1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Mol Cell. Author manuscript; available in PMC 2015 July 03.

-, HHS Public Access
«

Published in final edited form as:
Mol Cell. 2014 July 3; 55(1): 111-122. doi:10.1016/j.molcel.2014.05.020.

Co-opting the Fanconi Anemia Genomic Stability Pathway
Enables Herpesvirus DNA Synthesis and Productive Growth

Heidi Karttunen?, Jeffrey N. Savas3, Caleb McKinney?, Yu-Hung Chen2, John R. Yates I3,
Veijo Hukkanen4, Tony T. Huang?”", and lan Mohrl.*

1Department of Microbiology, NYU Cancer Institute, NYU School of Medicine, New York, NY USA
10016

2Department of Biochemistry & Molecular Pharmacology, NYU Cancer Institute, NYU School of
Medicine, New York, NY USA 10016

3Department of Chemical Physiology, The Scripps Research Institute, La Jolla, CA USA 92037

4Department of Virology, University of Turku, Turku, Finland FIN-20520

SUMMARY

DNA damage associated with viral DNA synthesis can result in double strand breaks that threaten
genome integrity and must be repaired. Here, we establish that the cellular Fanconi Anemia (FA)
genomic stability pathway is exploited by HSV1 to promote viral DNA synthesis and enable its
productive growth. Potent FA pathway activation in HSV1-infected cells resulted in
monoubiquitination of FA effector proteins, FANCI and FANCD2 (FANCI-D2) and required the
viral DNA polymerase. FANCD?2 relocalized to viral replication compartments and FANCI-D2
interacted with a multi-subunit complex containing the virus-encoded single-stranded DNA-
binding protein ICP8. Significantly, while HSV1 productive growth was impaired in
monoubiquitination-defective FA patient cells, this restriction was partially surmounted by
antagonizing the DNA-dependent protein kinase (DNA-PK), a critical enzyme required for non-
homologous end-joining (NHEJ). This identifies the FA-pathway as a new cellular factor required
for herpesvirus productive growth and suggests that FA-mediated suppression of NHEJ is a
fundamental step in the viral lifecycle.

INTRODUCTION

DNA double strand breaks (DSBs) are potentially lethal lesions that can promote genome
rearrangements. While exogenous agents like ionizing radiation produce DSBs, they also
result from endogenous sources. Indeed, replication fork stalling at inter-strand DNA cross-
links (ICLs) or collapsed forks at unrepaired, single-strand DNA nicks account for most
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endogenous DSBs (reviewed in Jackson & Bartek, 2009; Hartlerode & Scully, 2009; Ciccia
& Elledge, 2010). To repair DSBs and preserve genome integrity, cells rely on either error-
prone non-homologous end-joining (NHEJ) or the more accurate homologous recombination
(HR) repair pathways (reviewed in Chapman et al., 2012). Although it is not well-
understood how DNA repair choice between these distinct pathways is regulated in response
to DSBs (Chapman et al., 2012), the cellular Fanconi Anemia (FA) pathway likely plays a
critical role counteracting aspects of the NHEJ pathway to faithfully repair ICLs via HR-
mediated events in mammalian cells (Adamo et al., 2010; Pace et al., 2010).

FA is a complex multigene disorder characterized by genome instability, congenital
abnormalities, acute myeloid leukemia, and/or bone marrow failure and cancer
predisposition (D’Andrea & Grompe, 2003; Kennedy & D’Andrea, 2005). The hallmark of
FA cells is hypersensitivity to ICL-inducing agents, indicative of a repair defect in response
to agents that block the replication fork. The FA pathway is composed of at least 15 known
proteins corresponding to complementation groups mutated in FA patients: FANCA, B, C,
D1,D2,E,F,G1,J,L M, N, O, and P (Moldovan & D’Andrea, 2009). In the presence of
ICLs or stalled replication forks, the FA core E3 ligase complex (comprised of FANCA, B,
C,E, F, G, L, and M) catalyzes the lysine site-specific monoubiquitination of two FA
effector proteins, FANCI and FANCD2 (FANCI-D2), which promotes their recruitment to
DNA damage repair sites in nuclear foci (Garcia-Higuera et al., 2001; Sims et al., 2007;
Smogorzewska et al., 2007). Here, FANCI-D2 colocalizes with downstream FA proteins,
FANCJ, FANCD1 (BRCA2), and FANCN (PALB?2), to facilitate HR-mediated repair.
While environmental toxins and endogenous metabolites are potential physiological sources
of DNA damage that trigger FA pathway activation (Langevin et al., 2011; Rosado et al.,
2011), the capacity of natural processes like infection to activate and possibly subvert FA
pathway function remains relatively unexplored. To investigate the impact of virus infection
on the FA pathway, we enlisted a powerful herpes simplex virus-1 (HSV1) model system.

Following delivery into the nucleus of the linear, dSDNA viral genome, which is GC rich
and contains gaps and nicks (Wadsworth et al., 1976; Hyman et al., 1977; Jacob & Roizman,
1977; Roizman, 1979; Wilkinson & Weller, 2003), HSV1 gene expression proceeds as a
temporally controlled cascade of differentially expressed genes (Roizman et al., 2006). The
first viral transcripts encode key immediate-early (IE) regulatory proteins that in turn
activate expression of HSV1 early genes, many of which participate in virus genome
replication (Roizman et al., 2006). Prior to viral DNA synthesis, HSV1 replication proteins
form pre-replication foci within the nucleus at locations that are likely sites of cellular DNA
synthesis in uninfected cells (reviewed in Weller & Coen, 2012). Once viral DNA synthesis
commences, pre-replication foci coalesce into larger replication compartments (RCs) that
progressively occupy the nucleus while host chromatin becomes marginalized to the nuclear
periphery (Weller & Coen, 2012). Viral DNA synthesis produces larger than unit length
genome concatemers whose formation, while incompletely understood, likely involves
recombination (Wilkinson & Weller, 2003). Furthermore, extensive genome isomerization
dependent upon viral DNA replication results from intramolecular HR that is stimulated by
DSBs (Sarisky & Weber, 1994; Wilkinson & Weller, 2003). Finally, late gene expression
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triggered by viral DNA synthesis signifies the final stage of the productive growth cycle and
culminates in infectious virus production (Roizman et al., 2006).

As a DNA virus that replicates in the nucleus, HSV1 interacts with the cellular DNA
damage response (DDR) network and triggers a complex response (reviewed in Weitzman et
al., 2010; Weller, 2010). Whereas specific DDR pathways are activated by viral functions,
others are disabled as HSV1 remodels the host response to prevent viral genome silencing
and suppress intrinsic antiviral defenses. For example, recognition of linear viral genomes
by cellular NHEJ proteins could elicit an antiviral response. In some cell types, the viral E3
ubiquitin ligase ICPQ counteracts this response by stimulating degradation of the DNA-
dependent protein kinase catalytic subunit (DNA-PKcs), a key NHEJ pathway component
(Lees-Miller et al., 1996; Parkinson et al., 1999). In contrast, other cellular proteins involved
in HR repair (Mrel11, Rad50, Nbsl, Rad51) are recruited to viral pre-replicative sites and
RCs, where they promote virus replication (Wilkinson & Weller, 2004; Lilley et al., 2005).
Precisely how DNA repair choice is achieved upon HSV1 infection, the molecular basis
underlying this switch between NHEJ and HR pathways, and its impact on productive viral
replication remains poorly understood at best.

Here, we show that HSV1 infection potently activates the host FA pathway by stimulating
FANCI-D2 monoubiquitination. FA pathway activation required viral gene expression and
was dependent upon the HSV1 DNA polymerase (Pol). Moreover, the viral single-strand
DNA binding protein (SSB) ICP8 interacts with FANCD?2 in infected cells. Significantly,
while infection stimulated FANCD?2 nuclear foci accumulation proximal to viral pre-
replication centers and within viral RCs, FANCD?2 redistribution was not dependent upon
viral DNA synthesis. Finally, we show that HSV1 replication is FA pathway-dependent and
can be partially restored in a monoubiquitination-defective FA mutant cell line by inhibiting
DNA-PK to suppress NHEJ. Thus, restriction of HSV1 replication in FA-deficient cells
reflects, in part, failure to suppress DNA-PK-mediated NHEJ. This work establishes the
cellular FA pathway as a previously unrecognized host factor required for productive
herpesvirus replication and suggests that FA-mediated suppression of NHEJ is a
fundamental step in the virus lifecycle.

Activation of the cellular FA pathway by HSV1 infection

Cellular FA pathway activation can be monitored by the inducible monoubiquitination of
FANCI-D2 proteins, which normally occurs after DNA damage in replicating cells. To
investigate how HSV1-infection impacts the host FA pathway, cells were infected with
either of two HSV1 strains (KOS or Patton) and FANCD2 monoubiquitination (Ub-
FANCD?) assessed over time (Figs. 1A, S1A). Ub-FANCD2 accumulated by 9 hours post-
infection (hpi) and persisted throughout the productive growth cycle (Fig. 1A).
Monoubiquitinated FANCI also accumulated in HSV1-infected cells (Fig. S1B). FANCI-D2
deubiquitinase (DUB) USP1 abundance was reduced after infection and inversely correlated
with Ub-FANCD2 and viral protein levels (Fig. 1LA). While representative viral IE (ICP4,
ICPO) and early (ICP8) proteins were observed in the absence of detectable Ub-FANCD2,
late protein gC levels tracked most closely with Ub-FANCD2 accumulation (Fig. 1A). In FA
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patient-derived cells, HSV1 infection did not detectably induce Ub-FANCD2 without the
essential FA core E3 ligase subunit, FANCA (FA-A + vector), ensuring that a viral E3 ligase
was not required (Fig. 1B). FANCA-deficient cells complemented with wild-type FANCA
(FA-A + FANCA WT) restored HSV1-dependent Ub-FANCD2 accumulation. Importantly,
HSV1 gene expression was required to stimulate Ub-FANCD?2 in FA-A corrected cells (FA-
A + FANCA WT) since ultraviolet light (UV-C)-inactivated virus, which prevents
transcription from the viral genome (see Fig. 2A schematic), did not activate the FA
pathway (Fig. 1C).

FA pathway activation by HSV1 is dependent upon the viral DNA polymerase

To more precisely delineate viral gene product(s) required for FA pathway activation, the
capacity of different HSV1 mutants to stimulate Ub-FANCD2 was evaluated (Fig. 2A).
First, the requirement for ICPO, the master regulatory viral gene required for growth at low
MOI, was examined. In cells infected with an ICPO-deficient HSV1 (AICP0), Ub-FANCD?2
induction was severely compromised at low, but not high MOI (Fig. 2B, C). Reintroducing
the WT ICPO gene into the AICPO genome (AICPO repair) restored its ability to stimulate
Ub-FANCD? in a manner indistinguishable from the WT parent strain (Fig. 2B, C). Thus,
MOI-dependent induction of Ub-FANCD?2 is a phenotype associated with ICPO-deficiency,
but ICPQ is likely not directly required.

In contrast, when cells were infected with an ICP4-deficient virus (AICP4), Ub-FANCD2
was no longer detected (Fig. 2D). Importantly, USP1 levels were still reduced in cells
infected with AICP4 even though Ub-FANCD2 was not detected (Fig S2). Thus, the virus-
induced reduction in USP1 abundance can be genetically separated from FA pathway
activation as assessed by Ub-FANCD2 accumulation. In the absence of ICP4, the viral
genome is delivered into the nucleus and transcription of IE genes occurs (Fig. 2A);
however, the productive replication cycle arrests and only a restricted set of proteins
accumulate (ICPO, 6, 27, 22, 47; DeL.uca et al., 1985). Thus, events requiring progression of
the viral lifecycle beyond the IE stage were likely required to activate the host FA pathway
(Fig. 2A). To address this possibility, cells were infected with the HP66 mutant virus, which
is deficient in the catalytic subunit of the HSV1 DNA Pol. (UL30; Marcy et al., 1990).
Unlike cells infected with AICP4, the viral lifecycle proceeds into the early phase in HP66-
infected cells and viral proteins required for DNA replication, including the SSB protein
ICP8, are produced (Fig. 2A, D). However, without the viral DNA Pol, DNA synthesis
cannot initiate and the infection is blocked at the boundary between early and late stages of
the productive growth cycle preventing expression of late genes like gC (Fig. 2A, D; Marcy
et al., 1990). Interestingly, Ub-FANCD2 induction was severely inhibited in HP66-infected
cells, establishing that HSV1-induced FA pathway activation was dependent upon the viral
DNA Pol (Fig. 2D). Blocking viral DNA synthesis with the antiviral drug acyclovir
similarly prevented FA pathway activation (Fig. S3). This suggests that FA pathway
activation in response to HSV1 is activated by viral DNA synthesis or a closely linked event
like late gene expression, and agrees with recent studies demonstrating that FA proteins
sense DNA crosslink damage at active replication forks (Knipscheer et al., 2009; Shen et al.,
2009; Nakanashi et al., 2011).
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Association of cellular FA pathway components with viral replication proteins in HSV1-
infected cells

To determine if any HSV1 polypeptides physically-associated with host FA proteins,
infected cell proteins metabolically-labeled with 3°S-containing amino acids were
immunoprecipitated (IP’ed) using antibodies specific for FANCD2 or FANCI (Fig. 3A). As
HSV1 infection impairs ongoing host protein synthesis (reviewed in Walsh & Mohr, 2011;
Mohr & Sonenberg, 2012), radiolabeled proteins overwhelmingly, but not exclusively,
represent newly synthesized, viral polypeptides. Analysis of labeled proteins retained in
immune complexes by SDS-PAGE followed by autoradiography revealed associated
polypeptides of apparent molecular weights 130-150 kDa with FANCI, and 50-80 kDa with
FANCD?2 (Fig. 3B). As their association with FANCD2 and FANCI was also observed in
HP66-infected cells (Fig. 3B), virus-induced FA pathway activation and viral DNA
synthesis were not required. Finally, these proteins were specifically associated with host
FA components as they were not detected using antisera against an unrelated protein, the
cellular 4E-BP1 translation repressor (Fig. 3B).

To determine the identity of viral proteins associated with FANCI-D2, endogenous
FANCD2 and FANCI were IP’ed from non-ionic detergent lysates prepared from virus-
infected cells and proteins eluted from immune complexes analyzed by shotgun tandem
mass spectrometry (Washburn et al., 2001). Peptides derived from HSV1 proteins involved
in virus genome localization (ICP4), DNA synthesis (DNA Pol, UL42 DNA Pol processivity
factor, UL5 helicase, ICP8 SSB), DNA repair (dUTPase) and recombination (UL12 alkaline
endonuclease) were detected in FANCD2 and FANCI immune complexes (Fig. 3C, tables
S1, S2). These interactions were specific as only a limited number of HSV1 proteins were
found in FANCI-D2 immune complexes analyzed by SDS-PAGE and mass spectrometry,
while numerous more abundant viral proteins were in fact not detected (Fig. 3 and table S1,
S2).

Among HSV1 proteins involved in DNA replication, repair, and recombination, peptides
from the SSB ICP8 were the most abundant and consistently detected in immune complexes
isolated from WT or HP66-infected cells. As ICP8 is a component of nuclear RCs in
infected cells, this suggested that ICP8 might physically interact with FA effector proteins.
Indeed, IP experiments demonstrated that FANCI associated with ICP8 in HSV1-infected
cells using antisera specific for either FANCI (Figs. 3C, D) or ICP8 (Fig. 3E). Likewise, the
viral DNA pol processivity factor UL42, UL12 alkaline nuclease and ICP4, a viral
transcription factor that marks sites of incoming viral genomes (Everett & Murray, 2005),
were also validated as FANCI or D2-associated proteins (Fig. 3D). UL12 was also detected
in anti-ICP8 immune complexes (Fig. 3E), consistent with earlier reports (Thomas et al.,
1992).

Sub-nuclear localization of FANCD2 in response to HSV1-infection

A hallmark of FA pathway activation in response to DNA ICLs and replication stress is
FANCD2 (and FANCI) accumulation into discrete nuclear foci (Garcia-Higuera et al., 2001;
Taniguchi et al., 2002; Smogorzewska et al., 2007). Similarly, herpesvirus DNA synthesis
occurs in defined, nuclear RCs (Fig 4A). However, prior to initiating viral DNA synthesis,
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pre-replication foci form composed of several HSV1 replication proteins, one of which is
ICP8 (Figs 4A, S4A; Weller & Coen, 2012). Given FANCI and ICP8 physically associate
(Fig. 3), and ICP8 marks specific subnuclear sites destined to form RCs, we investigated
whether viral DNA synthesis and/or FANCA (FA core E3 ligase component) was required
for FANCD?2 nuclear foci formation. To compare between active viral RCs (WT) or pre-
replicative foci (HP66), VVero cells were infected with either WT or the HP66 DNA Pol
mutant virus and FANCD2 foci formation assessed by indirect immunofluorescence.
Intriguingly, FANCD?2 foci formation was enhanced in both WT and HP66-infected cells
(Fig. 4B, right panel and Fig. S4C). As a positive control, uninfected cells were treated with
the DNA replication inhibitor hydroxyurea (HU). As shown in Figure 2, Ub-FANCD2 was
at best barely detectable in HP66-infected cells, suggesting Ub-FANCD2 accumulation may
not be required for HSV1-induced FANCD?2 foci formation. However, it remained possible
that even the exceptionally low levels of Ub-FANCD?2 in HP66-infected cells may be
sufficient to stimulate FANCD?2 foci formation near pre-replication sites. To address this,
we determined whether FANCA was required for HSV1-induced FANCD2 nuclear foci
formation. Importantly, FANCD2 nuclear foci formation was largely inhibited in FANCA-
deficient cells, but not in the corrected cells (Fig. 4B, middle and left panels; Fig. S4B).
While many FANCD?2 foci were proximal to ICP8-containing structures, they did not appear
to completely colocalize irrespective of infection with a replication proficient (WT) or
deficient (HP66) virus (Fig. 4B). Other host DNA repair proteins (53BP1, BRCAL, Mdc1,
yH2aX) also accumulate at nuclear foci distinct from viral genomes (Lilley et al., 2011).
Thus, HSV1 infection stimulated redistribution of the cellular FANCD?2 protein into nuclear
foci in a manner i) dependent on FANCA,; and ii) independent of viral DNA synthesis.
Notably, in cells infected with a WT virus capable of HSVV1 DNA synthesis where FA
pathway activation was readily observed (see Fig 1), FANCD2 foci accumulated within viral
RCs in a FA-A-dependent manner in all of the ICP8-positive cells (Fig 4, KOS WT panels).

Productive herpesvirus replication is dependent upon the host FA pathway

While HSV1 infection potently stimulated FANCD?2 relocalization and monoubiquitination,
it was unclear whether the FA pathway was required for productive herpesvirus replication.
To evaluate the role of FA in productive viral growth, FANCA-deficient and corrected cells
were infected with a WT HSV1 GFP-reporter strain in which EGFP-coding sequences were
fused to the late viral Us11 gene. Viral replication and spread were monitored in live cells
by fluorescent and phase contrast microscopy. Remarkably, the number of EGFP-positive
cells and cytopathic effect (cpe) were dramatically reduced in FANCA-deficient cells
compared to the WT corrected cells over a wide range of MOIs (Fig. 5A). Notably, this
MOI-dependent growth phenotype was most penetrant at lower MOI (Fig. 5A). To measure
the extent to which viral replication was impaired in FANCA-deficient cells, infectious virus
produced after 3 days was quantified by plaque assay in permissive Vero cells. In the
absence of FANCA, infectious virus production was reduced by nearly 1,000-fold at low
MOI and more than 100-fold at higher MOI (Fig. 5B). This growth defect was not limited to
patient-derived FA-deficient cells, but was partially recapitulated in primary human
fibroblasts where FANCD2 was depleted using siRNA (Fig. 5C; Fig. S5).

Mol Cell. Author manuscript; available in PMC 2015 July 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karttunen et al.

Page 7

Having shown FANCA-deficient cells expressed viral IE proteins (Fig. 1B) but did not
accumulate FANCD?2 nuclear foci in viral RCs following HSV1-infection (Fig. 4), the
impact of FA-pathway function on viral DNA synthesis was investigated by gPCR. Unlike
cells expressing WT FANCA, FANCA-deficient cells were markedly impaired in their
ability to accumulate viral DNA. Notably, FANCA-deficient cells contained nearly 16-fold
less viral DNA by 10 hpi than an isogenic cell line expressing WT FANCA (Fig. 5D).
Furthermore, viral DNA levels in FANCA-deficient cells at 10 hpi was still less than the
amount measured at 5.5 hpi WT FANCA-expressing cells (Fig. 5D). This demonstrates that
normal HSV DNA synthesis is dependent upon the cellular FA genomic stability pathway,
and suggests impaired growth of HSV1 in FANCA-deficient cells results, in part, from
insufficient nascent viral DNA accumulation.

To determine if HSV1 replication was specifically dependent upon FANCA alone, or
indicative of a general FA pathway requirement, viral growth in FA patient-derived cells
harboring mutations in different FA DNA repair pathway complementation groups was
evaluated. In particular, we focused on cells deficient for FANCG, which together with
FANCA is one of eight FA core complex components that comprise a multisubunit ubiquitin
E3 ligase, and FANCD1 (alternatively known as BRCAZ2), one of several FA proteins acting
downstream of FANCA and FANCG involved in strand invasion and resolution of
recombinant intermediates (Kennedy & D’Andrea, 2005; Moldovan & D’Andrea, 2011). In
both cases, HSV1 replication and spread was reduced approximately 75-fold in these FA-
deficient cell lines and restored by introduction of the corresponding wild-type FANCG or
FANCDL1 allele (Fig. 5 E, F). This establishes the cellular FA pathway as a critical host
factor important for herpesvirus replication. While other viruses interfere with host DDR
pathway function to foster their replication, this is the first example of a virus that requires
cellular FA genomic stability pathway activity to promote its productive growth.

Suppressing NHEJ in FA-deficient cells enhances HSV1 replication

HSV1-induced FA pathway activation was dependent upon the viral DNA Pol and likely
required viral DNA synthesis, suggesting that the host FA pathway might play a critical role
preventing and/or repairing ds breaks associated with complications arising during viral
DNA replication. While NHEJ or HR can repair these lesions, the FA pathway counteracts
some NHEJ activities and thereby fosters repair via HR-related pathways (Pace et al., 2010;
Adamo et al., 2010). Indeed, in FA-deficient cells, repair of DNA damage through NHEJ
could potentially restrict HSV1 replication. To determine if reduced HSV1 replication in
FA-deficient cells results, in part, from aberrant NHEJ, viral replication was measured in
FANCA-deficient cells in the presence or absence of NU7441, a selective, small-molecule
DNAPKGcs inhibitor (Leahy et al., 2004). DNAPKCcs is the catalytic subunit of DNA-PK, a
key early component involved in NHEJ (reviewed in Jackson & Bartek, 2009; Lieber,
2010). Strikingly, FANCA-deficient cells exhibited enhanced EGFP fluorescence and cpe
(phase) after 3 days in independently-infected, NU7441-treated vs DMSO-treated control
cultures (Fig. 6A). Quantification of infectious virus production revealed that NU7441-
treatment enhanced virus replication by nearly 25-fold (Fig. 6A). This demonstrates that
DNAPKGcs activity restricts HSV1 replication in FA-deficient cells, and that a specific
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DNAPKGcs chemical inhibitor partially overcomes this block and allows viral replication to
proceed in FA-deficient cells.

The restriction of HSV1 growth in FANCA-deficient cells by DNA-PK was further
investigated using RNA. to deplete Ku80, a critical DNA-PK regulatory subunit (Lieber,
2010). Upon Ku80-depletion in FANCA-deficient cells using two different ShRNAs,
replication of the HSV1-EGFP reporter strain and virus-induced cpe markedly increased
compared to cultures expressing control, non-silencing shRNA (Fig. 6B, C). Quantification
of this data by plaque assay revealed that Ku80-depletion enhanced productive viral growth
by approximately 20-30-fold (Fig. 6C). Thus, antagonizing DNA-PK via two independent
methodologies (Ku80 depletion vs chemical kinase inhibitor) partially restored productive
HSV1 growth in FANCA-deficient cells. Taken together, this suggests that HSV1 activates
the host FA pathway as a means to suppress NHEJ and foster HR-related DNA
recombination and repair pathways during viral DNA synthesis in infected cells (Fig. 6D).

DISCUSSION

With linear dsDNA genomes that contain nicks and gaps (Wadsworth et al., 1976; Hyman et
al., 1977; Jacob & Roizman, 1977; Roizman, 1979; Wilkinson & Weller, 2003),
herpesviruses trigger an intricate DNA damage response upon their delivery into the host
nucleus. While select DDR signals are disabled by the virus to remodel the host response,
prevent viral genome silencing and suppress intrinsic antiviral defenses (reviewed in Weller,
2010; Weitzman et al., 2010), others are activated (Tarakanova et al., 2007). Here, we show
that the cellular FA pathway is stimulated upon HSV1-infection of normal human cells. This
involves monoubiquitination of the essential effector proteins FANCI and FANCD2, and a
reduction in levels of the FA antagonist USP1. FANCD2 physically associated with the
HSV1 SSB ICP8, accumulated near intranuclear viral pre-replication sites in a FA core
complex-dependent manner prior to viral DNA synthesis, and was found within nuclear
virus RCs. Significantly, productive viral replication is markedly inhibited in FA-deficient
cells and this growth defect can be rescued, in part, by interfering with NHEJ. This
establishes that the cellular FA pathway is activated by a human herpesvirus and enlisted to
stimulate its lytic replication. Furthermore, it suggests that the FA pathway functions in part
to suppress NHEJ during the productive HSV1 growth cycle.

The cellular FA pathway participates in repair of DNA ICLs and maintains genomic stability
during DNA replication. Consequently, the FA pathway may be poised to play an important
role in the lifecycle of many DNA viruses that replicate in the nucleus. While we establish
that the FA pathway is critical for HSV1 replication, other DNA viruses may not be as
reliant. For instance, while adenovirus and SV40 reportedly activate the FA pathway, viral
replication was at best only modestly reduced when the FA pathway was impaired (Biochuk
et al., 2010; Cherubini et al., 2011). In contrast, loss of FANCD?2 stimulates papillomavirus
genome amplification and productive replication, indicating that the intact FA pathway
likely suppresses viral growth (Hoskins et al., 2012; Gulbahce et al., 2012). Thus, the much
greater dependence of herpesviruses on the cellular FA pathway for their replication is
striking compared to other DNA viruses, representing the first example of a virus that has
functionally integrated host FA pathway activation into its productive growth cycle. This
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may reflect underlying differences in virus genome structure and biology, and key
similarities with the types of damage repaired by the FA pathway. Herpesvirus genomes are
significantly more GC rich than other DNA viruses and their hosts, rendering them more
susceptible to endogenous ICLs (Roizman, 1979).

Despite recruiting ATR to HSV1 replication centers, the viral SSB ICP8 and
helicaseprimase restrict recruitment of essential downstream ATR pathway proteins,
preventing ATR signaling to RPA and phosphorylation of the ATR substrate Chk1 (Mohni
etal., 2010, 2013b). This could potentially promote fork collapse, which might benefit
HSV1 (Mohni et al., 2013b). Notably, fork collapse may be capitalized upon to create a
critical role for the FA pathway to assist herpesvirus genome replication. The resulting
FANCI-D2 monoubiquitination, perhaps triggered by ATR phosphorylation of FANCI or a
different mechanism, would promote recruitment and/or formation of specialized
nucleoprotein complexes, including endonucleases, translesion synthesis (TLS) polymerases
and HR proteins, required to repair damaged viral DNA or resolve problematic replication
structures (Ishiai et al., 2008; Kottemann et al., 2013).

A distinctive aspect of HSV replication involves generating longer than unit length
concatemers that are processed into genome monomers upon encapsidation (Weller & Coen,
2012). While the incoming viral genome has been proposed to circularize upon infection and
concatemer formation initiated by a rolling circle replication mechanism, this idea has been
challenged by evidence supporting a role for recombination-dependent replication similar to
that observed in bacteriophage ) or T4 (Lo Piano et al., 2011). Rad51, a key host protein
required for HR, accumulates in HSVV1 RCs consistent with a role for HR in viral replication
(Wilkinson & Weller, 2004). In addition, NHEJ-mediated circularization of input HSV1
genomes may be intermediates on the path to stable repression of lytic genes or a state
resembling latency in neurons, while linear genomes are in fact templates for lytic gene
expression and subsequent productive replication (Jackson & Del uca, 2003). While latency
in neurons and genome repression would be favored by NHEJ-mediated genome
circularization, FA activation would counteract NHEJ, antagonize genome circularization,
and support productive viral growth. Notably, NHEJ is thought to be the predominate
pathway for repairing dsDNA breaks in non-dividing, differentiated cells including mature
neurons (Lee & McKinnon, 2007). Thus, the method involved in repairing viral genome
damage could conceivably play an important role in the lytic-latent decision fundamental to
herpesvirus biology (Jackson & Del uca, 2003; Lilley et al., 2010).

A key enzyme involved in NHEJ is DNA-PK (Jackson & Bartek, 2009). Consistent with
models proposing NHEJ restricts productive HSV1 growth, DNA-PKcs degradation has
been reported in a limited number of, but not all, cell lines that support lytic viral replication
(Lees-Miller et al., 1996; Parkinson et al, 1999). In addition, DNA-PK-deficient murine cells
support greater levels of HSV1 replication (Parkinson et al, 1999; Taylor & Knipe, 2004). In
cells where DNA-PK is present and not degraded, recruitment of FA proteins along with
other host DSB repair factors to virus RCs may represent a more physiological means to
suppress NHEJ and perhaps favor HR. Using FA to inhibit NHEJ via DNA-PK has the
added benefit of disabling a DNA sensing innate immune component (Ferguson et al.,
2012).
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In contrast to FA pathway activation in uninfected cells, the FA effector proteins FANCI-D2
concentrate near sites of HSV1 replication prior to the initiation of DNA synthesis. This
likely requires physical interaction with viral replication proteins like ICP8. However, potent
FA pathway activation, as shown by Ub-FANCD?2, is dependent upon the viral DNA pol,
suggesting that HSV1 DNA synthesis is involved. The HSV1-induced reduction in USP1
levels, which possibly involves the inhibition of host protein synthesis in infected cells, may
also contribute to the sustained monoubiquitination of FANCI-D2.

While the HSV1 replication defect in FA-deficient cells is partially suppressed by inhibiting
NHEJ, precisely how the virus utilizes the FA pathway can now be investigated. Using
chromosomally-integrated reporters to distinguish between cellular DSB repair pathways
utilized in HSV1-infected cells, single-strand annealing (SSA) activity was found to increase
compared to HR, NHEJ, and Alternative-NHEJ (Schumacher et al, 2012). Stimulation of
SSA was dependent upon the viral alkaline endonuclease, UL12, emphasizing similarities
with recombination-dependent replication in A phage. Besides interacting with the dsSDNA
break-sensing complex MRN (Balasubramanian et al., 2010), we found UL12 associated
with FANCI in HSV1-infected cells (Fig. 3C, D, Table S1). Intriguingly, FANCD2 (and
likely FANCI) monoubiquitination is required for SSA, suggesting an early role for
monoubiquitinated FA effector proteins in homologous DSB repair pathway choice
(Nakanishi et al., 2005). In the future, the role of SSA in herpesvirus genome replication and
how the cellular FA pathway is critical for this process needs to be explored. By exploiting
the herpesvirus lifecycle, a powerful new physiological model system can be harnessed to
investigate how the FA pathway maintains genomic stability during DNA replication.

EXPERIMENTAL PROCEDURES

Immunoprecipitation

For metabolic labeling, Vero cells (1 x 106) were mock-infected or infected with WT HSV1
KOS or HP66 (MOI=10). At 7 hpi, cells were incubated for 3 h in 3mL of met-free DMEM
containing 1 mCi 35S-met/cys mixture (Amersham, NEG072). For mass spectrophotometric
analysis, Vero cells seeded into 100 mm plates (2 x 10° cells/dish) and infected as described
above. To IP FANCD?2, approx.. 9 x 106 cells were used for each condition (mock, WT,
HP66), whereas 8 x 107 cells were used for FANCI IPs. At 9 hpi, cells were washed with
PBS and lysed in NP-40 lysis buffer (50 mM HEPES-KOH pH 7.4, 150 mM NacCl, 2 mM
EDTA, 0.5% NP-40 including Complete Mini protease inhibitor cocktail (Roche) and/or
phosSTOP (Roche) phosphatase inhibitor. To digest nucleic acids, Benzonase Nuclease
(Novagen) was included in the lysis buffer and samples rocked for 1 h at 4°C. Extracts were
clarified by centrifugation at 10,000 x g (10 min, 4°C). After pre-clearing supernatants using
normal rabbit serum to remove non-specific binding proteins as described (Walsh & Mohr,
2006), 2-6 pg affinity purified rabbit anti-FANCD2, FANCI, or 4E-BP1 were added for 2.5
h at 4°C. Protein A Sepharose (20-50 pL settled bed volume) was subsequently added, and
the incubation continued for 1 h at 4°C. After washing the collected beads 4 times in 0.5 mL
NP-40 lysis buffer, bound proteins were eluted in sample buffer, boiled and analyzed by
SDS-PAGE using a Nupage 4-12% MES gel (Invitrogen). Labeled proteins were visualized
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by exposing the fixed, dried gel to X-ray film. Unlabeled proteins were transferred to PVDF
and analyzed by immunoblotting.

To prepare samples for multidimensional protein identification Technology (MudPIT) and
LTQ Orbitrap mass spectrophotometric analysis, bound proteins were eluted from the beads
by boiling in sample buffer lacking bromophenol blue, precipitated with 20% TCA,
resuspended in 8 M urea and processed with ProteasMAX (Promega, Madison, WI) per the
manufacturer’s instructions. Samples were reduced with 5 mM TCEP (tris(2-carboxyethyl)-
phosphine) for 20 min at RT, alkylated in the dark with 10 mM lodoacetamide for 20 min.
and quenched with 25 mM TCEP. Proteins were digested over-night at 37°C with
Sequencing Grade Modified Trypsin (Promega, Madison, WI) and the reaction stopped by
acidification with formic acid at 5% final.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Activation of the FA pathway in HSV1-infected cells
A) Vero cells were mock-infected (M) or infected with WT HSV1 KOS (MOI=5). Total

protein was harvested at different times post-infection (hPI), fractionated by SDS-PAGE and

analyzed by immunoblotting using the indicated antibodies. Ub-FANCD2 denotes the
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slower- migrating, monoubiquitinated FANCD?2. B) Patient-derived FA-A cells (FANCA-
deficient) stably transduced with either empty expression vector only (FA-A vector) or
functionally complemented with a WT FANCA cDNA (FA-A + FANCA WT) and treated
asin A. C) FA-A cells complemented with FANCA WT were mock-infected (M) or infected
with WT or UV-inactivated WT HSV1 KOS (MOI=1 or 5). Total protein harvested at 19 hpi

was analyzed as in A.
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Figure 2. FA pathway activation in HSV1-infected cells requires viral gene expression
A) Temporal progression of the HSV1 productive replication cycle. Upon HSV1-infection

of permissive Vero cells, the virus enters cells and the dsDNA viral genome is delivered to
the nucleus. The viral gene expression program commences with transcription of immediate
early (IE) genes, which in turn activate transcription of early (E) and delayed-early (DE)
genes. This is followed by viral DNA synthesis, which activates transcription of late (L)
viral genes, and culminates in infectious progeny virus production. The point at which
different mutant viruses (AICPO at low MOI, N12, HP66) or treatments (UV irradiated virus,
acyclovir) arrest the viral lifecycle is shown below. B) Vero cells were mock-infected (M) or
infected with WT KOS, AICPO or AICPO-repair viruses (MOI = 5). Total protein was
harvested at various times (hPl), fractionated by SDS-PAGE and analyzed by
immunoblotting using the indicated antibodies. C) As in A except cells were mock-infected
or infected at the indicated MOI (2, 5, 25,100). After 9 hpi, total protein was isolated and
analyzed as in B. D) Vero cells were infected (MOI=5) with a virus deficient for ICP4 (N12)
or the viral DNA Pol (HP66). Total protein isolated at the indicated time was analyzed as in
B. In addition to FANCDZ2, accumulation of representative viral IE (ICP4, ICPQ), early
(ICP8) and late (gC) proteins were monitored. ICPO is overexpressed in the absence of ICP4
(DeLuca et al., 1985), and preventing DNA synthesis limits ICPO expression (Weinheimer
& McKbnight, 1987).
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Figure 3. Association of FANCD2-FANCI with specific virus-encoded proteins in HSV1-infected
cells

A) Experimental plan to identify HSV1 polypeptides associated with cellular FA proteins.
Vero cells were infected (MOI=10) with either WT HSV1 or a mutant virus that arrests its
growth cycle prior to initiating DNA synthesis (HP66). After 7h, cultures were
metabolically labeled with 35S met / cys for 3h. Under these conditions, host protein
synthesis is impaired and the vast majority of newly synthesized, radiolabeled polypeptides
are HSV1-encoded. A cell-free lysate prepared using non-ionic detergent was nuclease-
treated to degrade single and ds nucleic acid, and subsequently IP’ed using anti-FANCD2,
anti-FANCI, or a control affinity-purified rabbit antisera that recognizes an unrelated protein
(the translational repressor 4E-BP1). B) Immune complexes isolated from infected,
metabolically-labeled lysates described and treated as in A were fractionated by SDS-PAGE
and analyzed by autoradiography. A sample of input lysate is shown (right panel).
Radiolabeled proteins with molecular weights of 130-150 kDA (+), 80 kDA (0), and 50
kDA (*) are indicated on the autoradiogram. Molecular weight standards with their indicated
relative molecular weight (kDa) appear to the left. C) Anti-FANCI and anti-FANCD2
immune complexes isolated from HSV1-infected (WT vs. HP66) cells were analyzed by
tandem MS. HSV1-encoded DNA replication and repair proteins (gene products) associated
with FANCI-D2, the number of spectral counts (Spec#), the number of peptides identified
(Pep#), % amino acid coverage (%AA), and the antibody used for IP are shown. D) Non-
ionic detergent lysates prepared from Vero cells mock-infected (M) or infected as in A were
nuclease-treated and IP’ed using the specified antisera. Immune complexes were
fractionated by SDS-PAGE and analyzed by immunoblotting (IB) using the indicated
antisera. A sample of input lysate is shown (right panel). * indicates 1gG heavy chain. E) As
in D except samples were IP’ed using anti-ICP8 or an isotype matched control antisera (anti-
raptor).
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Figure 4. Redistribution of FANCD2 in response to HSV1-infection and accumulation proximal
to nuclear viral replication compartments (RCs)

A) Maturation of HSV1 pre-replication foci into nuclear RCs is dependent upon viral DNA
synthesis. The HSV1-encoded SSB ICP8 is one of several viral replication proteins that
accumulate at discrete foci (depicted as red dots) distributed within host nuclei (blue). Viral
DNA synthesis triggers rearrangement of replication foci into an organized RC within
nuclei. Since the HP66 mutant lacks a functional viral DNA pol and cannot replicate viral
DNA, ICP8 only accumulates in pre-replication foci and the viral lifecycle arrests at this
point. Pre-replication foci mature into RCs in cells infected with WT virus. B) Vero cells or
FA-A cells stably transduced with either empty expression vector only (FA-A + vector) or a
WT FANCA cDNA (FA-A + FANCA WT) were mock-infected or infected (MOI=5) with
HP66 or WT KOS (10 h for FA-A cells; 8 h for Vero cells) and subsequently processed for
indirect immunofluorescence. As a positive control to detect FANCD2 nuclear foci after
DNA damage, cells were treated with 2 mM hydroxyurea (HU) for 8 or 10 h. Cells were co-
stained to detect either ICP8 (red), FANCD2 (green), or DAPI (blue) and a representative
image for each condition is shown.
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Figure 5. The cellular FA pathway is required for productive HSV1 replication
A) FA-A cells stably transduced with either empty expression vector only (FA-A + vector,

right panel) or complemented with a WT FANCA cDNA (FA-A + FANCA WT, left panel)
were infected at the indicated MOI with the WT EGFP-HSV1 reporter strain (GFP-HSV1).
This strain contains EGFP-fused to the virus Us11 late gene and is indistinguishable from
WT virus in its replicative capacity (Benboudjema et al., 2003). After 3 d, live cells were
evaluated by phase contrast and epifluorescence microscopy. Images of representative fields
are shown. B) Infectious virus produced in the experiment shown in panel A was quantified
by plaque assay in Vero cells. * p=0.0098; ** p=0.00001. C) Primary human fibroblasts
transfected with non-silencing, control sSiRNA or FANCD2 siRNA (Fig. S5) were infected
with GFP-HSV1 (MOI = 1073) and evaluated as in A after 2 d post-infection (Left panel).
Infectious virus produced was quantified as in B (Right panel). * p=0.0282. D) FA-A +
vector or FA-A + FANCA WT cells were infected (MOI=5) with HP66 or WT KOS, and
total genomic DNA was isolated at the indicated times. Relative viral genomic DNA levels
were determined by qPCR using primers complementary to the HSV1 ICP27 gene. Input
DNA was normalized by amplifying the RPL19 gene. E) FA-G cells stably transduced with
either empty expression vector only (FA-G + vector) or functionally complemented with a
WT FANCG cDNA (FA-G + FANCG WT) were infected (MOI= 0.5 x 1073) with the WT
EGFP-HSV1 reporter strain (GFP-HSV1). After 2 d, live cells were evaluated by
microscopy as in A (Left panel). Infectious virus produced was quantified as in B (Right
panel). * p=0.001. F) BRCA2-deficient cells stably transfected with empty expression
vector (BRCAZ2 vector) or functionally reconstituted with chromosome 13, which contains a
WT BRCAZ2 gene (BRCA2 WT), were infected (MOI=5 x 1073) and analyzed as in E. *
p=0.009
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Figure 6. Inhibiting DNA-PKGcs partially restores HSV-1 replication in FA-deficient cells
A) FA-A cells stably transduced with empty expression vector only (FA-A + vector) were

infected with EGFP-HSV-1 (MOI = 0.05) in the presence of the DNA-PKcs inhibitor
NU7441 (1uM) or vehicle control (DMSO). After 3 d, live cells were evaluated by phase
contrast and epifluorescence microscopy. Images of representative fields are shown for three
separate experiments (left panel). Infectious virus produced was quantified by plaque assay
in Vero cells (right panel). * p=0.0101. B) FA-A cells as in A were transduced with a
lentivirus expressing control, non-silencing ShRNA (ctr), or one of two shRNAs targeting
Ku80 (Ku80(1), Ku80(2)). After 4 d, total protein was harvested and the abundance of Ku80
vs tubulin (loading control) evaluated by immunoblotting. C). As in B except cells
transduced with the indicated sShRNA-expressing lentivirus were infected with GFP-HSV1
(MOI=5 x 1072). After 6 d, live cells were evaluated by microscopy (left panel) and
infectious virus quantified (right panel) as in A. * p= 0.0003. D) Model depicting the
proposed role of the FA pathway in counteracting aberrant NHEJ activity during HSV1
genome replication. Viral infection co-opts the cellular FA pathway by stimulating
redistribution and monoubiquitination of FA effector proteins, FANCI and FANCD2, near
viral replication sites. The precise role of monoubiquitinated FANCI-D2 at these sites
remains unclear but may involve counteracting illegitimate DNA transactions by NHEJ
during viral replication. Thus, the cellular FA pathway is subverted by HSV1 to enable
efficient viral genome replication and promote productive viral growth.
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