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ABSTRACT Cells activate their DNA damage response (DDR) in response to DNA virus
infection, including adenoviruses, papillomaviruses, polyomaviruses, and herpesviruses.
In this study, we found that the DDR kinase pathways activated in normal human fibro-
blasts by herpes simplex virus 1 (HSV-1) input genomic DNA, HSV-1 replicating DNA,
and progeny DNA and in uninfected cells treated with etoposide are different. We also
found using clustered regularly interspaced palindromic repeat (CRISPR)-Cas9 technology
that different host gene products are required for the DDR in uninfected versus infected
cells. Individual DDR components can be proviral or antiviral in that ataxia-telangiectasia
mutated (ATM) and p53 promote and Mre11 restricts replication of ICPO-null HSV-1, but
ICPO expression eliminates these DDR effects. Thus, in total, these results argue that
HSV-1 manipulates the host cell DDR to utilize specific components for its optimal repli-
cation while inactivating the antiviral aspects of the DDR.

IMPORTANCE We investigated the relationship between the DNA damage response, a
collection of vital cellular pathways that repair potentially lethal damage to the ge-
nome, and the DNA virus herpes simplex virus 1. We found that infection by the vi-
rus triggers the DNA damage response, and key proteins that mediate this response
have opposing effects on the replication and production of progeny viruses. Our
work provides novel insights into the relationship between DNA virus infection and
the cellular response to the viral genome. We speculate that viral gene products
modulate this response, providing potentially novel targets for therapeutic interven-
tion against the virus.

KEYWORDS DNA damage response, herpes simplex virus, viral replication

ells have evolved complex pathways of machinery with the purpose of repairing

breaks in the DNA to preserve the integrity of the genome. The Mre11-Rad50-Nbs1
(MRN) complex is responsible for first sensing and then binding to double-stranded
DNA ends (1). This complex is crucial for the recruitment of a key DNA damage response
(DDR) kinase, ataxia-telangiectasia mutated (ATM), via an interaction with Nbs1 (2). In
response to DNA damage, ATM phosphorylates the H2AX histone variant (3), which is
commonly used as a marker of DNA damage. Phosphorylated H2AX, termed yH2AX, is
then bound by the DDR adapter protein Mdc1 to generate a signaling platform to recruit
additional repair factors, including the RNF8 and RNF168 E3 ubiquitin ligases, which are
required for recruitment of 53BP1 to damage loci (4-7). This pathway promotes homolo-
gous recombination (HR) of complementary DNA sequences for repair of the double-
stranded DNA breaks.

Double-stranded breaks are also repaired using the nonhomologous-end-joining
(NHEJ) pathway. Free double-stranded DNA ends are first bound by the heterodimeric
Ku70/Ku80 complex, which then recruits the catalytic subunit of DNA-dependent pro-
tein kinase (DNA-PKcs) (8, 9). Through the interactions between a complex of proteins,
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the free DNA ends are tethered and ligated by the XRCC4-DNA ligase IV (LIG4) complex
(10-12).

The p53 tumor suppressor protein is activated to regulate cellular gene expression
to allow the repair of the damage or to induce death of the cell by apoptosis (13). Two
key residues that are phosphorylated in response to DNA damage are serines 15 and
20, predominantly phosphorylated by ATM/ATR and Chk2, respectively (14-16).
Phosphorylation of serine 15 of p53 has been suggested to regulate the transcriptional
transactivation activity of p53 (17), and serine 20 the turnover of the protein (18).

The genomes of DNA viruses do not go unnoticed by the DDR. High-risk human
papillomaviruses (HPVs) use DDR pathways to efficiently replicate their genomes. HPV
upregulates expression of the MRN complex (19) and promotes the activation of ATM
to efficiently amplify the viral genome (20). In contrast, human adenovirus promotes
both the mislocalization and degradation of the MRN complex (21), which along with
ATM restricts replication of the virus (22). The human herpesvirus Epstein-Barr virus
(EBV) downregulates the ATM pathway (23), while another human herpesvirus,
Kaposi's sarcoma-associated herpesvirus (KSHV), relies on the functions of Mre11 and
ATM for optimal replication (24). A third human herpesvirus, human cytomegalovirus
(HCMV), also relies on ATM for efficient replication (25). The differing roles of the DDR
in the life cycles of these DNA viruses underscore how viruses manipulate the host cell
to optimize their replication processes.

Herpes simplex virus 1 (HSV-1) is another large, double-stranded DNA virus with a
genome of approximately 152 kbp. Shortly following the docking of the viral capsid at
the nuclear pore, the linear viral genome is released into the nucleoplasm, where it
rapidly circularizes and begins transcription of a characteristic cascade of three kinetic
classes of genes (26). The first is the immediate early (IE) class, consisting of five genes:
ICPO, ICP4, ICP22, ICP27, and ICP47. The ICPO protein plays a central role in targeting
host restriction factors for proteasome-mediated degradation using its E3 ubiquitin
ligase activity (27-31). ICP4 activates transcription of the early (E) gene class, encoding
primarily the core machinery necessary to replicate the viral genome along with other
miscellaneous proteins involved in optimizing the replication process (26). Expressed
following DNA replication, the viral late (L) gene class encodes gene products that
package the replicated genomes and assemble new particles (26).

Although at least part of the input HSV-1 DNA is circularized, the host cell still ini-
tiates a response to double-stranded DNA breaks. The homologous recombination
(HR) pathway is activated soon after infection, and HR proteins localize adjacent to
incoming viral genomes and the eventual viral DNA replication centers (32-34). While
both ATM and the related ATR DDR kinase appear to be activated by infection, it is
unclear whether they affect replication. ATM activity has been shown to promote HSV-
1 gene expression and replication in some infection conditions (32, 35) but is dispensa-
ble in others (36-38). ATR has also been reported to promote replication (38), but
another study reported that infection causes the aberrant localization of this arm of
the HR pathway (39). Indeed, various DDR proteins associate with the viral DNA and
localize to viral replication compartments (32, 34, 37, 40, 41), but their roles and influ-
ences on viral replication remain undescribed or at least controversial. p53 also local-
izes to sites of viral DNA replication (42) and positively regulates HSV-1 replication (43)
and the progression to encephalitis (44). However, the mechanism of action has not
been elucidated.

In this study, we examined and compared the DDR kinase pathways activated in
normal human fibroblasts by input viral DNA, replicating/progeny viral DNA, and eto-
poside treatment. We observed distinct DDR kinase responses for uninfected versus
infected cells, including a biphasic DDR to infection dominated by an initial Chk2
response to incoming viral DNA, which then transitioned to an ATM-dominated
response to replicating viral DNA. Moreover, we observed that ATM, but not Chk2, pro-
moted efficient viral replication. ATM was also responsible for the phosphorylation of
all of the DDR proteins tested, further solidifying ATM as a dominant kinase during
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HSV-1 infection. Interestingly, we report Mrel1-dependent restriction of replication,
indicating that Mre11 and ATM may play independent, and possibly opposing, roles
during infection. Finally, we observed that p53 was phosphorylated by ATM and pro-
moted viral transcription of the essential viral ICP8 gene. Our results uncover novel
roles for the DDR in regulating HSV-1 gene expression and overall replication.

RESULTS

Distinct DNA damage response kinase activation to input and replicating viral
DNA. The life cycle of HSV-1 can be divided into two stages: pre- and post-viral DNA
replication. To characterize the response to input viral DNA, we infected primary
human foreskin fibroblasts (HFFs) with HSV-1 d109. This virus expresses low levels of
all genes in normal cells, and nuclear viral DNA persists in a quiescent state for at least
28 days in cell culture (45), so it is a good model for the study of input viral DNA deliv-
ered by infection. We investigated the responses at 2 and 8 h postinfection, the times
of the onset of initial viral gene expression and of viral genome replication and robust
gene expression, respectively (46). By 2 h after d109 virus infection, we observed robust
Chk2 and H2AX phosphorylation, along with a substantial upregulation of total H2AX,
low levels of p53 phosphorylation at serine 15, and low levels of ATM phosphorylation
(Fig. 1A, lane 5). This argued that Chk2 was activated by incoming viral DNA.
Upregulation of H2AX in response to an activated DDR has been described previously
(47), and our results argued that d109 infection was sufficient to trigger this response.
By 8 h postinfection (hpi), phosphorylation of these proteins was decreased (Fig. 1A,
lane 6), presumably due to resolution of the DDR.

To investigate the responses to replicating and replicated viral DNA, we infected
HFFs with HSV-1 wild type (WT) virus in either the presence or absence of the viral
DNA replication inhibitor acyclovir (ACV). In infected cells undergoing viral DNA syn-
thesis (i.e., without ACV), we observed strong Chk2 phosphorylation by 2 hpi (Fig. 1A,
lane 7), like d109 infection, that decreased by 8 hpi (lane 8). Interestingly, treatment
with ACV to block viral DNA synthesis abrogated this reduction (Fig. 1A, lanes 9 and
10), arguing that viral DNA replication or a viral late gene product suppressed Chk2.
We observed ATM, H2AX, and p53 serine 15 and 20 phosphorylation by 8 hpi (Fig. 1A,
lane 8), and all but serine 15 phosphorylation were sensitive to ACV treatment (Fig. 1A,
lane 10), arguing that viral DNA replication increased levels of phosphorylated forms of
these proteins. The phosphorylation of serine 15 with ACV treatment (lane 10) sug-
gested that phosphorylation occurred between 2 hpi and the onset of genome replica-
tion, perhaps by the prolonged presence of the parental genome or IE and E gene
expression. We did not observe H2AX phosphorylation at 2 hpi following WT infection
(Fig. 1A, lane 7), as we did with d109. We believe that while d109 is an accurate model
for input viral DNA, the virus prep of d109 likely contained a higher number of viral
particles per PFU than the WT virus prep, evidenced by the abundance of gB glycopro-
teins (Fig. 1A, lanes 5 and 7). This could have led to a stronger H2AX response than WT
virus infection as a result of a higher abundance of input genomes when we used the
same multiplicity of infection (MOI). Together, these observations indicated a biphasic
DDR to input and replicating viral DNA, with Chk2 being activated primarily by incom-
ing viral genomes and ATM being activated by replicating/progeny DNA.

Effect of the HSV-1 ICPO protein on the DDR. Prior studies had observed that the
viral ICPO E3 ubiquitin ligase can promote ATM and Chk2 phosphorylation (48), inhibit
ATRIP/ATR function (39), and inhibit downstream repair processes by promoting the
degradation of the RNF8 and RNF168 E3 ubiquitin ligases (33). To investigate the
effects of ICPO in our experimental system, we infected HFFs with the ICPO-null 7134 vi-
rus and the repaired 7134R virus (49). Similar to WT virus, Chk2 was phosphorylated by
2 hpi (Fig. 1B, lanes 5 and 11), independently of ICPO, and decreased over the course of
infection (Fig. 1B, lanes 6 and 12). The decrease was not as rapid with 7134 infection as
with 7134R, and we attributed this to the overall slower replication kinetics of the virus
without ICPO. We observed ATM phosphorylation by 8 hpi with both 7134 and 7134R
(Fig. 1B, lanes 6 and 12), with the 8 h time point being sensitive to ACV treatment
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FIG 1 Biphasic DDR kinase response to incoming and replicating viral DNA. Primary HFFs were either
mock infected or infected with HSV-1 d109 or WT virus at a multiplicity of infection (MOI) of 5 in
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(lanes 9 and 15). Interestingly, by 24 hpi in the presence of ACV, ATM was phosphoryl-
ated for both viruses (Fig. 1B, lanes 10 and 16), suggesting that, despite replication
being inhibited, prolonged presence of the viral genome and/or prolonged expression
of viral IE and E genes led to ATM activation. H2AX phosphorylation followed a similar
profile (Fig. 1B, lanes 10 and 16). H2AX phosphorylation was reduced at 8 hpi with ACV
treatment for both viruses (Fig. 1B, lanes 9 and 15) but was independent of viral DNA
replication and viral late gene expression by 24 hpi (Fig. 1B, lanes 10 and 16). Together,
our results argued that the DDR kinase responses to 7134 and 7134R were largely simi-
lar, with minor differences attributed to the slower replication kinetics of the ICPO~
virus.

We also observed phosphorylation of p53 serine 15 with both viruses (Fig. 1B, lanes
7 and 13). However, phosphorylation in the absence of ICPO occurred much more
slowly, occurring primarily at 24 hpi. We also attributed this, as with Chk2 phosphoryla-
tion, to the decreased replication kinetics of the 7134 virus. Similar to WT infection,
p53 serine 15 phosphorylation was not sensitive to ACV treatment for both viruses
(Fig. 1B, lanes 10 and 16), arguing that phosphorylation of this residue was independ-
ent of viral DNA replication and L gene expression. Interestingly, we observed very lit-
tle phosphorylation of p53 on serine 20 following infection with 7134 (Fig. 1B, lanes 5
to 10). Because we observed that phosphorylation of this residue was dependent on vi-
ral DNA replication following WT infection, we hypothesized that 7134 did not
undergo sufficient levels of DNA replication to stimulate phosphorylation. In agree-
ment with WT infection, 7134R infection stimulated phosphorylation of p53 serine 20
by 8 hpi (Fig. 1B, lane 12) that was reduced by ACV treatment (lane 15). Interestingly,
we observed serine 20 phosphorylation of p53 in 7134 virus-infected cells by 24 hpi in
the presence of ACV (Fig. 1B, lane 10), arguing that, as in the case of ATM phosphoryla-
tion, prolonged presence of viral DNA and/or viral gene expression can stimulate p53
phosphorylation.

Thus, we did not observe any significant qualitative differences between ICPO-null
and ICPO-expressing viruses. We observed only minor differences in the kinetics of
phosphorylation of DDR proteins, most likely due to the decreased replication kinetics
of the ICPO-null 7134 virus.

ATM promotes the DDR to viral infection. Having characterized the kinase path-
way responses to input and replicating viral DNA, we further sought to determine the
kinase(s) responsible for p53, H2AX, ATM, and Chk2 phosphorylation and whether the
kinase(s) responsible is different between input and replicating DNA. We generated
gene knockouts of ATM and CHEK2 in primary HFFs using clustered regularly inter-
spaced palindromic repeats (CRISPR)-Cas9 (Fig. 2A). We also generated a knockout cell
line for MDC1. MDC1 has been observed to localize adjacent to incoming viral
genomes (33), but its role during HSV-1 replication has not been investigated. To
determine the kinases responsible for the response to input DNA, we infected the
knockout HFFs with d109 for 2 h. Knockout of ATM ablated Chk2 and p53 serine 15
phosphorylation (Fig. 2B, lane 8) compared to both normal and Cas9 control HFFs
(Fig. 2B, lanes 6 and 7), arguing that ATM was required for the phosphorylation of both
of these proteins. Knockout of MDC1 had no effect on the phosphorylation of any of
the proteins investigated (Fig. 2B, line 10), suggesting that Mdc1 did not have a role in
promoting the DDR in the first 2 hpi. Surprisingly, knockout of ATM had no effect on
H2AX phosphorylation (Fig. 2B, lane 8). DNA-PK also phosphorylates H2AX in response
to DNA damage (50, 51), and we hypothesized that this kinase may be responsible for
the H2AX phosphorylation response to input DNA. To test this, we knocked down

FIG 1 Legend (Continued)

either the presence or absence of 200 uM ACV added 1 hpi in the case of WT virus. Lysates were
harvested for immunoblot analysis at 2 and 8 hpi (A). HFFs were also infected with 7134 or 7134R
virus at an MOI of 5 with and without 200 uM ACV treatment 1 hpi, and lysates were harvested at 2,
8, and 24 hpi (B). Immunoblots presented are representative of two independent experiments.
“Mock” indicates infection medium alone (no virus).
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FIG 2 ATM promotes the DDR to both cellular DNA damage and HSV-1 infection. Primary HFFs were transduced with lentiviruses that express Cas9, a
guide RNA against ATM, CHEK2, or MDC1, and puromycin resistance as specified in Materials and Methods. Blot images are representative of three
passages of cells (A). Normal HFFs, Cas9 control, and knockout HFFs were mock infected or infected with d109 at an MOI of 5, and lysates were harvested
for immunoblotting at 2 hpi (B). Control and knockout cells were either mock infected or infected with WT virus at an MOI of 5, and lysates were
harvested at the indicated times (C). Control and knockout HFFs were treated with either DMSO or 20 uM etoposide, and lysates were harvested at the
indicated times posttreatment (D). Cas9 was FLAG tagged. Blots are representative of two independent experiments (B to D).

PRKDC, encoding DNA-PKcs, and infected the knockdown cells with d109 virus for 2 h.
Compared to nontargeting small interfering RNA (siRNA), yH2AX was only partially
reduced with knockdown (see Fig. S1A, lanes 3 and 4, in the supplemental material),
arguing that DNA-PK functioned redundantly with another kinase. HSV-1 infection also
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activates the ATR kinase known to also phosphorylate H2AX (38, 52). Therefore, DNA-
PK may function redundantly with ATR and ATM.

To determine if ATM, Chk2, and Mdc1 play any role following viral DNA replication,
we infected the control and knockout HFFs with WT virus. By 2 hpi, the results mirrored
d109 infection, where knockout of ATM strongly reduced the phosphorylation of Chk2
(Fig. 2C, lane 8). By 8 hpi, knockout of ATM ablated the phosphorylation of Chk2 and
p53 at both serine residues (Fig. 2C, lane 13), arguing that ATM was largely responsible
for progression of the DDR in response to DNA replication. Interestingly, knockout of
Chk2 had no effect on the phosphorylation of p53 on serine 20 (Fig. 2C, lane 14).
Because a previous publication reported that Chk2 promoted p53 phosphorylation in
response to cellular DNA damage (16), this may be an HSV-specific effect. In addition,
ATM knockout abolished H2AX phosphorylation by 8 hpi (Fig. 2C, lane 13), arguing
that ATM phosphorylated H2AX stimulated by replicating viral DNA, not incoming
DNA. Knockout of MDC1 had no effect on any of the proteins investigated (Fig. 2C,
lanes 10 and 15), indicating a dispensable role for Mdc1 in propagating the DDR.

Having established the effects on wild-type virus, we wanted to determine whether
similar results would be observed in the absence of ICPO. To test this, we infected con-
trol and knockout HFFs with 7134 and 7134R. For both viruses, ATM was still responsi-
ble for the phosphorylation of Chk2, H2AX, and both serine residues of p53 (Fig. S1B
and C, lanes 12 to 14), arguing that the ATM dependency on propagating the DNA
damage signal was independent of ICPO.

Etoposide induces a robust DDR in HFFs, distinct from HSV-1 infection. To investi-
gate whether the response to cellular DNA damage was similar to or different from the
response to viral infection, we treated control and knockout HFFs with etoposide to
induce double-stranded DNA breaks for 2 and 8 h. By 2 h, we observed phosphoryla-
tion of ATM, Chk2, H2AX, and p53 on both serine residues (Fig. 2D, lanes 6 and 7).
Interestingly, unlike HSV-1 infection, Chk2 phosphorylation was minimally dependent
on ATM, as ATM knockout had only a small effect on Chk2 phosphorylation compared
to Cas9 control cells (Fig. 2D, lane 8). yH2AX accumulation was also only partially de-
pendent on ATM (Fig. 2D, lanes 8 and 13), indicating that, as with d109 infection, ATM
may function redundantly with other DDR kinases to phosphorylate this histone vari-
ant. p53 phosphorylation on serines 15 and 20 was also dependent on ATM.
Interestingly, we observed serine 20 phosphorylation at 2 h (Fig. 2D, lane 7), whereas
for HSV-1, it was not observed until later times during infection, primarily stimulated
by viral DNA replication. ATM, H2AX, and p53 phosphorylation persisted through 8 h
posttreatment (Fig. 2D, lanes 11 and 12). Chk2 phosphorylation mirrored what was
observed for HSV-1 infection. Its phosphorylation was observed beginning at 2h
(Fig. 2D, lanes 6 and 7) but was reduced by 8 h (lane 11 and 12). We attributed this to a
resolution in the Chk2 arm of the DDR. These observations also argued that this Chk2
arm of the response was independent of ATM activity as initial Chk2 phosphorylation
was not dependent on ATM, and Chk2 phosphorylation decreased over time whereas
ATM phosphorylation levels remained constant (Fig. 2D, lanes 6, 7, 11, and 12).
Phosphorylation of both p53 serine residues remained dependent on ATM at 8 h post-
treatment (Fig. 2D, lane 13).

Together, our results argued that the cellular DNA damage response, at least
with respect to damage caused by etoposide, was distinct from the response to
HSV-1 infection. Etoposide treatment led to robust phosphorylation of all of the
proteins investigated by 2 h, whereas for HSV-1 infection, protein phosphorylation
was temporally separated, with the bulk of Chk2 and ATM phosphorylation occur-
ring by 2 and 8 h postinfection, respectively. Chk2 phosphorylation also displayed
various requirements for ATM depending on whether the response was triggered
by cellular DNA damage or viral infection, indicating that viral gene products were
manipulating the host DDR or that cellular and viral DNA were treated differently
by cellular surveillance pathways.

Mre11 promotes distinct DDRs to cellular DNA damage and HSV-1 infection.
Having observed the requirement of ATM for a robust DDR, we hypothesized that the
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MRN complex may have facilitated this phenotype by activating ATM in response to
infection. Additionally, we sought to determine whether the H2AX histone variant has
a role in regulating replication. One study reported that yH2AX has no impact on repli-
cation (36), but another study reported that H2AX enhanced replication (33). To test
the roles of these proteins, we generated knockout HFFs for the genes MRE11A and
H2AFX, encoding Mre11 and H2AX, respectively. MRE11A 3 (Fig. 3A, lane 2) gave a ro-
bust knockout, whereas MRE11A 4 (lane 3) gave an intermediate knockout, between
those of Cas9 control and MRE11A 3 cells. H2AX levels were not detectable in H2AFX 3
cells (Fig. 3A, lane 4).

First, to determine whether the MRN complex facilitates the DDR to input viral DNA,
we infected control and MRET1A 3 cells with d109 for 2 h. Loss of Mre11 reduced both
ATM and Chk2, but not H2AX, phosphorylation (Fig. 3B, lane 4). This agreed with our
ATM knockout results, where H2AX phosphorylation was also unaffected (Fig. 2B). Our
results argued that the MRN complex was responsible for inducing an H2AX-independ-
ent DDR to incoming viral DNA.

Second, to determine whether the MRN complex promotes the DDR to replicating
viral DNA, and also whether ICPO has any role in this response, we infected control and
MRE11A 3 knockout HFFs with the 7134 and 7134R viruses. Mre11 promoted Chk2
phosphorylation in response to both viruses by 2 h (Fig. 3C, lanes 8 and 14), indicating
that, as with d109 infection, Mre11 and presumably the MRN complex were required
for early recognition of incoming viral DNA. By 8 hpi with both 7134 and 7134R infec-
tion, ATM and H2AX phosphorylation were only weakly affected by MRE11A knockout
(Fig. 3C, lanes 9 and 15), arguing that there were redundant pathways for their activa-
tion. p53 serine 15 phosphorylation was strongly reduced by 8 hpi with both viruses
with MRE11A knockout (Fig. 3C, lanes 9 and 15), arguing that Mre11 primarily facili-
tated phosphorylation of this residue, most likely through ATM. p53 serine 20 phos-
phorylation following 7134R infection was also sensitive to Mre11 depletion at 8 hpi
(Fig. 3C, lane 15), also arguing that Mre11 controlled phosphorylation of this residue of
p53 as well. We also observed increased ICP4 and ICPO protein levels with MRET1A
knockout by 2 hpi for both ICPO~ and ICPO™ viruses (Fig. 3C, lanes 8 and 14), compared
to the Cas9 control (lanes 5 and 11), providing evidence for a role for Mre11 in repres-
sion of [E gene expression.

To determine if Mre11 promoted a similar DDR to cellular damage, we treated con-
trol and MRE11A #3 and #4 cells with etoposide for 2 and 8h. The results were very
similar to those observed for ATM knockout. MRE11 #3 cells displayed reduced ATM
and p53 serine 15 and 20 phosphorylation at both 2 and 8 h posttreatment (Fig. 3D,
lanes 5 and 8). In agreement with our ATM knockout results, Chk2 phosphorylation
was not reduced by the loss of Mre11 (Fig. 3D, lane 5), in fact Chk2 phosphorylation
appeared to be increased relative to the Cas9 control cell line, arguing that Mre11
repressed Chk2 activation with etoposide treatment but promoted its activation fol-
lowing HSV-1 infection. yH2AX accumulation appeared to be independent of Mre11
(Fig. 3D, lane 5), again arguing for a redundancy in the kinases responsible, similar to
our observations for HSV-1 infection. MRE11 #4 gave phenotypes similar to those seen
in MRE11A #3 cells (Fig. 3D, lanes 6 and 9), but not as drastic. We attributed this to the
incomplete knockout of MRE11A compared to MRE11A 3 cells. Together, our results
indicated that Mre11 promoted the activation of ATM following both etoposide treat-
ment and HSV-1 infection but were divergent with regard to Chk2 phosphorylation;
ATM promoted its phosphorylation following HSV-1 infection but not etoposide treat-
ment. p53 phosphorylation was promoted by both Mre11 and ATM, indicating that
this arm of the DDR pathway was conserved between chemical treatment and
infection.

ATM and Mre11 have opposing effects on HSV-1 replication. Prior studies have
reported conflicting results as to whether various DDR proteins regulate the replication
of HSV-1. To address these differences, we infected our ATM, CHEK2, and MDC1 knock-
out HFFs with WT, 7134R, and 7134 viruses and measured viral yields by plaque assay.
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FIG 3 Mrel1 influences the response to incoming and replicating viral DNA. Primary HFFs were transduced with lentiviruses that express Cas9 only or
Cas9 along with one of two guide RNAs against MRE11A or a guide RNA against H2AFX, as outlined in Materials and Methods. Blots are representative of
three passages of cells (A). Cas9 control and MRET1A #3 cells were either mock infected or infected with d109 at an MOI of 5, and lysates were harvested
at 2 hpi (B). Cas9 control and MRET1A #3 cells were mock infected or infected with 7134 or 7134R at an MOI of 5 and lysates harvested at 2, 8, and 24 hpi
(C). Cas9, MRE11A #3, and MRET1A #4 cells were treated with either DMSO or 20 uM etoposide, and lysates were harvested at the indicated times
posttreatment (D). Blots are representative of two independent experiments (B to D).

Replication of both WT and 7134R viruses was unaffected by all of the gene knockouts
(Fig. 4A). However, knockout of ATM demonstrated a trend toward reduction of repli-
cation of the 7134 virus, indicating that ATM had proviral functions, but only in the ab-
sence of ICPO. Interestingly, knockout of CHEK2 did not have an effect on any of the
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tion of HSV-1. Normal HFFs, Cas9 control,
7134R, and 7134 viruses at an MOI of 0.1,

and total virus was collected 48h later and titrated on U20S cells (A). Cas9, MRE11A #3, MRE11A #4, and

H2AFX #3 were also infected with WT, 7134R, and 7134 viruses at a

n MOI of 0.1 for 48 h, and total virus was

quantified via plaque assay on U20S cells (B). Data are expressed as the log,, values of the plaque counts
normalized to the number of initially infected knockout cells (A and B). Primary HFFs were transfected with

either a nontargeting siRNA pool or a pool targeting TP53BP1. Knoc

kdown cells were infected with 7134 and

7134R at an MOI of 0.1 for 48 h, and total virus was quantified by plaque assays on U20S cells. Protein lysates
for knockdown verification were taken at the time of infection (C). Data are averages from three independent
experiments, with error bars representing the standard errors of the means (SEM). Statistical analysis was

performed using an unpaired t test.

viruses. A prior study observed that loss of Chk2 decreased

viral replication, but only in

the presence of ICPO (48). Our results argued that although ATM promoted the activa-
tion of Chk2, the latter was ultimately dispensable for HSV-1 replication, independent

of ICPO expression. Similarly, knockout of MDC1 affected th
rus (Fig. 4A) only marginally.
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FIG 5 p53 positively regulates the replication of ICPO-null HSV-1. Primary HFFs were transfected
with a nontargeting siRNA pool or a pool targeting TP53 and infected with 7134 and 7134R 3
days later at an MOI of 0.1 for 48 h, and total virus was quantified on U20S cells via plaque assay.
Protein lysates were also collected at the time of infection to verify the knockdown (A). Primary
HFFs were transduced with lentiviruses expressing Cas9 only or Cas9 along with a guide RNA
against TP53. The extent of the knockout was verified via immunoblotting after roughly 2 weeks
of puromycin selection (B). Blots are representative of three passages of cells. Normal HFFs, Cas9
control, and TP53 5 cells were infected with 7134, 7134R, and WT viruses at an MOI of 0.1 for
48h, and total virus was quantified via plaque assay on U20S cells (C). Graphed data are the
averages of three independent experiments (A and C). Statistical significance was determined,
compared to the Cas9 control cell line, using unpaired t tests. *, P<0.05; ns, not significant.
Errors bars represent the SEM.

Having observed that DNA-PKcs partially promoted H2AX phosphorylation in
response to incoming viral genomes, we next sought to determine its effect on replica-
tion. DNA-PKcs is known to be a target of ICPO and is degraded during infection (53).
However, we previously observed coprecipitation of DNA-PKcs with the viral DNA repli-
cation protein ICP8 during infection with wild-type virus, suggesting that degradation
may not occur in all cell types (34). To test this in our primary fibroblast model system,
we infected HFFs with 7134 and 7134R. Over time, DNA-PKcs was degraded with
7134R, but not 7134, infection, indicating that DNA-PKcs is a target of ICPO in HFFs
(Fig. S2A). Depletion of DNA-PKcs had no effect on the replication of 7134 and 7134R
(Fig. S2B), indicating that DNA-PKcs did not regulate replication in primary fibroblasts.
This was surprising, as a previous study observed that human gliomal cells deficient in
DNA-PK function supported higher levels of viral replication than a control cell line
(54). Additionally, we observed previously that murine cells lacking Ku70, a protein
necessary for DNA-PKcs localization, also exhibited enhanced replication of the virus
(34). Our results may argue that the different subunits of the DNA-PK complex may
have different roles in the HSV-1 life cycle in different cell types, the extent of which
remains to be determined.
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FIG 6 p53 promotes prereplication ICP8, but not ICP4 or ICP27, gene transcription. Cas9 and TP53 #5 cells were infected
with 7134 at an MOI of 1, and nucleic acids were collected 24 h later. Purified DNA was amplified and quantified via real-
time PCR with primer pairs for the UL29 locus of the viral genome and cellular GAPDH. The values for UL29 were
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To investigate the effects of Mre11 and H2AX loss on replication, we infected our
knockout HFFs with WT, 7134R, and 7134 viruses and quantified progeny virus by pla-
que assay. Surprisingly, loss of Mre11 significantly enhanced replication of 7134 and
did not affect 7134R or KOS (Fig. 4B), arguing that Mre11 restricted HSV-1 replication in
the absence of ICP0. Mre11 has been reported to be lost over the course of infection in
a manner independent of ICPO (37). We observed a slight reduction in Mre11 levels at
later times during 7134 but not 7134R infection (Fig. 3C), indicating that ICPO may tar-
get some other protein in the restriction pathway of which Mre11 is a component.
Loss of H2AX had no effect on replication of the three viruses (Fig. 4B), consistent with
a previous report (36).

In the absence of ICPO, the downstream DDR protein 53BP1 localizes to incoming
viral genomes (33). However, it is unknown whether this has any role in the regulation
of viral replication. To test this, we depleted 53BP1 in primary HFFs using siRNAs and
measured the replication of 7134 and 7134R by plaque assay. Despite successful
knockdown, replication of both viruses was not affected (Fig. 4C), arguing that 53BP1
was dispensable for replication. Recruitment of 53BP1 to viral genomes is dependent
on H2AX (33). Our results thus far have argued that this H2AX arm of the ATM pathway
did not impact the replication cycle of HSV-1 and the actions of ATM were through
some other mechanism. Our observations also revealed a novel function of Mre11 in
primary fibroblasts for restriction of replication of an ICPO~ virus. Furthermore, these
contrasting phenotypes between ATM and Mrel11 suggested that while Mre11 pro-
moted the partial activation of ATM, these proteins had separate functions in regulat-
ing the replication of the virus outside their roles in propagating the DDR.

p53 promotes the replication of ICPO-null HSV-1. ATM is required for p53 phos-
phorylation on serines 15 and 20 (55), and our observations were consistent with that
study. Despite its being known to promote replication, it is unknown precisely where
p53 acts in the viral replication cycle. To determine whether p53 regulates replication
in primary HFFs, we knocked it down with siRNA and measured the replication of 7134
and 7134R. Knockdown of p53 reduced replication of 7134 by roughly 10-fold (Fig. 5A),
but 7134R replication was unaffected. These findings indicated that p53 promoted rep-
lication of an ICPO-null virus in primary fibroblasts. Next, using CRISPR-Cas9, we gener-
ated a gene knockout of TP53 in HFFs (Fig. 5B). In agreement with our siRNA results,
knockout of TP53 significantly reduced the replication of 7134 but not 7134R.
Furthermore, WT virus was also unaffected by the knockout (Fig. 5C). Together, our
results argued that p53 is proviral, but its absence can be compensated for by ICPO. In
contrast, we observed that an increased abundance of p53 did not enhance replica-
tion. We treated HFFs with increasing concentrations of nutlin-3a to increase the levels
of p53 (56), and despite heightened levels of p53 (Fig. S3A), replication of all three
viruses was not affected (Fig. S3B). This indicated that only a loss, and not an overabun-
dance, of p53 has an effect on replication, indicating that p53 was required but not
limiting for HSV-1 infection.

p53 promotes the transcription of an essential viral gene encoding a DNA
replication protein. Having demonstrated that p53 promoted progeny virus produc-
tion, we next sought to determine at which step in the virus replication cycle p53
acted. First, we measured viral DNA replication. Knockout of TP53 significantly reduced
DNA replication of 7134 (Fig. 6A), while DNA replication of 7134R and WT viruses was
marginally affected (Fig. S4A and C, respectively). This indicated that at least part of
the defect in progeny virus production in 7134 virus-infected cells was due to reduced

FIG 6 Legend (Continued)

normalized to the GAPDH values (A). cDNAs of viral genes representative of each viral gene class were quantified. ICP4
and ICP27 represented the IE class, ICP8 the E class, and gC the L class. Cells were treated with ACV to allow the
quantification of IE and E transcripts before the onset of viral DNA replication (B). Total RNA from the same samples
collected for panel A was isolated and reverse transcribed, and the indicated viral transcripts were quantified via real-
time PCR and normalized to cellular 18S rRNA transcripts (C). Data are averages with SEM from three independent
experiments (A and Q). Statistical significance was determined, compared to the Cas9 control cells, via unpaired t tests. *,

P <0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001; ns, not significant.
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replication of the genome. However, before the initiation of DNA replication, HSV-1
must first express the IE genes, which are required to initiate transcription of the E
genes, encoding the DNA replication machinery. Therefore, the reduction in viral DNA
replication could have been due to a defect in either IE or E gene expression. To deter-
mine which gene set was regulated by p53, we treated 7134 virus-infected cells with
acyclovir (diagrammed in Fig. 6B). We chose representative genes of each class: ICP4
and ICP27 for the IE class, ICP8 (an essential DNA replication gene) for the E class, and
the glycoprotein gene gC for the L class. Using acyclovir allowed us to differentiate
pre-DNA replication from post-DNA replication gene expression. Without ACV treat-
ment, mRNA levels of the ICP4, ICP27, ICP8, and gC genes were reduced significantly in
the knockout cells compared to the control line following infection with 7134 (Fig. 6C).
This most likely reflected the transcriptional levels of viral mRNA both before and after
DNA replication. However, with acyclovir treatment, we observed a significant reduction in
ICP8 gene transcript levels but not ICP4 and ICP27 transcripts, arguing that p53 promoted
ICP8, but not IE, gene transcription, which then led to decreased DNA replication and prog-
eny virus production. In line with our DNA replication results, viral gene transcript levels
were comparable between the control and knockout lines with and without acyclovir
treatment for 7134R and WT viruses (Fig. S4B and D, respectively). Together, our results
indicated that p53 played a pivotal role in promoting the transcription of at least one
essential viral DNA replication protein gene, that encoding ICP8.

IFI16 is a cellular protein known to restrict ICPO-null HSV-1 replication (57).
Additionally, IFI16 has been shown to bind to p53 (58, 59) and reported to negatively
regulate its function (60), although the latter is still a point of contention (58, 59, 61).
To determine whether IFI16 had any role with respect to p53, we knocked down p53 in
IFI16 knockout HFFs and measured 7134 yields. Knockdown of p53 resulted in elevated
IFI16 protein levels in the Cas9 control cells (Fig. S5A), indicating that p53 negatively
regulated the expression of IFI16. Depletion of p53 in both Cas9 control and IFI16 1
cells dramatically reduced 7134 replication compared to nontargeting treatment
(Fig. S5B), arguing that IFI16 was not required for p53 function during infection.

DISCUSSION

Cells infected with HSV-1 are known to activate proteins in the homologous recom-
bination repair pathway (32). The activation starts at early times postinfection and
peaks around times of viral DNA synthesis, but the precise effects of input versus repli-
cated viral DNA had not been defined. Furthermore, the DDRs to viral infection have
not been compared to normal cell responses to DNA damage agents. In this study, we
compared the DDR kinase pathways activated in normal human fibroblasts by input
HSV-1 genomic DNA and by HSV-1 replicating/progeny DNA and in uninfected cells
treated with etoposide. We also defined the cellular gene products needed for each
using CRISPR-Cas9 technology to knock out specific cellular genes. We observed
unique DDR kinase pathways for each of these of the situations. We observed that eto-
poside induced strong phosphorylation of both ATM and Chk2, while input HSV-1 DNA
activated a strong Chk2 phosphorylation response, and replicating/progeny HSV-1
DNA activated a strong ATM phosphorylation response. Furthermore, we observed
that key DDR proteins acted to regulate HSV-1 infection in that ATM and p53 pro-
moted replication of ICPO-null HSV-1 while Mre11 acted to restrict ICPO-null HSV-1.
Individual DDR components can be proviral or antiviral; thus, these results argue that
HSV-1 manipulates the host cell DDR to utilize specific components for its optimal rep-
lication while inactivating the antiviral aspects of the DDR.

The DDR to HSV-1 infection is biphasic. HSV-1 lytic infection involves two states
of the viral genome, the incoming parental genome and the replicating and replicated
progeny genomes. Using mutant viruses and acyclovir to inhibit viral DNA replication,
we were able to document the responses to both states and present a model (Fig. 7).
The viral genome enters the nucleus as a linear molecule containing not only two free
double-stranded ends but also nicks and gaps of various lengths that can activate the
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treatment.

DDR (62). We used the d109 virus to interrogate the response to the parental genome
without any potential effects caused by transcription. We observed that while ATM
was responsible for p53 and Chk2 phosphorylation during this phase of the viral repli-
cation cycle, yH2AX accumulation was not dependent on ATM. It is conceivable that
DNA-PK, ATR, or a redundancy between them and ATM is responsible for yH2AX accu-
mulation. In any case, we observed that H2AX was dispensable for replication, indicat-
ing that whichever kinase(s) is responsible, the mechanism by which ATM functions
does not involve H2AX. With regard to ATM-dependent Chk2 activation following
infection with d109, compared to more robust ATM activation (discussed below), this
would suggest that ATM specificity may change over the course of infection or perhaps
is manipulated by viral gene products. This is exemplified in the transition from ATM-
independent to ATM-dependent yH2AX formation during viral genome replication.
Viral genome replication led to further ATM activation, p53 phosphorylation, yH2AX
formation, and suppression of Chk2 phosphorylation. At this stage, H2AX phosphoryla-
tion was dependent on ATM, indicating that as viral lytic replication progresses, ATM
becomes the dominant kinase active, shifting away from Chk2, exhibiting a biphasic
modality. Mdc1 and 53BP1 are downstream of ATM, recruited by yH2AX. Interestingly,
depletion of these proteins had no effect on replication of the virus, indicating that
this arm of the ATM pathway was irrelevant for infection. This may be due, in part, to
the relatively small size of the viral genome compared to the cellular genome, as cellu-
lar H2AX DDRs span millions of base pairs (63). Histones are loaded onto the viral ge-
nome within an hour of initial infection (64). While H2AX associates with the viral ge-
nome by 2 h following infection (41) and with newly synthesized genomes (65), yH2AX
appears to be excluded from viral replication compartments (39). Therefore, the yH2AX
signal that we observed during the viral DNA replication phase may be phosphoryla-
tion of H2AX present on the cellular genome by ATM that was activated by viral DNA
replication. However, it is possible that HSV-1 replication may induce damage to the
cellular genome. Further investigation of ATM substrates is necessary to determine
how ATM regulates replication. While Chk2 phosphorylation was ATM-dependent in
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the context of HSV-1 replication, it was ATM-independent when cells were treated with
etoposide. This indicates some specificity in ATM substrates between infection and cel-
lular DNA damage responses. Moreover, we hypothesize that these differences in sub-
strate phosphorylation may be due to active manipulation by the virus to optimize the
replication process.

The viral UL12 nuclease binds to the MRN complex and has been proposed, in tan-
dem with ICP8, to facilitate efficient packaging of daughter viral genomes into new
capsids (66). One hypothesis is that a UL12/ICP8 complex may localize MRN to viral
DNA to activate ATM, at least in part. This manipulation would activate the MRN com-
plex to allow full activation of ATM, which then exerts its proviral role, possibly through
p53, while ICPO inhibits the antiviral effects of Mre11 via degradation of a target pro-
tein, or multiple proteins, in the Mre11 pathway. This hypothesis is supported by the
fact that we observed replication-dependent ATM activation. Because ICP8 is required
for viral DNA replication (67), an ICP8~ virus should phenocopy acyclovir treatment. It
would be interesting to determine whether viruses lacking UL12 and ICP8 elicit similar
DDRs to acyclovir-inhibited WT virus infection.

Cellular DNA damage and HSV-1 infection are treated differently by the host
DDR machinery. Our observations on the cellular response to DNA damage in the ab-
sence of infection are also diagrammed in Fig. 7 as a comparison with HSV-1 infection.
We observed that etoposide induces a DDR in HFFs characterized by MRN-dependent
ATM activation and p53 phosphorylation. What was interesting, however, was the find-
ing that neither Chk2 nor H2AX phosphorylation is dependent on either Mre11 or
ATM, suggesting to us that more than just the canonical MRN-ATM response was acti-
vated by etoposide-generated DNA damage. There is precedence for ATM-independ-
ent Chk2 phosphorylation (68), although this required prolonged DDR activation,
whereas we observed the same phenotype by 2 h. ATR has been shown to phosphoryl-
ate Chk2 in response to DNA damage by cisplatin (69), leading us to hypothesize that
ATR may have been activated by etoposide treatment, which, in turn, led to the phos-
phorylation of Chk2. This idea can be extended to H2AX phosphorylation. Because ATR
can also phosphorylate this histone variant (52), it is conceivable that this was the
underlying mechanism for the apparent ATM-independent phosphorylation of H2AX.
DNA-PK is also known to promote the phosphorylation of H2AX (50, 51) and even
Chk2 (70), so we may have been observing the effects of all three (ATM, ATR, and DNA-
PKcs) kinases simultaneously with etoposide treatment. In addition, HSV-1 does
encode two major protein kinases, U3 and U, 13, that are contained in the virion (71)
and expressed as late viral gene products and may phosphorylate DDR proteins. Thus,
the different DDRs may be due to effects of viral gene products or differences in the
characteristics of the viral and cellular genomes.

Viral DNA is not associated with histones inside the capsid (72). Instead, the viral ge-
nome enters as a naked linear molecule that is loaded with histones within 1 h (64, 73).
Compared to cellular DNA breaks, the incoming viral genome may not be a sufficient
stimulus for full ATM activation, leaving only Chk2 efficiently activated. There is evi-
dence that, as viral DNA replication progresses, the daughter DNA molecules are asso-
ciated with fewer histone complexes (74). This exposed DNA may be the key feature
that leads to ATM activation, and the stimulus from the parental viral genome that was
activating Chk2 is no longer present, leading to the observed DNA replication-depend-
ent reduction in Chk2 phosphorylation.

Mre11 restricts and ATM promotes viral replication. We observed that Mre11 re-
stricted replication of an ICPO~ virus, indicating that ICPO is responsible for attenuating
a different portion of the pathway, as we did not observe changes in Mre11 levels in
the presence of ICPO, in contrast to what has been described (37). We also observed
that ATM promoted replication of the virus. In the canonical DDR pathway, Mre11 pro-
motes ATM activation, which is in apparent opposition to our findings as Mre11 and
ATM depletion had opposing effects on progeny virus production. Mre11 depletion
did not totally abolish ATM activation, indicating a redundant mechanism for ATM acti-
vation in response to infection. The Tip60 histone acetyltransferase is known to
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promote ATM activation (75). While it interacts with the MRN complex and its knock-
down decreases yH2AX and Rad50 focus formation (76), it remains undetermined
whether Tip60 alone is sufficient for ATM activation. This could explain the partial
Mre11 independence of ATM activation during HSV-1 infection. The HSV-1 UL13 kinase
has been shown to interact with and phosphorylate Tip60 (77). This would provide an
elegant mechanism to circumvent Mre11 restriction to promote the proviral functions
of ATM; i.e.,, UL13 phosphorylates Tip60, which in turn acetylates ATM, leading to its
phosphorylation and activation. Future experiments will focus on testing this hypothe-
sis. With regard to a mechanism, ATM appears to be the determinant kinase of p53
phosphorylation, and we hypothesize that this phosphorylation is what promotes effi-
cient replication of this virus.

Concerning the restriction phenotype of Mre11, formation of protein complexes
known to restrict HSV-1 replication, termed PML (promyelocytic leukemia) nuclear
bodies (PML-NBs) or nuclear domain 10 bodies (78), is sensitive to Mre11 depletion.
Cells harboring nonfunctional Mre11 accumulated fewer PML-NBs after the cellular ge-
nome was damaged by etoposide (79). This could be a potential mechanism of action
for Mre11-mediated restriction of ICPO-null HSV-1 replication: association of Mrel1
with the viral genome recruits PML-NB proteins to silence viral gene expression and
subsequent replication. Our results are consistent with the hypothesis that Mrel1
recruits other PML-NB proteins, but ICPO targets PML-NB proteins for degradation (26)
and would therefore attenuate this Mre11 pathway. While our experiments were con-
ducted in primary fibroblasts, we hypothesize that this restriction activity extends to
other HSV target cells like keratinocytes, because we observed that normal oral kerati-
nocytes (NOKs) are highly restrictive for ICPO™~ viruses (80).

Our results also indicate that the mechanism by which Mre11 affects HSV-1 replica-
tion may not necessarily be tied to homologous recombination. Viral DNA can undergo
HR catalyzed by Rad51/Rad52 (81), and depletion of Rad51 and Rad52 reduced replica-
tion when the virus was pretreated with UV radiation (82). Canonically, Mre11 initiates
the sensing pathway that leads to HR. Our observations imply a mechanism of Mre11
action that does not involve Rad51/Rad52, as they yield opposing phenotypes.
Collectively, our results reveal a novel, or otherwise noncanonical, function of Mre11
outside HR in suppressing the replication of ICPO-null HSV-1.

Others have found that a modified DDR restricts adenovirus replication (22). In that
study, both the MRN complex and ATM restricted an adenovirus not expressing E1B-
55K/E4-ORF3 through a mechanism where both Mre11 and ATM associated with the vi-
ral genome. The MRN complex and ATM also associate with the HSV-1 genome at vari-
ous points in the replication cycle (40, 41, 65), so it is possible that a similar pathway
targets HSV-1. However, in our study, ATM did not restrict HSV-1, indicating that the
restriction by Mre11 is not through ATM.

Role for p53 in the HSV-1 lytic replication cycle. Previous studies have observed
that p53 localizes to sites of viral DNA replication (42) and enhances wild-type viral rep-
lication in human colorectal cells (43). In normal HFFs, we observed an effect of p53 on
only ICPO~ virus, and this may be due to other normal cell functions that are redundant
with p53. p53 is ubiquitinated by ICPO (83), and this modification may serve to inhibit
the function of p53 in normal human cells. While this would block any potential apo-
ptosis to prolong progeny virus production, this would come at the expense of its
effects on viral gene expression. Because ICPO is such a potent transactivator of HSV-1
gene expression, this inhibition of p53 may be inconsequential.

The mechanism by which p53 exerts this function is not well understood. We and
others (55) have observed that p53 is phosphorylated by ATM during HSV-1 infection.
Phosphorylation of serine 15 is crucial for the activity of p53 in regulating gene expres-
sion (17). We hypothesize that this may be the mechanism by which ATM exerts its
proviral function. p53 binds to the viral genome both in vitro and during productive
infection, adjacent to the origins of replication (84). The ICP8 and ICP4 open reading
frames are adjacent to oriL and oriS, respectively. Therefore, one possible mechanism
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TABLE 1 Reagents used for immunoblotting

Reagent? Vendor or reference Catalog no. Dilution
Anti-GAPDH Abcam ab8245 1:5,000
Anti-gB Abcam ab6506 1:5,000
Anti-H2AX Cell Signaling 7631S 1:1,000
Anti-ATM Abcam ab78 1:2,000
Anti-Chk2 Cell Signaling 3440S 1:1,000
Anti-p53 (DO-1) Santa Cruz Biotech sc-126 1:1,000
Anti-yH2AX (S139) Abcam ab2893 1:2,000
Anti-phospho-ATM (S1981) Cell Signaling 45265 1:1,000
Anti-phospho-Chk2 (T68) Cell Signaling 2197S 1:1,000
Anti-phospho-p53 (515) Cell Signaling 9284S 1:1,000
Anti-phospho-p53 (520) Invitrogen PA5-17894 1:1,000
Anti-ICPO East Coast Bio H1A027 1:2,000
Anti-Mdc1 Abcam ab11171 1:2,000
Anti-ICP8 93 1:5,000
Anti-FLAG Sigma F1804 1:2,000
Anti-Mre11 Novus Biologicals NB100-142 1:2,000
Anti-ICP4 94 1:2,000
Anti-53BP1 Abcam ab21083 1:1,000
Anti-DNA-PKcs Abcam ab70250 1:2,000
Anti-IFI116 Abcam ab55328 1:1,000
Anti-rabbit HRP conjugated Cell Signaling 7074S 1:5,000
Anti-mouse HRP conjugated Cell Signaling 7076S 1:5,000

9HRP, horseradish peroxidase.

is that the binding of p53 to the viral genome promotes the transcription of essen-
tial viral genes. We observed an effect of p53 on ICP8 transcription before DNA rep-
lication, indicating that p53 function may be restricted to the instances where it
binds to oriL. The kinetics of association of p53 and the viral genome have not been
defined. Time-course genome-wide p53 association studies would help determine
not only whether there is a bias for binding to the origins but also whether there
are other binding sites not previously described. Coupled with RNA deep sequenc-
ing analysis, this would provide a powerful system to investigate where and when
p53 binds and whether this also correlates with altered viral gene transcription sur-
rounding these sites.

In summary, our study has revealed novel roles for key proteins in the cellular DNA
damage response to HSV infection. Early recognition of damaged DNA by Mre11 had a
restrictive effect on HSV-1 replication, while downstream ATM and p53 activation pro-
moted replication. Our observations not only provide new insight into the relationship
between the virus and the host but also inform studies of viral reactivation from la-
tency, which is known to be intimately tied to the DDR (85, 86).

MATERIALS AND METHODS

Cells, viruses, and infections. HFF, U20S, Vero, and HEK293T cells were obtained from the
American Type Culture Collection (ATCC) (CRL-1634, HTB-96, CCL-81, and CRL-3216, respectively) and
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Corning) containing 10% (vol/vol) fetal
bovine serum (FBS) and penicillin/streptomycin (Pen/Strep). All HSV-1 infections were carried out as
described previously (87). Here, DMEM-1% bovine calf serum (BCS) medium is referred to as low-serum
medium. The HSV-1 wild-type KOS strain (88) was propagated on Vero cells. The derivative viruses 7134
and 7134R (49) were propagated on U20S cells. Prior to use, all three viruses were titrated in parallel on

TABLE 2 siRNAs used

siRNA Dharmacon catalog no.
ON-TARGETplus nontargeting pool D-001810-10-50
ON-TARGETplus TP53 SMARTpool L-003329-00-0005
ON-TARGETplus TP53BP1 SMARTpool L-003548-00-0005
ON-TARGETplus PRKDC SMARTpool L-005030-00-0005
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TABLE 3 CRISPR-Cas9 targets

Target and gRNA no. Sequence (DNA form in oligonucleotide) (5'-3') Reference
ATM, gRNA 2 TGATAGAGCTACAGAACGAA 91
CHEK2, gRNA 1 AAGAAGCCTTAAGACACCCG 91
MDC1, gRNA 1 CCGAATGCCTGACTGCTCTG 91
MRE11, gRNA 3 GTTTGCTGCGTATTAAAGGG 95
MRE11, gRNA 4 GCAATCATGACGATCCCACA 95
H2AFX, gRNA 3 CCGCGGCAAGACTGGCGGCA 95
TP53,gRNA 5 CCATTGTTCAATATCGTCCG 95
IFI16, gRNA 1 GTTCCGAGGTGATGCTGGTT 87

U20S cells. The d109 virus (45) was grown on U20S ICP4/ICP27 cells and titrated on the Vero FO6 cell
line as described previously (89).

Viral yield experiments. HFF cells (1 x 10° per well in 12-well plates) were infected with the indi-
cated HSV-1 viruses at a multiplicity of infection (MOI) of 0.1 PFU/cell. After 48 h, total virus was collected
and titrated by plaque assays as described (57).

Drug treatments. The HSV DNA replication inhibitor acyclovir (Sigma) was used to supplement the
postinfection low-serum medium to a final concentration of 200 uM. Nutlin-3a (Sigma) was used to sup-
plement low-serum medium to the concentrations indicated in Fig. S3. Control treatments contained
only medium (untreated) or a volume of dimethyl sulfoxide (DMSO) equivalent to that of the highest
concentration of nutlin-3a used. HFFs were pretreated with the concentrations of nutlin-3a indicated in
Fig. S3 for 1 h. Infections were carried out normally, without the addition of nutlin-3a. Following removal
of the inoculum after absorption, the low-serum medium added back contained the concentration of
nutlin-3a used in the pretreatment step. Cells were incubated in low-serum medium supplemented with
etoposide (Sigma) at a final concentration of 20 uM for the periods of time indicated in Fig. 2D and
Fig. 3D.

Immunoblots. Immunoblots were performed as described previously (57) with minor modifications.
Briefly, cells were lysed in 1x NuPAGE LDS sample buffer (Invitrogen) containing 5% (vol/vol) 2-mercap-
toethanol and a protease/phosphatase inhibitor cocktail (HALT; Thermo Fisher Scientific). Lysates were
separated through 4 to 12% gradient NuPAGE bis-Tris gels (Invitrogen) and transferred to nitrocellulose
membranes (Bio-Rad). Transfer quality was determined via staining with a solution consisting of 0.5%
(wt/vol) Ponceau S (Sigma) and 1% (vol/vol) acetic acid. Stain was removed by washing with phosphate-
buffered saline (PBS) containing 0.1% (vol/vol) Tween (PBST). Destained membranes were blocked with
a solution of 5% (wt/vol) nonfat milk in PBST for 1 h at room temperature. Primary antibodies were used
in 5% milk, and blots were incubated overnight at 4°C. Secondary antibodies were also used in 5% milk
for 1 h at room temperature. Proteins were detected by exposure to film (Denville). The reagents used
are listed in Table 1.

siRNA knockdowns. siRNA transfections were carried out essentially as described previously (90)
with minor modifications. Briefly, 1 x 10° HFFs per well in 12-well plates were transfected with 10 pmol
of siRNA per well using Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s protocol.
Two days later, cells were trypsinized, seeded to a lower density, and used the following day. The siRNAs
used are listed in Table 2.

CRISPR-Cas9 gene knockouts. Knockout cells were generated as described previously (90) with
minor modifications. Briefly, oligonucleotides were purchased from IDT and were cloned into the
lentiCRISPR v2 backbone plasmid (91). HEK293T cells were transfected with the lentiCRISPR plasmid

TABLE 4 Oligonucleotides used for gPCR

Oligonucleotide Sequence (5'-3) Reference
UL29 forward (DNA) GAGACCGGGGTTGGGGAATGAATC 64
UL29 reverse (DNA) CCCGGGGGTTGTCTGTGAAGG 64
GAPDH forward (DNA) CAGGCGCCCAATACGACCAAATC 87
GAPDH reverse (DNA) TTCGACAGTCAGCCGCATCTTCTT 87
18S forward (cDNA) GCATTCGTATTGCGCCGCTA 64
18S reverse (cDNA) AGCTGCCCGGCGGGTC 64

ICP4 forward (cDNA) CGGTGATGAAGGAGCTGCTGTTGC 96
ICP4 reverse (cDNA) CTGATCACGCGGCTGCTGTACA 96
ICP27 forward (cDNA) AGACGCCTCGTCCGACGGA 96
ICP27 reverse (cDNA) GAGGCGCGACCACACACTGT 96
ICP8 forward (cDNA) CATCAGCTGCTCCACCTCGCG 96
ICP8 reverse (cDNA) GCAGTACGTGGACCAGGCGGT 96
gC forward (cDNA) GAGGAGGTCCTGACGAACATCACC 96
gCreverse (cDNA) CCGGTGACAGAATACAACGGAGG 96
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along with psPAX2 and pVSVG packaging plasmids. Cell supernatants were collected 2 days later and fil-
tered through a 0.45-um filter. Low-passage HFFs were overlaid with the filtered supernatant. Polybrene
(Santa Cruz Biotechnology) was added to a final concentration of 5 ug/ml. After 24 h, virus was removed
and replaced with fresh medium containing 1 xg/ml puromycin (Santa Cruz Biotechnology). Knockout
efficiency was validated via immunoblotting roughly 2 weeks later, when the cells had grown to conflu-
ence in T150 flasks. The targets and their sequences are listed in Table 3.
Nucleic acid extraction, reverse transcription, and quantitative PCR. Both RNA and DNA were
extracted and processed for quantitative PCR (qPCR) as described previously (92), with modifications.
Briefly, DNA was used directly for gPCR and RNA was DNase treated (Invitrogen DNA-free kit) and subse-
quently reverse transcribed (Agilent Technologies high-capacity reverse transcription kit), both accord-
ing to the manufacturer’s suggested protocol, and then used for gPCR. Transcripts were quantified using
a standard curve generated by using a 10-fold dilution series of DNA/cDNA prepared from HFFs infected
with WT virus. All gPCRs were performed using an Applied Biosystems 7500 Fast real-time PCR system.
Fast SYBR green master mix (Applied Biosystems) was used for all qPCRs. The oligonucleotides used are
listed in Table 4.
Software for graphs and diagrams. Graphs and statistical analyses were generated using
GraphPad Prism. Figures 6B and 7 were created with Biorender.com.
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