faithful DNA processing and prevent
concatemerization (Stracker et al. 2002). This landmark paper highlighted the com-
plexity of the conflict between DNA viruses and the host DDR. Subsequent work in
other DNA viruses has indicated both a positive role for the DDR in some aspects
of virus replication as well as a limiting role in others (Weitzman et al. 2010).

In the specific case of DNA tumor viruses, several aspects of virus replica-
tion and virus-induced cell transformation involve the DDR (Nikitin and Luftig
2011, 2012). Viral oncoproteins are required to drive infected cells from quies-
cence into the cell cycle in order to promote virus replication. The consequence of
viral oncoprotein expression is cellular DNA replicative stress that can activate a
growth-suppressive DDR. In the setting of viral latency or during virus replication,
viral proteins can directly engage and either activate or inactivate components of
the host DDR. This engagement can engender the specificity necessary to either
promote certain aspects of the DDR, such as repair factor recruitment, or negate
other activities, such as downstream activation of apoptosis. A final mechanism by
which DNA tumor viruses can engage the DDR is through direct recognition of
aberrant viral DNA structures. Under certain circumstances, such as latent DNA
replication of large DNA tumor viruses (e.g., gamma-herpesviruses), DDR fac-
tor recruitment is important in maintaining episomal DNA. Similarly, during lytic



234 K. McFadden and M. A. Luftig

replication of these viruses, DDR factors assemble at sites of viral DNA replica-
tion to recruit factors likely important for recombination and repair of viral DNA
prior to packaging. However, robust DDR signaling can activate checkpoints and
apoptosis that must be quenched downstream in order to allow virus replication to
proceed. The coordination of these processes is an area of intense study and DNA
tumor viruses provide an excellent model with which to strengthen our under-
standing of these responses. In this review, we will focus on the mechanisms by
which human DNA tumor viruses engage and subvert the host DDR. The three
representative viruses discussed will be EBV, KSHV, and the HPV.

2 Epstein-Barr Virus and the DNA Damage Response

2.1 Epstein-Barr Virus

EBV is a human gamma-herpesvirus that is found ubiquitously in the adult popu-
lation, where it establishes a lifelong latency with no discernible clinical manifes-
tations in the majority of those infected (Rickinson and Kieff 2007). Infection with
EBV generally occurs early in life and the virus establishes a lifelong latency in
B lymphocytes. EBV has been linked to a number of benign and malignant dis-
eases such as infectious mononucleosis, endemic Burkitt’s lymphoma (eBL),
and the epithelial cell-derived nasopharyngeal carcinomas (NPC) (Rickinson and
Kieff 2007). EBV is a concern in immunocompromised patients, where it has been
linked to a large subset of HIV-1 associated B-cell lymphomas and post-transplant
lymphoproliferative disorders (Rickinson and Kieff 2007).

Initial EBV infection of epithelial cells typically results in lytic replication,
which is followed by infection of resting B cells where long-term latency is estab-
lished. Most EB V-induced malignancies are associated with the latent stage of the
viral replicative cycle, during which only a limited set of viral proteins and small
non-coding RNAs are produced. The proteins expressed during latent infection
include the EBV nuclear antigens (EBNAs 1, 2, 3A, 3B, 3C, and LP) and the latent
membrane proteins (LMP1 and LMP2) (Yates et al. 1985). Akin to many onco-
genic viruses, EBV alters the host cell to ensure long-term proliferation and sur-
vival. This includes induction of the cell cycle and evasion of innate host defenses
that would result in long-term senescence or apoptosis. The first viral proteins
expressed in the infected cell are EBNA-LP and EBNA2, which transcriptionally
up-regulate the expression of a number of viral and cellular genes, thereby induc-
ing a transition of resting B cells into the cell cycle (Kaiser et al. 1999; Sinclair
et al. 1994). These genes include the viral EBNA1 and EBNA3A, 3B, and 3C
as well as cellular S-phase-initiating proto-oncogenes such as c-Myc, E2F1, and
cyclin D2 (Kaiser et al. 1999) (Fig. 2a, bottom). The EBNA3 proteins modulate
EBNAZ2-dependent gene expression in addition to regulating a number of other
cellular targets (Johannsen et al. 1996; Zhao et al. 1996). EBNA2 and EBNA3C
then co-activate the viral LMP1, a constitutively active mimic of the TNF receptor
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Fig. 2 Epstein-Barr virus and the DNA damage response. a DDR activation during EBV
latency. Top, Early after B-cell infection with EBV, cells hyper-proliferate dependent on the
expression of the viral EBNA2 and EBNA-LP proteins driving c-Myc and other S-phase-promot-
ing genes. This results in an activated DDR including ATM and H2AX phosphorylation. Bottom,
in later divisions after infection, and also in immortalized LCLs, the expression of the EBNA3C
protein mitigates the DDR, presumably through attenuating the CDK inhibitor p16. Additional
viral proteins are expressed such as LMP1 and LMP2 that contribute to the LCL survival pheno-
type. b DDR activation during EBV lytic infection. Reactivation from diverse stimuli converge
on expression of the critical viral trans-activator Z. In the case of anti-Ig treatment of latently
infected B cells or pan-HDAC inhibition, these effects are direct on the Z promoter (top left).
However, other molecules such as DNA-damaging agents like reactive oxygen species (ROS) can
directly promote ATM activation. The consequence of this activation is also Z expression through
the ATM-dependent regulation of viral lytic promoters and Tip60-mediated acetylation of viral
chromatin. Expression of the viral kinase BGLF4 further supports this mechanism through direct
activation of Tip60, ATM, and H2AX. Ultimately, the downstream signaling from ATM can lead
to the deleterious effect of p53-mediated apoptosis. However, the viral Z protein can form an E3
ubiquitin ligase complex to promote pS3 degradation at late stages during viral lytic replication

and B-cell co-stimulatory molecule CD40 (Lin et al. 2002; Cahir McFarland et al.
1999). This triggers NFkB, p38, and JNK signaling pathways resulting in the mod-
ulation in gene expression patterns to allow for long-term cellular proliferation and
survival. Additionally, LMP2A acts as a mimic of the B-cell receptor, leading to
constitutive, high-level expression of PI3K signaling and pro-survival pathways
(Miller et al. 1995). EBNALI is a DNA-binding transcription factor that primarily
functions to replicate and segregate the EBV episome (Yates et al. 1985).
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EBYV encodes three distinct latency programs which are tightly linked to the
differentiation state of the infected B cell and exhibit distinct patterns of gene
expression (Thorley-Lawson 2001). Infection of resting primary human periph-
eral blood B cells with EBV in vitro transforms them into indefinitely proliferat-
ing non-tumorigenic lymphoblastoid cell lines (LCLs) which express the full set
of latency genes (latency III). In contrast, the more restricted latency II program is
found in normal EB V-infected germinal center B cells, Hodgkin’s lymphomas, and
NPCs, where only EBNA1, the LMPs, and viral non-coding RNAs are detected. A
latency I expression profile is found in BL where only the non-coding viral RNAs
and EBNALI are expressed. A more recently described latency type, Wp-restricted,
found in approximately 20 % of EBV-positive BLs, is often deleted for EBNA2
and retains all other latent genes (Kelly et al. 2002). Finally, normal resting periph-
eral blood memory B cells in asymptomatic individuals display a latency O type of
gene expression where essentially all viral genes are silenced, save EBNAT1 during
cell division and perhaps the viral miRNAs (Babcock et al. 2000).

2.2 The Role of the DDR in Suppressing EBV-Induced Cell
Proliferation

Viral induction of proliferation and survival pathways can result in oncogenic trans-
formation, as evidenced by the tight association of latent EBV infection with many
types of malignancies. However, these malignancies are rare despite the greater than
90 % prevalence of the virus in the adult population. In support of this, the effi-
ciency of B-cell transformation is low, with only ~1 % of infected cells becoming
immortalized (Henderson et al. 1977; Sugden and Mark 1977). This implies that the
host cell must be able to restrict virally induced proliferation. This was addressed
by work by Nikitin, et al. who demonstrated that at least 10 % of this restriction is
due to the induction of the DDR (Nikitin et al. 2010). Infection of primary B cells
with EBV leads to a transient period of hyper-proliferation that peaks 4—6 days after
infection and eventually slows to the rate observed in LCLs. This hyper-prolifera-
tive phase coincides with the activation of the ATM-dependent DDR, as indicated
by the phosphorylation of H2AX, ATM, Chk2 and the formation of 53BP1 nuclear
foci (Fig. 2a). These cells were demonstrated to be nearly 100 % latently infected,
and the DDR markers did not co-localize with viral episomes. This indicates that
the DDR was activated in response to host DNA damage and not to the replication
or presence of the viral DNA. Inhibition of ATM or Chk2 enhanced B-cell transfor-
mation, implying that the DDR is an innate mechanism that the cell uses to restrict
viral-mediated cellular proliferation. The enhanced transformation observed in the
presence of inhibitors of the DDR was only effective during the hyper-proliferative
period. As the infected B cells transitioned to become immortalized LCLs, there
was a reduction in both DDR markers and sensitivity to the DDR.

The differences in host gene expression between resting B cells, transformed
LCLs, and this hyper-proliferative population could reveal how the host cell can
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limit transformation. Indeed, gene expression microarrays indicated that there are
distinct transcriptomic changes between the hyper-proliferating cells in compari-
son to either LCLs or uninfected B cells (Nikitin et al. 2010; Price et al. 2012;
Forte et al. 2012). These include enrichment for genes that are involved in cell
cycle progression and the DDR. This also corresponded to a transition from a
period of elevated EBNA-LP and EBNA2 activity to an accumulation of EBNA3
proteins. As previously noted, EBNA-LP and EBNA2 up-regulate expression of a
number of genes involved in cell cycle progression, and this activity is repressed
though the action of the EBNA3 proteins (Kieff and Rickinson 2007). This could
indicate a model in which initial infection causes a transient period of hyper-pro-
liferation induced by EBNA2-regulated genes such as c-Myc, which results in rep-
licative stress and induction of the DDR-mediated growth arrest.

In order to establish latency, the virus must overcome the DDR-induced cell
cycle arrest. Loss of EBNA3C prevents EBV-mediated B-cell transformation and
also results in a dramatic increase in the activation of DDR markers (Nikitin et al.
2010). Previous work has demonstrated that EBNA3C represses the MDM?2 antag-
onist pl4ARF and the cyclin-dependent kinase inhibitor pl16INK4a through epi-
genetic silencing of their promoter (Skalska et al. 2010; Maruo et al. 2011). Given
recent evidence suggesting that persistent DDR signaling at sites of irreparable
DNA damage leading to senescence can be exacerbated by over-expression of pl6
(Rodier et al. 2011), the role of EBNA3C in suppressing pl6 may, in fact, be criti-
cal for its ability to attenuate the EBV-induced DDR.

EBNA3C has also been demonstrated to interact with a number of host factors
including RBPJ, CtBP, NCoR, HDACsS, and others (Bajaj et al. 2008; Rosendorff
et al. 2004; Subramanian et al. 2002; Touitou et al. 2005). Notably, EBNA3C was
shown to directly interact with Chk2, and this interaction relieved a G2/M cell
cycle block (Choudhuri et al. 2007). EBNA3C has also been linked to S-phase
entry through the stabilization of the cyclin D1/CDK6 complex (Saha et al. 2011)
and recruitment of SCFSkp2 E3 ligase for ubiquitin-mediated degradation of pRB
(Knight and Robertson 2004). Therefore, EBNA3C is a key viral factor that is likely
to regulate the host DDR through multiple mechanisms throughout the cell cycle.

2.3 EBYV and Genomic Instability

DNA damage that is not repaired could ultimately lead to genomic instability
and cancer. Unlike the karyotypically stable LCLs (Lacoste et al. 2010), chromo-
somal aberrations have been observed in EBV-associated Burkitt’s lymphomas
(BLs) and other cancers [reviewed in (Gruhne et al. 2009a)]. A direct link between
EBYV viral proteins and genomic instability was uncovered by the Masucci group
in studies looking at paired EBV-negative and EBV-positive BL lines. The pres-
ence of EBV caused a 3—10-fold increase in chromosomal abnormalities including
dicentric chromosomes as well as the induction of a DDR response as indicated
by the presence of YH2AX (Kamranvar et al. 2007). Further analysis revealed
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that EBNAT1 alone induced the chromosomal dysfunction and up-regulation of
the DDR (Gruhne et al. 2009b). EBNAI increased expression of the transcrip-
tion factor Nox2, which in turn increased levels of reactive oxygen species (ROS)
resulting in DNA damage and aberrant chromosomal structures. In a follow-up
study, the authors found telomere dysfunction in a number of EBV-positive BL
cell lines while the corresponding EB V-negative lines were karyotypically normal
(Kamranvar and Masucci 2011). BL cells that express EBNAI1 exhibit increased
telomere dysfunction such as extra-chromosomal telomere signals, the accumula-
tion of telomere dysfunction—induced foci (TIFs), and telomeric-sister chromatid
exchange. While EBNA1 had no effect on the overall expression of the shel-
terin components, it did reduce the association of TRF2 with telomeres. EBNA1
appears to induce this damage through ROS as compounds that act as ROS scav-
engers were able to inhibit the appearance of DDR markers and reconstitute
TRF2-protected telomeres (Kamranvar and Masucci 2011).

EBNAL is not the only viral protein implicating in inducing genomic instability
(Gruhne et al. 2009a). In an EBV-negative B-lymphoma cell line, BJAB, ectopic
expression of LMP1 or EBNA3C also promoted genomic instability as detected
by chromosomal aberrations and the up-regulation of DDR markers (Gruhne et al.
2009c). The three viral proteins appear to induce this instability through different
mechanisms. Studies in epithelial cells initially indicated that LMP1 could inhibit
DNA repair by inducing the cytoplasmic accumulation and thus inhibition of
Foxo3, a transcription factor implicating in cell cycle arrest and DNA repair mech-
anisms (Chen et al. 2008). Furthermore, LMP1-expressing B cells had a reduced
capacity to repair damaged DNA and a decrease in ATM response (Gruhne et al.
2009c). In contrast, EBNA3C over-expression promoted aneuploidy through a
mitotic spindle checkpoint failure. More specifically, EBNA3C led to a decrease in
the expression of the checkpoint protein BubR1 which binds cdc2 and prevents ana-
phase progression (Gruhne et al. 2009¢). Additionally, the interaction of EBNA3C
with Chk2 and other cell cycle components discussed above could be involved in
promoting genomic instability through aberrant mitotic progression (Choudhuri
et al. 2007; Knight et al. 2005; Saha et al. 2009). Collectively, these studies indicate
that the aberrant expression of EBV latent oncoproteins may contribute to oncogen-
esis through disrupting normal controls of DNA repair and cell cycle checkpoints.

2.4 Latent EBV DNA Replication Requires the DDR

During viral latency, each EBV episome is replicated once per cell cycle by EBNA1
[(Yates et al. 1985); reviewed in (Hammerschmidt and Sugden 2013)]. EBNAI
binds to specific regions of the EBV genome, namely oriP, the origin of plasmid
replication, and recruits the cellular replication machinery. EBNA1 binds to a
family of repeats (FR) and a dyad symmetry (DS) element within oriP (Rawlins
et al. 1985). Host proteins including the cellular origin replication complex (ORC)
and mini chromosome maintenance (MCM) complex are enriched in association
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with EBNAL at the DS elements during G1 and early S phase (Ritzi et al. 2003).
Interestingly, there are also repeat elements adjacent to EBNA 1-binding sites within
the DS that are very similar to telomere repeat elements (Deng et al. 2002, 2003). In
fact, these sites bind the shelterin components TRF1, TRF2, and hRapl. Shelterin
components normally function to protect telomeres from DDR sensing [reviewed
in (Palm and de Lange 2008)]. Through these sites, EBNA1 and TRF2 interact and
recruit ORC to the viral episome (Norseen et al. 2008; Tatsumi et al. 2008). TRF2
and hRapl binding are both critical for EBNA1-mediated replication while TRF1
appears to be inhibitory (Deng et al. 2003). Thus, EBV co-opts the normal cellu-
lar DNA machinery of telomeric DNA repeats to recruit shelterin components to
facilitate replication of the viral genome. This is likely important to suppress hyper-
activation of the DDR at latent EBV genomes, as occurs at protected telomeric ends
due to the activity of TRF2 (Palm and de Lange 2008).

The firing of oriP is also delayed in early S phase by a host checkpoint regulation
that is dependent on the recruitment of HDACs by TRF2 (Zhou et al. 2009). In early
S phase, the nucleosomes adjacent to the TRF2-binding sites are de-acetylated. As
S-phase progresses, the nucleosomes become acetylated and oriP replication ensues
(Zhou et al. 2009). The activity of the DDR protein Chk2 is down-regulated after
interaction with TRF2 (Buscemi et al. 2009) in a cell cycle-dependent manner with
enrichment in S phase (Zhou et al. 2010). Chk2 depletion by siRNA or Chk2 kinase
inhibitor inhibits oriP replication and episome maintenance and advances the rep-
lication timing of OriP (Zhou et al. 2010). Mechanistically, the depletion of Chk2
alters histone de-acetylation at DS sites within oriP. In vitro studies indicate that
Chk2 phosphorylates TRF2 on its amino-terminal domain and a phospho-mimetic
TRF2 mutant precludes ORC recruitment to oriP.

In addition to shelterin components, EBNA1 also recruits the DNA dam-
age—sensing MRN complex to oriP during S phase (Dheekollu et al. 2007). In the
absence of Nbs1, similar to loss of Chk?2, oriP maintenance and EBV genome main-
tenance are suppressed, indicating an important role for MRN recruitment to the
oriP. Therefore, the oriP DNA element serves as a unique scaffold for DDR factors
and signaling that is required to orchestrate the faithful replication of EBV DNA
during latency as well as presumably to promote the proper resolution of Holliday
junction structures formed late during each S phase (Dheekollu et al. 2007).

2.5 The Role of the DDR in Facilitating EBV Lytic
Replication

EBYV latently infected B cells can switch into a lytic phase of infection, generating
progeny virions that can infect a new host. Lytic reactivation is a highly regulated
process that begins with expression of two immediate early viral genes, BZLF1
and BRLF1, which encode the proteins Z and R, respectively (Kieff and Rickinson
2007). This expression results in the transactivation of early lytic genes, which
encode viral proteins responsible for replication. After viral replication, the late



240 K. McFadden and M. A. Luftig

genes are transcribed, resulting in the production of the structural proteins needed
to produce new virions. EBV, like many viruses, usurps host cell cycle controls in
order to provide an S-phase-like environment for efficient replication.

The best-characterized viral protein involved in this process is Z which can
interact with and alter components of the cell cycle checkpoint in addition to its
role as a transcription factor. The link between Z and the DDR was first observed
by Kudoh et al. (2005) using a tetracycline inducible BZLF1 (Z) construct to
induce lytic replication. Induction of Z correlated with the phosphorylation and
activation of ATM, Chk2, H2AX, and p53 as well as the co-localization of ATM-
S1981 and the MRN complex with EBV replication centers. The activation of
these proteins would normally lead to cell cycle arrest and apoptosis. However, the
authors also observed hyper-phosphorylation of Rb and the subsequent release and
activation of E2F1 and its downstream targets, such as cyclins A and E, indicating
cell cycle progression.

One of the ways that Z regulates cell cycle progression is through its interac-
tion with p53 (Zhang et al. 1994; Mauser et al. 2002; Kudoh et al. 2005). Over-
expression of Z in B958 cells induces the activation of p53 but without the
subsequent increase in protein levels. Additionally, the expression of downstream
targets such as MDM2 and p21CIP1 was not elevated (Kudoh et al. 2005; Mauser
et al. 2002) although p53 retained its ability to bind to DNA and had increased post-
translational modifications (Mauser et al. 2002). Subsequent studies revealed that Z
can function as an adaptor of the Elongin B/C-cul2/5-SOCS-(ECS) box ubiquitin
ligase complex through direct interaction with Cul2 and Cul5 (Kato et al. 2009).
The targeting and subsequent degradation of p53 by Z was enhanced by phospho-
rylation of p53 on S15 and S20 as a result of the activation of the ATM pathway.

To further delineate the interplay between the DDR and lytic replication, the
Hayward group identified host substrates phosphorylated by a conserved herpes-
virus kinase (Li et al. 2011). The EBV orthologue, BGLF4, is a mimic of host
CDKs and plays a key role in the establishment of an S-phase-like environment in
infected cells. Using a protein microarray to identify BGLF4 substrates, Li et al.
(2011) observed enrichment for proteins involved in the ATM arm of the DDR,
including TIP60, a chromatin remodeling protein that is involved in both DNA
repair and transcription. BGLF4 interaction with TIP60 results in its phosphoryla-
tion and the activation of its histone and protein acetylation activity. TIP60 has pre-
viously been shown to activate ATM in response to DNA damage (Sun et al. 2005),
and its activation by BGLF4 also results in the phosphorylation of ATM and its
downstream effectors (Fig. 2b). Critically, loss of either TIP60 or ATM suppressed
EBV DNA replication after lytic induction (Li et al. 2011). Mechanistically,
BGLF4 and TIP60 are recruited to the EBV lytic replication origin (OriLyt) and
other viral promoters stimulating both YH2AX and acetylated H2AKS, thereby
leading to increased viral lytic gene expression and DNA replication.

The importance of the DDR for lytic replication was further confirmed by the
Kenney group by exploring the importance of ATM in response to induction by
a variety of stimuli (Hagemeier et al. 2012). Treatment of Akata BL cells with
the ATM inhibitor KU55933 suppressed viral reactivation after induction with
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paclitaxel, a chemotherapeutic agent; sodium butyrate, an HDAC inhibitor; activa-
tion of the B-cell receptor by anti-IgG treatment; cytokine treatment with TGFf
or treatment with the proteasome inhibitor bortezomib. The importance of ATM
for lytic reactivation was also seen in both EBV-positive BL lines as well as in
epithelial cells. Of note, not all of the BL lines used in this study contained func-
tional p53, indicating that the role of ATM in lytic reactivation is at least partially
p53 independent. Since ROS was recently shown to activate ATM kinase activity
(Guo et al. 2010), the authors speculated that it also might lead to lytic reactiva-
tion. Indeed, ROS did lead to lytic reactivation, which was blocked by subsequent
treatment with an ATM inhibitor or by knocking down ATM with shRNAs.

Viruses subvert host ubiquitination pathways in most phases of their life cycle
in order to evade innate immune responses and to degrade proteins that would hin-
der their replication. Similarly, ubiquitin specific proteases are also targeted by
viral proteins such as EBNAI to alter the turnover of proteins needed for replica-
tion (Saridakis et al. 2005). Recent work by the Masucci group has demonstrated
that the tegument protein BPLFI is a de-neddylase that regulates Cullin-ring
ligases (CRL) to alter S-phase progression (Gastaldello et al. 2010). BPLF1 is able
to cleave both ubiquitin adducts as well as NEDDS conjugates in transfected cells,
although evidence points to its de-neddylation activity as being more function-
ally relevant. BPLF1 directly interacts with CRLs and modulates their activity as
seen through an accumulation of substrates such as Cdc25A, p21CIP1, and Cdtl,
an S-phase licensing factor. The stabilization of Cdtl through its de-neddylation
promotes aberrant S-phase entry and leads to the accumulation of phosphorylated
ATM and Chk2. Inhibition of BPLF1 using shRNAs reduced EBV replication to a
level similar to that seen with inhibition of Z (Gastaldello et al. 2010).

While S-phase entry is a critical aspect of EBV lytic DNA replication, the con-
sequences on cell cycle arrest through aberrant entry via Cdtl stabilization could be
catastrophic for the virus. Interestingly, recent work by the Pagano laboratory indi-
cates that BPLF1 can de-ubiquitinate the major host DNA replication processivity
factor PCNA (Whitehurst et al. 2012). Since mono-ubiquitinated PCNA (PCNA-
Ub) recruits trans-lesion synthesis (TLS) polymerase to sites of DNA damage (Yang
et al. 2010) and replaces the replicative polymerase, thus allowing it to bypass the
lesion, the authors speculate that stalling of cellular DNA replication may free cel-
lular factors that are needed for viral DNA replication (Whitehurst et al. 2012).
Additionally, the downstream signaling consequences of PCNA-Ub, such as strong
checkpoint activation and apoptosis, would be ameliorated by BPLF1. Thus, BPLF1
simultaneously functions to promote pseudo-S-phase maintenance through Cdtl sta-
bilization while cutting off downstream signaling through inhibiting PCNA-Ub.

A model can then be considered in which DNA damage or ROS leads to the
activation of ATM (Fig. 2b). This leads to the activation of the Z and R promoters
and the expression of the immediate early genes. Data from the Tsurumi, Kenney,
and other groups indicate that p53 may be important at this early stage in lytic
replication (Sato and Tsurumi 2010). The combined activity of Z and R would
then lead to the up-regulation of BGLF4, which phosphorylates TIP60 resulting
in an increase in its HAT activity. TIP60 then further activates ATM as well as the
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OriLyt promoter, leading to lytic reactivation. Viral replication is aided at this late
stage by the inhibition of p53-mediated apoptosis through Z-dependent ubiquitina-
tion as well as by the regulation of DDR signaling by BPLF1.

3 Kaposi’s Sarcoma-Associated Herpesvirus and the DDR

3.1 Kaposi’s Sarcoma-Associated Herpesvirus

KSHYV is a large, double-stranded DNA virus of the gamma-herpesvirus family that
was originally identified in the lesions of patients suffering from Kaposi’s sarcoma
(Chang et al. 1994). KSHV has been found in all forms of KS as well as primary
effusion lymphoma (PEL) and multi-centric Castleman’s disease [reviewed in (Mesri
et al. 2010)]. Like all members of the herpesvirus family, KSHV can replicate in both
Iytic and latent stages. During latency, the virus is maintained as an extra-chromo-
somal episome that is linked to the host chromosome through the virally encoded
protein latency-associated nuclear antigen (LANA) (Ballestas et al. 1999).

The major viral transcripts expressed during latency function to keep the cell
alive and replicating. The proteins include LANA, viral cyclin (v-cyclin), viral
FLICE inhibitory protein (VFLIP), and the kaposins, and KSHV also encoded
many miRNAs (Mesri et al. 2010). LANA plays a role in abrogating host tumor
suppressor pathways by inhibiting p53 and Rb-E2F (Friborg et al. 1999; Si and
Robertson 2006; Radkov et al. 2000; Mesri et al. 2010) in addition to its critical
role in episome maintenance (Ballestas et al. 1999). LANA also activates telom-
erase reverse transcriptase (TERT) expression further promoting infected-cell sur-
vival (Verma et al. 2004; Mesri et al. 2010).

KSHYV v-cyclin is structurally homologous to cellular D-type cyclins and can
bind to and activate cellular CDK6 [reviewed in (Mittnacht and Boshoff 2000;
Verschuren et al. 2004)]. The v-cyclin/CDK6 complex has a broader substrate
range than its cellular counterpart and is resistant to inhibition by CDK inhibitors.
VFLIP can activate NFkB by binding to the activating IKK complex, which results
in the expression of anti-apoptotic genes and the induction of cytokine secretion
(Guasparri et al. 2004; Mesri et al. 2010). Importantly, vFLIP also serves as a key
negative regulator of autophagy in latently infected cells (Lee et al. 2009).

3.2 The Role of the DDR in Suppressing KSHV-Induced Cell
Proliferation

The first link between latent KSHV infection and the DDR came from the Ojala
group exploring the effect of v-cyclin in telomerase immortalized endothelial
cells (Koopal et al. 2007) (Fig. 3a). Over-expression of v-cyclin decreased cellular



Interplay Between DNA Tumor Viruses 243

(a) KSHV Latency (b) KSHV Lytic
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Fig. 3 Kaposi’s sarcoma-associated herpesvirus and the DNA damage response. a DDR activa-
tion during KSHYV latency. The induction of cell cycle progression by the viral cyclin (v-cyclin)
in complex with CDK6 leads to the activation of an ATM-mediated DDR. The consequence of
this activation is p53 induction, oncogene-induced senescence (OIS), and autophagy. However,
co-expression of the KSHV v-FLIP protein overrides v-cyclin-mediated OIS by suppressing
autophagy. b KSHV and the DDR during lytic reactivation. Little is understood about KSHV
lytic viral DNA replication and the DDR. However, the expression of the lytic cycle VIRF1 gene
is capable of suppressing p53 activity and, in particular, the ability of ATM to activate p53. This
suggests that if ATM were to be activated by KSHV lytic DNA replication (as occurs in EBV,
HPV, and MHV68 infection), then a plausible mechanism to overcome checkpoint activation or
apoptosis would be in place

proliferation through the induction of an S-phase arrest. They also demonstrated
that viral protein expression could lead to cellular senescence, as has also been
observed by over-expression of classical cellular oncogenes. Both primary and
immortalized endothelial cells had a strong induction of DDR markers, such as
phosphorylated H2AX, ATM, Chk2, and p53. Treatment of v-cyclin-expressing
cells with an inhibitor of the ATM kinase (KU-55933) led to a reduction in DDR
markers and a release of the S-phase arrest, which resulted in aberrant mitosis
(Koopal et al. 2007). This could be due to v-cyclin-induced centrosome ampli-
fication, which can lead to aberrant mitosis in the absence of a functional DDR
(Verschuren et al. 2002). The DDR pathway was activated in KSHV-infected
endothelial cells after they overcame an early period of arrest. The effect of the
DDR could be bypassed by ablation of p5S3 or Rb signaling (Koopal et al. 2007).
This work was followed up by Leidal, et al, who demonstrated that KSHV-
infected primary human fibroblasts activated the DDR but did not undergo
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senescence (Leidal et al. 2012). This is in contrast to v-cyclin-expressing cells,
which had a greater induction of the DDR as well as senescence markers. The
authors hypothesized that one of the KSHV latency genes must be capable of
abrogating the v-cyclin-induced senescence. To address this, they performed an
ectopic screen of a number of latency proteins and identified v-FLIP as a suppres-
sor of v-cyclin-mediated senescence.

VFLIP was previously shown to inhibit autophagy in KSHV-infected endothe-
lial cells and lymphocytes (Lee et al. 2009), and autophagy is necessary for the effi-
cient induction of senescence (Young et al. 2009). Therefore, the authors explored
the link between the loss of oncogene-induced senescence (OIS) and the suppres-
sion of autophagy. KSHV v-cyclin induced autophagy similar to the potent oncogene
HrasV12 (Leidal et al. 2012). Temporally regulated expression of v-cyclin revealed
an initial period of hyper-proliferation followed by a sharp decrease in the rate of
proliferation coinciding with the onset of OIS. p53 was strongly activated in cells
expressing v-cyclin, and its activity was required for the induction of OIS through
the transcriptional up-regulation of the key autophagy regulators Sestrinl and dam-
age-regulated autophagy modulator (DRAM). Notably, the mTOR pathway was
inactivated concomitant with OIS induction, partially dependent on AMP-responsive
protein kinase (AMPK), a target of Sestrinl. While co-expression of vFLIP with
v-cyclin had no effect on DDR markers, the induction of autophagy and OIS was dra-
matically reduced. Surprisingly, in contrast to its role in cell survival through NF«B
activity (Chaudhary et al. 1999; Liu et al. 2002), the specific antagonism of autophagy
by vFLIP was responsible for its ability to override v-cyclin-mediated OIS. This coop-
erativity likely contributes significantly to KSHV-mediated tumorigenesis (Fig. 3a).

3.3 The Role of the DDR in KSHV Lytic Replication

While the default pathway for KSHV infection is latency, it can be induced to
reactivate by a variety of stimuli, resulting in the generation of a full set of viral
proteins and the production of new virions. The switch between latency and lytic
replication is primarily mediated by the protein RTA, encoded by ORF5 (Ganem
2006). The expression of RTA and other immediate early genes is followed by the
expression of the delayed-early genes. These genes include a viral DNA polymer-
ase, primase, helicase, and single-stranded binding proteins. These proteins can
form a stable replication complex on the OriLyt promoter in the host cell nucleus.
The final stage of lytic reactivation is the induction of late genes, which largely
encode structural proteins necessary for viral particle formation (Ganem 2006).

As with all of the DNA viruses discussed, KSHV needs to modulate the host cell
to ensure that there is an appropriate S-phase-like environment for replication as well
as the evasion of host cell defenses. KSHV evades host innate immunity by encod-
ing several homologs of host genes, such as viral interleukin-6 (vIL-6), viral Bcl2,
and four homologs of interferon regulatory factors (vIRF1-4) (reviewed in Jacobs
and Damania 2011). vIRF1 was initially reported to interact with and inactivate p53
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by suppressing its acetylation and its transcriptional activation potential (Seo et al.
2001). This was further explored by Shin et al. (2006), who used ectopic expres-
sion of a tetracycline-regulated vIRF1 in a KSHV-null B-lymphoma line, BJAB.
Expression of vIRF1 resulted in an increase in p53 ubiquitination and the inhibition
of the activating phosphorylation of S15. Further analysis revealed that vIRF1 inter-
acted with ATM through its C-terminal domain and that this lead to a decrease in its
activation, as revealed by phosphorylation of S1981. The activation of downstream
targets of ATM such as Chk2, H2AX, and p53 was also decreased by vIRF1, while
the expression of the cell cycle regulatory protein, Cdc25, was increased, consist-
ent with a role for vVIRF1 in suppressing downstream checkpoint activation by ATM.
Therefore, these studies suggest a possible mechanism by which KSHV oncoproteins
subvert downstream DDR signaling during lytic reactivation (Fig. 3b). It will be of
great interest in the future to discern whether, as in the case of EBV, KSHV also uti-
lizes aspects of ATM signaling to promote lytic viral gene expression and DNA repli-
cation. Indeed, evidence from the KSHV-related murine gamma-herpesvirus MHV68
suggests a role for ATM and H2AX in virus replication (Tarakanova et al. 2007).

4 Human Papillomaviruses and the DNA Damage Response

4.1 Human Papillomaviruses

HPVs are small double-stranded DNA viruses that generally cause benign skin
lesions. Over 120 serotypes of HPV have been identified that can be further clas-
sified as low or high risk according to their association with benign or malignant
lesions, respectively. Infection with a high-risk variant, such as HPV 16 or 18,
has been associated with 99 % of cervical cancers (Walboomers et al. 1999) and
~25 % of head and neck cancers (Gillison 2004).

The HPV lifecycle is closely linked to the differentiation state of epithelial cells
[reviewed in (Moody and Laimins 2010; McBride et al. 2012)]. Initially, the virus
infects the basal layer of squamous epithelia and establishes itself as a low copy
number extra-chromosomal episome. These cells represent the only actively rep-
licating cells within the epithelia and are exposed to infection through abrasions
or wounding. Infection leads to an initial burst of viral DNA replication that is
followed by a period where the virus DNA replicates in concert with the host chro-
mosome. As uninfected epithelial cells divide, they leave the basement membrane
layer and undergo terminal differentiation until they are eventually shed as dead
and dying cells. HPV undergoes its final replication cycle, called vegetative rep-
lication, in the differentiated cell layer. Newly generated virions can then be shed
and spread to new targets.

Restricting its replicative life cycle to differentiated cells allows the virus to
remain undetected by the immune system for extended periods of time. However,
terminal differentiation entails an exit from the cell cycle which would deprive the
virus of the host replicative machinery. To circumvent this, HPV encodes several
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proteins (ES, E6 and E7) that promote proliferation by delaying exit from the cell
cycle. E6 and E7 are the primary transforming genes of HPV through their antago-
nism of p53 and Rb, respectively (Dyson et al. 1989; Munger et al. 1989a, b). The
El and E2 proteins are essential for viral DNA replication and episome mainte-
nance and may play a role in promoting genomic instability and cancer progres-
sion, as will be discussed below (Amin et al. 2000; Androphy et al. 1987).

4.2 The Role of the DDR in Suppressing HPV-Induced
Cell Proliferation

Despite the high frequency of HPV infection, the rate of cancer progression is low
and only occurs if the virus has not been cleared over an extended period of time.
One striking observation is that a majority of the cervical cancer biopsies show
integration of the high-risk HPVs (Moody and Laimins 2010). While this appears
to occur randomly there does seem to be a preference for common fragile sites
within the genome. One consequence of HPV genomic integration is the loss of
the E2 protein, which is responsible for repressing viral gene expression in addi-
tion to its role as a replication factor. This leads to uncontrolled expression of E6
and E7 (Schwarz et al. 1985) which can independently transform cells and lead to
genomic instability through mitotic defects (Duensing et al. 2000).

The Ustav group demonstrated that integrated HPV genomes in HeLa and SiHa
cells undergo an “onion skip” type of replication in the presence of exogenous E1
(Kadaja et al. 2009). This leads to DNA replication structures that are recognized
by the ATM arm of the DDR (Fig. 4a). This ultimately leads to repair by either
HR or NHEIJ, the latter of which can produce mutations or chromosomal translo-
cations. In fact, genomic instability was observed in SiHa cells transfected with
El. In other studies, over-expression of E1 from diverse HPV strains induced cell
cycle arrest and a DDR in undifferentiated keratinocytes in the absence of viral
DNA (Fradet-Turcotte et al. 2011; Sakakibara et al. 2011; Reinson et al. 2013).
Expression of E2 alone, or coupled with the viral origin, was able to partially
suppress this effect in one study (Fradet-Turcotte et al. 2011) but not in another
(Sakakibara et al. 2011). The ability of E1 to induce a DDR was seen even with
basal-level expression of the protein, indicating that it is not simply an artifact of
over-expression. The DDR foci partially co-localized with E1 and E2 as well as
sites of DNA synthesis (Sakakibara et al. 2011). The level of nucleotide incorpora-
tion detected was below what would normally be detected for S-phase progression
and could indicate regions of DNA repair. Consistent with this, the DDR foci were
also TUNEL positive indicating regions of fragmented DNA (Sakakibara et al.
2011) and had DSBs detected by alkaline comet assay (Reinson et al. 2013).

High-risk HPV E6 and E7 expression in undifferentiated keratinocytes is sufficient
to induce replicative stress, which could result in collapsed replication forks and the
activation of ATR and ATM pathways (Moody and Laimins 2009; Bester et al. 2011).
While HPV oncoprotein expression drives aberrant S phase, promoting a DDR,
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(a) Basal layer aberrant E6/E7 (b) Keratinocyte differentiation
expression driving proliferation induced viral DNA replication
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Fig. 4 Human papillomavirus and the DNA damage response. a HPV infection of basal layer
epithelial cells and DDR activation. The infection of basal epithelial cells by HPV leads to a con-
stitutive ATM-dependent DDR. This may be due to the role of HPV El in promoting replication
of integrated HPV genomes or perhaps promoting DNA damage at other sites through the host
genome (left). Normally, in this layer, E2 protein suppresses the expression of E6 and E7. If E2
is abrogated due to integration, then E7 up-regulation could lead to increased S-phase entry pro-
moting the DDR or through direct engagement and activation of ATM (bottom, right). b During
vegetative DNA replication upon differentiation of the basal keratinocyte layer, the ATM path-
way is activated and DDR factors co-localize with viral genomes (right). ATM and Chk2 activity
are important for viral DNA replication in this phase of the HPV life cycle. The uppermost layer
of keratinocytes in the figure indicates virion release (stars)

the potential for senescence or apoptosis is strongly mitigated by the ability of E6
to leverage E6AP to degrade p53 (Scheffner et al. 1993). Therefore, HPV infection
in undifferentiated keratinocytes can drive an oncogenic stress, but cell proliferation
in the context of viral genome integration is maintained due to potent anti-apoptotic
activities. The role of the DDR in suppressing HPV tumorigenesis may then be
restricted to its functions as a regulator of viral DNA replication, as discussed below.

4.3 The Role of the DDR in Facilitating HPV Vegetative
DNA Replication

Emerging evidence suggests that the DDR plays a critical role in HPV amplifi-
cation in differentiated keratinocytes. Keratinocytes containing the HPV-31 epi-
some differentiate upon calcium treatment. Differentiation increases markers of
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the canonical ATM pathway, which localize to nuclear foci (Moody and Laimins
2009). These foci also contain the HPV episome as well as enzymes respon-
sible for DNA repair and HR such as PCNA, pRPAS32-S33, Rad51, and Brcal
(Gillespie et al. 2012) (Fig. 4b). Inhibition of ATM led to diminished replication
foci and suppressed episome amplification (Moody and Laimins 2009). ATM-
driven activation of Chk?2 is required for caspase 7 activation (Moody and Laimins
2009) which was previously shown to be necessary for the cleavage of El and
genome amplification (Moody et al. 2007), further solidifying the link between the
DDR and viral replication. The up-regulation of DDR markers was also observed
in primary human keratinocytes that underwent differentiation in organotypic
raft cultures (Banerjee et al. 2011). Strong pATM-S1981 was seen in differenti-
ated cells that expressed either the HPV-31 (Moody and Laimins 2009) or HPV-18
genome (Banerjee et al. 2011).

DDR activation appears to be primarily induced by E7 in differentiated
cells. Banerjee et al. (2011) compared the expression of the HPV-18 genome,
E7 alone, or vector controls in organotypic raft cultures using primary human
keratinocytes. The full viral genome or E7 alone were able to induce up-regu-
lation of pATM-S1981 as well as the activation of Chk2 and the ATR effector
Chkl1. Additionally, E7 was previously shown to directly interact with ATM and
induce the activation of Chk2 (Moody and Laimins 2009). Cultures expressing
E7 alone or the HPV-18 genome exhibited a prolonged G2 phase (Wang et al.
2009; Banerjee et al. 2011) as evidenced by the accumulation of inactive Cdk1
and Cdc25 in the cytoplasm and the lack of mitotic cells in culture. Active Chkl,
Chk2, and JNK are known to inactivate Cdc25 and therefore the activation of the
DDR could lead to a prolonged G2 phase, which can enhance viral amplification
(Banerjee et al. 2011).

A model is starting to emerge in which HPV is able to exploit the intrinsic
DDR to amplify its genome. E7 can interact with and activate ATM in differenti-
ated cells leading to the activation of its downstream effectors such as Chk2 and
yYH2AX (Fig. 4). This results in the co-localization of many repair proteins at the
viral genome. Chk2 can then activate caspase 7, resulting in the cleavage of El, an
essential replication factor. The activated DDR would then induce a G2 checkpoint
by inactivating Cdkl and Cdc25 to prevent entry into mitosis. This allows the
virus to amplify its genome out of sync with normal cellular S phase, thus prevent-
ing competition for replication factors. The inhibition of p53 by E6 prevents the
apoptosis normally induced by the activation of the DDR and thereby facilitates
viral DNA replication.

5 Conclusions

DNA tumor viruses activate the host DDR in multiple ways. Viral oncoproteins
drive cells from quiescence into cell cycle and often lead to aberrant cellular DNA
replication that can provoke the host DDR. This process may occur during viral
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latency, as exemplified by the oncogenic herpesviruses, or during acute infection.
Furthermore, viral DNA replication, either latent or lytic, can produce structures
that directly activate the DDR. Once activated, the DDR can promote DNA repair
and recombination as well as activate cell cycle checkpoints, senescence, or apop-
tosis. In the case of latent viral oncoprotein-driven cellular DNA replicative stress
leading to DDR activation, the consequence is a decrease in cellular proliferation
which is ultimately detrimental for the virus. In contrast, during lytic replication,
the activation of the DDR through viral DNA replication structures is beneficial
for the virus. Therefore, the host DDR plays divergent roles in the replication of
human DNA tumor viruses depending on the mode of virus replication.

DNA tumor viruses drive cellular transformation under circumstances where
virus replication and the ability to produce progeny virions are inhibited. For
example, in the case of high-risk HPVs, unintentional integration of viral DNA
into the host genome leads to the aberrantly high expression of the oncoproteins
E6 and E7, which can lead to cell transformation and contribute to tumorigen-
esis. Early expression of these oncoproteins in basal keratinocytes may mimic
aspects of this process. As shown by Bester et al. (2011), HPV-16 E6/E7 expres-
sion can activate a growth-suppressive DDR due to increased cellular DNA repli-
cative stress. Similarly, in the case of EBV and KSHYV, viral latent oncoproteins
drive aberrant cellular DNA proliferation and a growth-suppressive DDR (Nikitin
et al. 2010; Koopal et al. 2007). Interestingly, recent work by the McCormick
lab has shown that KSHV vFLIP is capable of overcoming the DDR-dependent
senescence mediated by the v-cyclin protein in KSHV-infected endothelial cells
(Leidal et al. 2012). This activity depends on induction of autophagy by vFLIP
and mitigates the far downstream consequences of the DDR. Similarly, in the con-
text of EBV infection of primary B cells, the cell proliferation rate is transiently
high, concomitant with DDR activation, but then wanes through immortaliza-
tion dependent on expression of the viral EBNA3C protein (Nikitin et al. 2010).
Therefore, DDR activation in latently infected cells (in the case of the gamma-
herpesivruses) leads to growth suppression that ultimately compromises viral
infection. However, viral oncoproteins are able to mitigate these pathways either
downstream through modulating autophagy or upstream through attenuating the
strength of the oncogenic signal.

The nature of the molecular signal downstream of oncogenic stress that trig-
gers the DDR in these settings remains controversial. Evidence for increased DNA
replicative stress (Bartkova et al. 2006; Di Micco et al. 2006), increased fragile
sites (Di Micco et al. 2006), increased irreparable DNA damage at telomeres
(Fumagalli et al. 2012), and telomere dysfunction (Suram et al. 2012), as well as
changes in chromatin structure associated with hyper-activation of transcription at
certain loci, has all been implicated in DDR activation downstream of activated
oncogenes. The careful genetic dissection of the critical sensors and mediators of
each of these aberrant DNA structures in the context of viral oncogene expres-
sion will be needed to discern precisely how the DDR is activated and whether
these signals engender specificity in the downstream signaling pathways following
oncogenic stress.
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During lytic viral DNA replication, two mechanisms can give rise to an acti-
vated DDR. First, the set of proteins expressed early during infection or reacti-
vation can generate a pseudo-S-phase environment important for viral DNA
replication. Often the consequence of this aberrant cell cycle promotion is the acti-
vation of the DDR. However, the downstream consequences of the DDR are miti-
gated, enabling virus replication. In the case of EBV, for example, the promotion
of S-phase entry through the BPLF1 protein leads to an activated DDR includ-
ing ATM phosphorylation. However, the downstream signaling at sites of cellu-
lar DNA damage is mitigated in part through the activity of BPLF1 in preventing
PCNA mono-ubuigitination. Furthermore, the viral Z protein is capable of degrad-
ing p53 once activated at late stages in lytic reactivation. Thus, as often observed
in the context of virus infection, a multi-faceted approach to ensuring cell survival
is used to facilitate DNA replication in the context of an activated DDR.

A second signal for DDR activation during lytic replication is the replication
of viral DNA. In both the EBV and HPV systems, strong co-localization of DDR
factors with sites of viral DNA replication corroborates their induction by aberrant
viral DNA structures sensed as damaged DNA. Interestingly, DDR signaling, and
ATM in particular, is required for efficient DNA replication and progeny virion
formation. It is likely that the recruitment of factors necessary for viral DNA
repair and/or recombination is critical in the process of faithful DNA replication
and packaging necessary to produce competent infectious progeny. The precise set
of ATM targets important for DNA tumor virus replication is an active and excit-
ing area of current research. The mechanistic delineation of the beneficial DDR in
virus replication has the potential to lead to new and interesting therapeutic targets
in these and other viral diseases. Moreover, it is likely that using these viruses to
probe the specificities of DDR activation will lead to new insights into the recog-
nition, repair, and signaling from cellular sites of DNA damage as well.
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