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The effects of UV irradiation on herpes simplex virus type 1
(HSV-1) gene expression and DNA replication were examined
in cell lines containing mutations inactivating the XPA gene
product required for nucleotide-excision repair, the DNA
polymerase� responsible for translesion synthesis, or theCock-
ayne syndrome A and B (CSA and CSB) gene products required
for transcription-coupled nucleotide excision repair. In the
absence of XPA and CSA and CSB gene products, virus replica-
tion was reduced 106-, 400-, and 100-fold, respectively. In DNA
polymerase�mutant cellsHSV-1 plaque efficiencywas reduced
104-fold. Furthermore, DNApolymerase � was strictly required
for virus replication at lowmultiplicities of infection but dispen-
sable at high multiplicities of infection. Knock down of Rad 51,
Rad 52, and Rad 54 levels by RNA interference reduced replica-
tion of UV-irradiated HSV-1 150-, 100-, and 50-fold, respec-
tively.We find that transcription-coupled repair efficiently sup-
ports expression of immediate early and early genes from
UV-irradiated HSV-1 DNA. In contrast, the progression of the
replication fork appears to be impaired, causing a severe reduc-
tion of late gene expression. Since theHSV-1 replisomedoes not
make use of proliferating cell nuclear antigen, we attribute the
replication defect to an inability to perform proliferating cell
nuclear antigen-dependent translesion synthesis by polymerase
switching at the fork. Instead, DNA polymerase � may act dur-
ing postreplication gap filling. Homologous recombination,
finally, might restore the physical and genetic integrity of the
virus chromosome.

Herpes simplex virus has a linear double-stranded genome,
which, upon entry into the eukaryotic nucleus, circularizes and
becomes replicated by a replisome consisting of six virus-en-
coded proteins (1–4). The herpes simplex virus replisome is
composed of a DNA polymerase made up from the UL30 and
UL42 gene products, a helicase-primase complex encoded by
the UL5, UL8, and UL52 genes and a single-stranded DNA-
binding protein ICP8, which is a product of the UL29 gene (4,
5). The replisome is loaded on the origins of replication oriS and
oriL by a sequence-specific superfamily IIDNAhelicase termed
OBP or UL9 protein (6–9), and it is capable of processive lead-

ing strand DNA synthesis coupled to discontinuous synthesis
of lagging strand intermediates (5). Processive polymerization
is dependent on the UL42 protein, which is a monomer folded
as the proliferating cell nuclear antigen (PCNA)2 protomer but
with no sequence similarity to the cellular processivity factor
(10). The UL30 subunit is a proofreading family B DNA poly-
merase (11). It appears that the overall replication fidelity is
high, and existing genetic variability may be created by recom-
bination between a limited number of strains rather than ran-
dom replication errors (12–14). The contribution of the DNA
polymerase to replication fidelity has been thoroughly exam-
ined, but cellular mechanisms contributing to the genetic sta-
bility of herpesviruses have, with few exceptions, not been
extensively looked at (15–18). It has been noted that several
cellular repair proteins co-localize with viral replication pro-
teins in a limited number of replication foci (19–21). In cells,
genomic stability is maintained by an intricate interplay among
the replication machinery, repair proteins, and factors control-
ling the cell cycle (22, 23). Viruses are known to interact and
interfere with these mechanisms to promote their own replica-
tion (24). Such interactions may depend on specific molecular
interactions with the viral replication machinery, and the out-
come may thus vary considerably. Lytic replication of herpes
simplex virus DNA has several distinguishing features. First,
the viral replisome is structurally different from its cellular
counterpart. Second, herpesvirus replication is independent of
cell cycle. Third, the herpes simplex virus chromosome has no
regular chromatin structure during replication (25). Together,
these considerationsmight indicate that not all repair pathways
are readily available to the virus and, conversely, that not all
repair proteins are required for repair and recombination to be
carried out. Furthermore, because the virus genome is being
continuously rereplicated, there will be little time for repair
between successive rounds of replication. It is, therefore, pos-
sible that the virus may be more vulnerable to certain types of
DNA damage and that rapid successive rounds of replication
may increase the probability for replication forks to encounter
unrepaired lesions and generate an error catastrophe. To coun-
teract such consequences, the virus must adapt to existing cel-
lular mechanisms for repair and recombination to ensure
survival.
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As a first step toward clarifying the role of cellular repair
systems during herpesvirus replication, we have looked at
repair of UV-induced lesions in herpes simplex virus type 1
(HSV-1) DNA and how they affect the progression of the viral
replication cycle. The herpes simplex virus genome does not
encode enzymes suitable for handling UV-damaged DNA. In
the eukaryotic cell, however, several mechanisms contribute to
repair of UV-damaged DNA (26). Nucleotide excision repair in
both the global genome and the transcription-coupled repair
modes plays the predominant role as witnessed by the diseases
xerodermapigmentosumandCockayne syndrome. In addition,
translesion synthesis by DNA polymerase � has been shown to
be significant (27–29). In the latter instance, DNA polymerase
� may either act at the replication fork as part of a tool belt
provided by the PCNA trimer, or it may fulfill its role during
gap-filling postreplicative repair (30, 31). Finally, unrepaired
single-stranded breaks, occurring as a consequence of dis-
rupted replication or incomplete repair, may be converted to
double-stranded breaks that will require homologous recombi-
nation for repair (32).
Here, we have analyzed the contribution of these repair path-

ways to replication of UV-damaged HSV-1 DNA. We find that
both global genome and transcription-coupled nucleotide exci-
sion repair has the essential role. Interestingly, DNA poly-
merase � is strictly required for replication of UV-damaged
HSV-1 at low multiplicities of infection (m.o.i.). On the other
hand, at high m.o.i., homologous recombination involving
Rad51, Rad52, and Rad54 proteins plays a significant role. The
latter observation suggests that viable genomes can be recon-
structed from defective genomes. These studies provide the
first functional insights into cellular mechanisms contributing
to genomic stability of herpesviruses and demonstrate that
HSV-1 may serve as a readily accessible model system for
mechanistic studies of DNA repair and recombination.

EXPERIMENTAL PROCEDURES

Cells, Viruses, and Plaque Assays—MRC5, XP12 (XPA),
XP30 (XPV), and XP30eGFP�, which is stably transfected with
a plasmid encoding the wild type DNA polymerase �, were
kindly provided byAlan R. Lehmann (University of Sussex, UK)
and propagated in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen) (33). 600 �g/ml G418 was added to XP30eGFP�
growth medium for selective pressure. Cockayne syndrome A
and B mutant cell lines, GM16094 and GM16095, were from
Coriell Cell Repositories and propagated as above. BHK-21
cells were cultured in Glasgow minimum essential medium
(Invitrogen) supplementedwith 10% fetal bovine serum.HSV-1
(Glasgow strain 17 syn�), UV-irradiated HSV-1 (UV/HSV-1),
and calicheamicin-treatedHSV-1 (calicheamicin/HSV-1) titers
were determined by plaque assay on the indicated cell line, as
previously described (2).
Viral DNADamage—100�l of HSV-1 virus on a 35-mmdish

was mock-irradiated or irradiated (UV/HSV-1) with 1600 J/m2

UV for 6 s at 254 nm using an UV Cross-linker CL-1000 (UVP,
Upland, CA). For production of calicheamicin/HSV-1, HSV-1
viruses were mock-treated or treated with 0.1 and 1 �M cali-
cheamicin (kindly provided by Ola Hammarsten, University of

Gothenburg, Sweden) for 1 h on ice, followed by overnight
incubation with 1 mM dithiothreitol on ice.
Growth Curve Analysis—MRC5 and XP30 monolayers were

infected with HSV-1 and UV/HSV-1 at a m.o.i. of 5 or 0.1
plaque-forming units (pfu)/cell at 37 °C. After 1 h, the inocula
were removed, and the cells were washed extensively with Dul-
becco’s modified Eagle’s medium, followed by incubation with
Dulbecco’s modified Eagle’s medium containing 2% fetal
bovine serum.High and lowm.o.i. supernatants were harvested
at the indicated time points, clarified by centrifugation, and
stored at �80 °C. Titers were determined by plaque assay on
BHK-21 cells.
RNA Interference Assay—Validated siRNAs Hs_RAD51_7

and Hs_RAD54_7, and FlexiTube siRNAs Hs_RAD52_5,
Hs_RAD52_6, Hs_RAD52_7, and Hs_RAD52_8 were pur-
chased from Qiagen. MRC5 monolayers at 30% confluence on
24-well plates were transfected with 150 pmol of Rad51, Rad52
(a pool containing 37.5 pmol of each flexitube siRNA), or Rad54
siRNAs by usingOligofectamine as described before (2). At 72 h
after transfection, the cells were infected with HSV-1 or
UV/HSV-1 at an m.o.i. of 5 pfu/cell for 24 h. Titers were deter-
mined by plaque assay on BHK-21 cells.
Protein Analysis—At 72 h after transfection, MRC5 mono-

layers were treated with SDS lysis buffer (0.5% SDS, 50 mM

Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, and Complete
protease inhibitorsmix (RocheApplied Science)) and immuno-
precipitated, as described previously (2), using mouse mono-
clonal antibodies to human Rad51 (ab213) or Rad54 (ab11055)
or rabbit polyclonal antibodies to humanRad52 (ab18264). The
immunoprecipitates as well as�-actinwere visualized byWest-
ern blotting using the antibodies above and an antibody against
a synthetically produced �-cytoplasmic actin N-terminal pep-
tide (ab6276). All antibodies were purchased from Abcam. For
detection of ICP8 and glycoprotein C, the indicated cell mono-
layers were infected with HSV-1 or UV/HSV-1 at an m.o.i. of 5
pfu/cell for 12 h followed by Laemmli lysis buffer treatment and
Western blot analysis, using rabbit polyclonal antibodies to
HSV-1 ICP8 and mouse monoclonal antibodies to HSV-1 gly-
coprotein C (kindly provided by Tomas Bergström, University
of Gothenburg, Sweden). All protein bands were detected with
the Super Signal West Pico Chemiluminescence kit (Pierce).
Immuno-Dot Blot Analysis—MRC5, XP12, and XP30 cells

were infected with HSV-1 or UV/HSV-1 at an m.o.i. of 5 pfu/
cell for 1 h, 3 h, or 6 h, and, at each time point, total DNA was
isolated by using theQIAampDNAbloodmini kit (Qiagen). All
sampleswere denatured by boiling for 10min, followedby incu-
bationwith an equal volume of 1 MNaOH at room temperature
for 20 min. The DNA samples were next dot-blotted onto a
Hybond-N� membrane (GE Healthcare) by using the Bio-Dot
apparatus (Bio-Rad) and according to the manufacturer’s
instructions. The membrane was then blocked in phosphate-
buffered saline and 0.1% Tween 20 (PBST) containing 5% milk
at room temperature for 1 h, followed by incubation with a
primary anti-thymine dimer monoclonal antibody (1:5000 in
PBST; MC-062, Kamiya Biomedical Company), at room tem-
perature for 2 h. After washing, the membrane was incubated
with a secondary goat anti-mouse IgG conjugated to horserad-
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ish peroxidase (1:10,000 in PBST) at room temperature for 1 h.
Signals were detected as above.

RESULTS

Nucleotide Excision Repair, Translesion Synthesis, and
Homologous Recombination Contribute to Repair of UV-dam-
aged HSV-1 DNA—To monitor repair of UV-damaged
HSV-1, we used unirradiated cell lines mutated in essential
repair proteins. In those instances where suitable mutant cell
lines were not available, we have treated cells with siRNA to
knock down the levels of Rad51, Rad52, and Rad54 proteins.
Our standardized conditions for UV treatment of virus
caused an �10-fold reduction in plaque number on wild type
MRC5 cells.
To study effects of UV irradiation on virus replication in

mutant cells, we first serially diluted and plated UV-irradiated
HSV-1 on normal and mutant human cell lines (Fig. 1). Nonir-
radiated virus replicated equally well on wild type MRC5 cells,
XP12, mutated in the XPA protein, an essential component of
nucleotide excision repair, and XP30 cells, mutated in DNA
polymerase � (Fig. 1A). The variation in plaque size for unirra-
diated virus, seen in Fig. 1A, reflects differences in cellmorphol-
ogy rather than kinetics of virus replication. In stark contrast,
we found that the plaque efficiency of UV-irradiated virus was
reduced 104-fold on XP30 cells and at least 106-fold on XP12
cells (Fig. 1B). UV irradiation also caused reduced plaque size
on XP30 cells. The replication-defect seen in XP30 cells could
be restored by stable expression of eGFP-DNA polymerase � in
XP30 cells (Fig. 1B) (33). We also examined virus treated with
calicheamicin, a drug capable of inducing a high proportion of
double-stranded breaks in DNA (34) (Fig. 1C). MRC5, XP12,
and XP30 cells all supported replication to the same extent,
thus confirming that the replication defects in the mutant cell
lines were specifically due to the exposure of virus to UV
irradiation.
To study the replication defects further, we next examined

the production of infectious virus particles at low and high
m.o.i. on XP30 cells. This analysis was not performed on XP12
cells because UV-irradiated virus did not grow on this cell line.
We found that the yield of virus on XP30 cells after low m.o.i.
infection was reduced 105-fold by UV irradiation. Possibly,
lesions persisting in single-stranded regions of DNA remain
unrepaired and prevent further synthesis of viable progeny. It is
also likely that, in the absence of DNA polymerase �, the sur-
viving viruses become heavily mutagenized, resulting in
reduced replication efficiency. This indicates that DNA poly-
merase � is essential for replication of UV-damaged HSV-1 at
low m.o.i. (Fig. 2A). Remarkably, the replication defect was
almost abolished at high m.o.i., suggesting that a mechanism
requiring multiple independent viral genomes was able to res-
cue viable progeny (Fig. 2B).
We, therefore, surmised that the most plausible mechanism

capable of restoring viable genomes at high m.o.i. would be

FIGURE 1. Replication of UV-irradiated HSV-1 is impaired in cells deficient
in nucleotide excision repair and DNA polymerase �. A, nonirradiated
HSV-1 and UV-irradiated HSV-1 (UV/HSV-1) diluted 105- and 102-fold, respec-
tively, and plated on wild type MRC5, XP12, deficient in the nucleotide exci-
sion repair XPA gene product, and XP30 cells, lacking DNA polymerase �.
B, HSV-1 and UV/HSV-1 plaque efficiency on MRC5, XP12, XP30, and XP30 cells

stably expressing DNA polymerase � as a GFP fusion protein, XP30eGFP�.
C, plaque efficiency of HSV-1 and HSV-1 treated with calicheamicin (Clm/
HSV-1) on MRC5, XP12, and XP30 cells. The numbers are the averages derived
from three independent experiments.
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homologous recombination. Because the enzymes required in
this instance are likely to be of cellular origin, we made use of
siRNA against mRNA encoding Rad51, Rad52, and Rad54 pro-
teins.We found that siRNAhad little if any effect on replication
of nonirradiated HSV-1 inMRC5 cells (Fig. 3, top panel). How-
ever, when UV-irradiated virus was used, we observed 150-,
100-, and 50-fold reductions on virus yields from cells treated
with siRNAagainst Rad51, Rad52, andRad 54, respectively (Fig.
3, middle panel). We also verified an efficient knockdown of
Rad51, Rad52, and Rad54 protein levels in siRNA-treated cells
prior to virus infection (Fig. 3, bottom panel). The exact mech-
anism by which these proteins contribute to replication of UV-
irradiated DNA is unknown, but it is plausible that viable virus
genomes may be reconstructed from fragments produced dur-
ing repeated rounds of DNA replication.
Kinetics of the Removal of Thymine Dimers from UV-irradi-

ated HSV-1 DNA during the Viral Replication Cycle—To eval-
uate the physiological effects of UV-induced lesion in DNA on
the viral life cycle, we have first monitored the kinetics of DNA
repair. We made use of antibodies directed toward thymine
dimers. The antibodies do not bind nonirradiated DNA immo-
bilized on membranes, but readily detect lesions in UV-irradi-
ated DNA (Fig. 4). DNA from infected cells was isolated and
subjected to a dot blot analysis. We found that, in all cells, high
levels of UV-damaged DNA was detected already at 1 h after
infection, reflecting rapid uptake and transport of viral DNA to
the nucleus.We also found that, inMRC5 cells, DNA repairwas
activated very early, leading to a 60% decrease of thymine
dimers at 3 h after infection (Fig. 4). In XP12 cells, devoid of
nucleotide excision repair, damaged DNA persisted for at least
6 h (Fig. 4). Our results suggest that nucleotide excision repair
has almost immediate access to viral DNA once it has been
delivered into the nucleus. Surprisingly, lesions remained to a
large extent unrepaired also in XP30 cells (Fig. 4). This obser-
vation suggests that DNA polymerase � acts very early, already
at 3 h after infection, during the replication cycle. It also indi-
cates that replication of damaged DNA, in the absence of DNA
polymerase �, generates intermediates that are inaccessible for
nucleotide excision repair.
Transcription-coupled Nucleotide Excision Repair Is Re-

quired for Expression of Early Genes, and Translesion Synthesis
by DNA Polymerase � Is Needed for Replication-dependent
Expression of Late Genes—We next wanted to investigate
whether or not the reduction in virus replication could be
explained by inhibition of gene expression or DNA replication.
The infectious cycle of HSV-1 is characterized by tight coordi-
nation of controlled gene expression and DNA replication (1,
35). The powerful transcription activator VP16 activates a lim-
ited number of immediate early � genes. ICP4, one of the pro-
teins encoded by these genes, is strictly required for transcrip-
tion of the early � genes which, in turn, encode the enzymes
required for DNA synthesis. Finally, true late � genes are only

FIGURE 2. Growth curve analyses of HSV-1 and UV-irradiated HSV-1 on
MRC5 and XP30 cells. A, cells were infected at a m.o.i. of 0.1 pfu/cell. B, cells
were infected at a m.o.i. of 5 pfu/cell. Titers were determined by plaque assay
on BHK-21 cells as described under “Experimental Procedures.” The numbers
are the averages derived from three independent experiments.
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transcribed once DNA replication has been initiated and
allowed to proceed unperturbed. Thus, these properties of the
HSV-1 replication cycle allow us to distinguish effects of UV
irradiation on gene expression from effects onDNA replication
by looking at expression, for example, of the early gene encod-
ing ICP8 and the late gene encoding glycoprotein C.
We first found that at high m.o.i., in wild type MRC5 cells,

early gene expressionwas equally efficient at 12 h after infection
with either irradiated or nonirradiated virus (Fig. 5A). In con-
trast, replication-dependent expression of glycoprotein C was
severely impaired in cells infected with irradiated virus, which
correlates well with the low production of virus particles
observed at this time point (Fig. 2B). In XP12 cells, lacking
nucleotide excision repair, neither early nor late gene expres-
sion occurred at 12 h after infection with irradiated virus
(Fig. 5A).
The role of transcription-coupled nucleotide excision repair

was then examined by looking at expression of ICP8 in cells
containing mutations responsible for Cockayne syndromes A
and B (36). The CSA protein is associated with a cullin4a con-
taining E3 ubiquitin ligase, and the CSB protein is a member of
the SWI2/SNF2 family of ATP-dependent chromatin-remod-
eling factors (37). We first looked at the plaque efficiency of
irradiated and nonirradiated HSV-1 on these cell lines. The
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FIGURE 3. Effects of RNA interference against Rad51, Rad52 and Rad54 on
HSV-1 and UV/HSV-1 replication in MRC5 cells. Cells were treated with
siRNA for 72 h followed by infection with HSV-1 (top panel) and UV/HSV-1
(middle panel), for 24 h. Titers were determined by plaque assay on BHK-21
cells as described under “Experimental Procedures.” The numbers are the
averages derived from three independent experiments. The bottom panel
represents a Western blot analysis of Rad51, Rad52, and Rad54 following
siRNA treatment.

FIGURE 4. Repair of thymine dimers in UV-irradiated HSV-1 DNA. MRC5,
XP30, and XP12 cells were infected with HSV-1 and UV/HSV-1 at a m.o.i. of 5
pfu/cell for the indicated times. Upper panel, total DNA was isolated and ana-
lyzed by immuno-dot blot using an anti-thymine dimer antibody (see “Exper-
imental Procedures”). Lower panel, relative amounts of thymine dimers deter-
mined after quantification of the chemiluminescent signals on exposed films
using a Fuji FLA-7000 bioimaging analyzer. Time p.i., time after infection.
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results showed that UV-irradiated virus produced about 400-
and 100-fold fewer plaques on CSA and CSB cells, respectively,
comparedwith nonirradiatedHSV-1 (results not shown). Anal-
ysis of ICP8 expression revealed that although it was unaffected
by UV irradiation in wild type MRC5 cells, it was significantly
reduced in CSA andCSB cells (Fig. 5B). This suggests that tran-
scription-coupled nucleotide excision repair promotes expres-
sion of immediate early and early genes very efficiently during
replication of UV-irradiated HSV-1. The results also indirectly
infer that the major reason for reduced production of virus
particles is reduced DNA replication in wild type cells.
To examine the significance of DNA polymerase � on repli-

cation of UV-irradiated HSV-1 at high m.o.i., we looked at
replication-dependent expression of the late gene encoding gly-
coprotein C in XP30 cells lacking functional DNA polymerase
�. We found that, in contrast to robust expression of the early
gene product ICP8, the expression of both the precursor pro-
tein, pgC, and the mature glycosylated processed form of gly-
coproteinC, gC,was abolished (38) (Fig. 5A). Because glycopro-
tein C expression can be detected in wild type MRC5 cells
infectedwithUV-irradiated virus, our results suggest thatDNA
polymerase � contributes to DNA replication and subsequent
late gene expression. It is worth noting that, although transle-
sion synthesis by DNA polymerase � is essential for replication
of UV-irradiated HSV-1 DNA at low m.o.i., it does not seem to
be a very efficient process, as reflected by the low levels of gly-
coprotein C expression in wild type cells at high m.o.i.. As fur-
ther discussed below, replication of UV-irradiated virus DNA
may generate aberrant replication intermediates that might be
difficult to handle.

DISCUSSION

The studies presented in this report demonstrate an intimate
functional relationship between cellular proteins involved in

repair and recombination of viral DNA exposed to UV-irradi-
ation and the herpes simplex virus replication cycle. In brief,
our results suggest that transcription-coupled nucleotide exci-
sion repair promotes expression of immediate early and early
genes (Fig. 6A). Once early replication proteins are produced,
the replication cycle progresses into the DNA synthesis phase.
Our studies indicate that DNA polymerase � must be active on
replicating virus genomes already at 3 h after infection and that
it is essential for copying UV-damaged template DNA. In wild
type cells infected with irradiated virus, DNA replication
appears inefficient inasmuch as late gene expression is
impaired. Probably, the progression of replisome is impaired
once it hits a lesion. In eukaryotic cells, translesion synthesis
coupled to polymerase switching, and template switching may
assist replisome progression (39). Both mechanisms rely on
Rad6-Rad18-dependent monoubiquitination of PCNA. How-
ever, the herpesvirus replisome is fully functional in the absence
of PCNA (5). Instead, the viral encoded UL42 protein, which
has a three-dimensional structure resembling a PCNA pro-
tomer but no sequence similarity, serves a similar role by
increasing the processivity of the HSV-1 DNA polymerase (4,
40). Furthermore, HSV-1 UL42 acts as a monomer as opposed
to PCNA, which is a trimer (10). It is thus possible that the
proper interactions between DNA polymerase � and the viral
replication fork cannot be established. However, DNA poly-
merase � may still be active in postreplication gap-filling repair
(Fig. 6B). These considerations may help to explain why the
products of DNA replication made in the complete absence of
DNA polymerase � appear to be inaccessible for nucleotide
excision repair. In this instance, one might imagine that once a
viral replisome hits a lesion it falls apart; DNApolymerase is left
at the site of the lesion, and the UL5/8/52 helicase is allowed to
proceed, generating extensive stretches of single-stranded
DNA. The observations that the UL5/8/52 helicase-primase
assisted by the single-stranded DNA-binding protein ICP8 can
efficiently bypass a 1-2-intrastrand d(GpG) cross-link but the
UL30DNApolymerasewould stall at the same lesion lend cred-
ibility to this suggestion (41, 42). In wild type cells, however,
postreplication gap filling may provide nucleotide excision
repair with the appropriate substrates, allowing the replication
cycle to continue (Fig. 6B). With these considerations in mind,
we would like to suggest that the herpesvirus replisome and the
cellular replicationmachinerymay be affected in different ways
by DNA damage.
Homologous recombination serves to promote virus replica-

tion at high m.o.i., conditions under which DNA polymerase �
appears to become dispensable. We favor the idea that an
increased number of single-stranded gaps may give rise to dou-
ble-stranded breaks upon reinitiated DNA synthesis (Fig. 6C).
Homologous recombination may not only restore the physical
integrity of the virus chromosome but also restore the genetic
integrity by bringing together a complete set of fully functional
genes, a result that would only be possible under conditions in
which the cell has been infected with several virus particles. It is
worth noting that although homologous recombination in cells
is allowed only between sister chromatids, no such limitations
appear to exist for virus chromosomes.
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FIGURE 5. Effects of UV irradiation on HSV-1 gene expression. Cells were
infected with HSV-1 and UV/HSV-1 at a m.o.i. of 5 pfu/cell for 12 h followed by
Western blot analysis of the early gene product ICP8 and the late gene prod-
uct glycoprotein C, in the precursor pgC and the mature gC forms (38).
A, MRC5, XP12, and XP30 cells were used to examine effects of nucleotide
excision repair and translesion synthesis by DNA polymerase � on gene
expression. B, CSA and CSB cells were used to analyze effects of transcription-
coupled nucleotide excision repair on gene expression.
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It has long been known that HSV-1 DNA, and probably all
other productively replicating herpesviruses, participate in
homologous recombination stimulated by double-stranded
breaks (43). Different mechanisms have been proposed. For
example, HSV-1 proteins, such as the single-stranded DNA-
binding protein ICP8, may be active in recombination (44). In
fact, an in vitro system for recombination-dependentDNA syn-
thesis requiring ICP8, HSV-1 helicase-primase, and HSV-1
DNA polymerase has been described (45). Using a different
approach, we have demonstrated that linear plasmids trans-
fected into cultured cells may undergo homologous recombi-
nation and subsequently become replicated by theHSV-1DNA
replisome (46). The latter study suggested that homologous
recombination was independent of viral gene functions and
that it was likely to be carried out by cellular proteins. We also
previously noted that expression of an ATPase-defective ver-
sion of Rad51 acts as a transdominant inhibitor of recombina-
tion between HSV-1 tsS and tsK mutant viruses, resulting in
reduced yield of virus with a wild type genotype (47). Further-
more, it was recently observed that siRNA-mediated knock-
down of Rad51 caused an approximate 5-fold reduction in
Epstein-Barr virus lytic replication (48). Here, we find that rep-
lication of UV-damaged HSV-1 DNA is reduced 50–150-fold
by siRNA-mediated knockdown of Rad54, Rad52, and Rad51
proteins demonstrating a direct role in HSV-1 recombination
repair.We conclude that the cellular apparatus for homologous
recombination may act efficiently on HSV-1 DNA and pro-
mote recombination. However, our results do not exclude a
direct role for HSV-1 replication proteins in similar reactions.
It is apparent that the herpes simplex virus replication cycle

and the cellular mechanisms for controlling and executing the
DNA damage response are coordinated, causing HSV-1 to
make use of, and even depend on, certain repair pathways while
down-regulating other branches of the DNA damage response.
For example, the DNA ligase IV/XRCC4 complex is required
for circularization of linear genomes (2). The ATM kinase is
also activated during HSV-1 replication (49, 50). This phenom-
enon is dependent on viral gene expression because UV-inacti-
vated virus and HSV-1 amplicons fail to activate the ATM
kinase.Whether or not viral DNA synthesis is required for acti-
vation remains an open question because treatment of infected
cells with inhibitors of DNA synthesis only has modest effects
on activation of ATM. HSV-1 may also down-regulate repair
pathways. ICP0-dependent degradation ofDNA-PKcs has been
observed in some cell lines (51).HSV-1 also seems to disarm the
ATR-dependent DNA-damage response and exclude �H2AX
and hyperphosphorylated RPA from viral replication compart-
ments. As a consequence, hyperphosphorylated RPA and the
ATR partner ATRIP become relocated to intranuclear VICE
domains (52). Also, Mre11 is lost during HSV-1 replication
(53).
It now seems possible to make use of HSV-1 as a model sys-

tem to study molecular mechanisms involved in DNA damage
sensing and repair independently from cell cycle regulation and
chromatin structure. Because an active HSV-1 replication fork
can be reconstituted in vitro with purified components (5), the
possibility of studying coupling of DNA replication with repair
and recombination using purified enzymes is within reach. In
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FIGURE 6. Model for repair of UV lesions during HSV-1 replication. A, tran-
scription-coupled nucleotide excision repair (TCR) promotes expression of
immediate early and early genes prior to DNA replication. Postreplication
gap filling by DNA polymerase � is required for copying UV-damaged
template DNA before late gene expression can start. Homologous recom-
bination (HR) may act to repair double-stranded breaks resulting from
incomplete replication. Global genome repair is likely to be active
throughout the entire infectious cycle. B, postreplication gap filling by
DNA polymerase � may create substrates for nucleotide excision repair
(NER). C, simplified model illustrates how multiple rounds of DNA synthe-
sis, initiated before DNA repair aided by DNA polymerase � has been
completed, may result in double-stranded breaks. Because HSV-1 has
three origins of DNA replication, multiple fragments may be generated
especially at high m.o.i. These fragments may be substrates for homolo-
gous recombination acting to restore the physical integrity of the virus
chromosome.
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addition, interactions between virus replication and cellular
repair systems may influence the efficiency of antiviral treat-
ments and also contribute to the emergence of resistance to
antiviral compounds.
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