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Abstract: Bovine herpesvirus 1 (BoHV-1), an important pathogen of cattle, is also a promising
oncolytic virus. Recent studies have demonstrated that the virus infection induces DNA damage
and DNA damage response (DDR), potentially accounting for virus infection-induced cell death and
oncolytic effects. However, whether the global DDR network affects BoHV-1 productive infection
remains to be elucidated. In this study, we show that global DDR induced by ultraviolet (UV)
irradiation prior to BoHV-1 infection differentially affected transcription of immediate early (IE) genes,
such as infected cell protein 0 (bICP0) and bICP22, in a cell-type-dependent manner. In addition,
UV-induced DDR may affect the stabilization of viral protein levels, such as glycoprotein C (gC) and
gD, because the variation in mRNA levels of gC and gD as a consequence of UV treatment were
not in line with the variation in individual protein levels. The virus productive infection also affects
UV-primed DDR signaling, as demonstrated by the alteration of phosphorylated histone H2AX
(γH2AX) protein levels and γH2AX formation following virus infection. Taken together, for the first
time, we evidenced the interplay between UV-primed global DDR and BoHV-1 productive infection.
UV-primed global DDR differentially modulates the transcription of virus genes and stabilization of
virus protein. Vice versa, the virus infection may affect UV-primed DDR signaling.

Keywords: bovine herpesvirus 1; DNA damage; DNA damage response; γH2AX; ultraviolet

1. Introduction

Bovine herpesvirus 1 (BoHV-1), an important pathogen of cattle, is an enveloped DNA
virus, belonging to the family Herpesviridae and the subfamily Alphaherpesvirinae [1,2].
The virus infection is an important cofactor for the induction of bovine respiratory dis-
ease complex (BRDC), which may result in life-threatening pneumonia, one of the most
severe respiratory diseases in cattle [3]. BoHV-1 infection leads to suppression of the im-
mune response and erosions of mucosal surface, which may cause secondary infection by
polymicrobial pathogens, such as Mannheimia haemolytica (MH), a commensal bacterium
of the upper respiratory tract in cattle. Consequently the viral–bacterial synergy induces
pneumonia in most BRDC cases [4,5]. Apart from upper respiratory tract disorders and
conjunctivitis, the virus infection is also associated with genital disease and late-term
abortions in bovine species [6,7]. Furthermore, BoHV-1 is a major cause of viral abortion,
with abortion rates ranging from 25% to 60% in cows [8]. Latency is generally established
primarily in sensory neurons in the trigeminal ganglia (TG) of cows following acute in-
fection. It can be periodically reactivated by diverse stressful stimuli, such as dramatic
weather changes, long-distance shipping of cattle, and application of drugs, such as syn-
thetic corticosteroid dexamethasone, which consequently leads to disease occurrence and
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virus shedding. BoHV-1 causes great economic burden to cattle herds worldwide [8]. Stud-
ies have indicated that BoHV-1 infection in cattle costs approximately USD three billion
annually in the US [3].

Cellular DNA is vulnerable to the insult of many physical and chemical reagents,
such as reactive oxygen species (ROS) (products of the cellular metabolism), ionizing ra-
diation, and ultraviolet (UV) light, consequently leading to DNA damage. In addition,
DNA damage may occur as a consequence of normal cellular processes, such as DNA
replication and mitosis, as reviewed by [9,10]. The resulting DNA lesions, particularly
DNA double-strand breaks (DSBs), tend to induce genomic instability and disease devel-
opment [11,12]. As a nuclear replicating virus, BoHV-1 infection induces oxidative DNA
damage in multiple cell cultures, such as bovine kidney cells (MDBK) and human A549
lung carcinoma epithelial cells, as demonstrated by the increased production of DSBs
analyzed by comet assay [10,13,14]. Accumulating studies have indicated that damaged
DNA can activate various cell death pathways [13], and BoHV-1infection induces diverse
forms of cell death both in vivo and in vitro [14–19], which underscores the implication
of virus-infection-induced DNA damage in the virus pathogenesis. In addition, as an on-
colytic virus, BoHV-1 infection in human lung adenocarcinoma cells A549 results in cell
lesions partially by inducing DNA damage [10], which underlies the importance of DNA
damage in the virus oncolytic effects.

In response to different types of DNA lesions, a network of cellular pathways, known
as cellular DNA damage response (DDR), are mobilized, which sense, signal, and repair
DNA lesions. Actually, DDR is essential to overcome the deleterious effects exerted by DNA
damage, as reviewed by [20,21]. Among the activated DDR, the phosphorylation of the hi-
stone H2AX at Ser139 (γH2AX), an early event with specificity for DSBs, plays a central
role in repairing DSBs, reviewed by [20]. We have recently reported that BoHV-1 infection
in A549 cells induces formation of γH2AX foci and can be used as a hallmark of DNA dam-
age [22], indicating that the DDR molecule γH2AX is mobilized during BoHV-1 productive
infection. Apart from γH2AX, BoHV-1 interacts with some other components of the DDR
network, such as 53BP1, structural maintenance of chromosome-1(SMC1), and ataxia telang-
iectasia mutated (ATM) Nijmegen breakage syndrome (NBS1) [23]. The disruption of ATM
signaling promotes cell apoptosis in virus-infected MDBK cells [23]. Taken together, BoHV-
1 infection induces DNA damage and concomitantly has differential effects on distinct
DDR signaling with complicated mechanisms. However, whether the overall DDR network
affects BoHV-1 productive infection has not been reported.

Here, we investigated the effects of overall DDR network or DNA damage induced
by UV irradiation on viral productive infection in different cell cultures. For the first
time, we provide evidence that UV-induced DDR prior to virus infection has differential
effects on BoHV-1 viral gene expression with cell-type dependent manners. Vice versa,
the virus infection has the capacity to adjust DDR signaling as demonstrated by alteration
of γH2AX protein levels and formation of γH2AX foci induced by UV treatment prior to
virus infection.

2. Materials and Methods
2.1. Cells and Virus

Both A549 and MDBK cells were obtained from the Chinese Model Culture Preserva-
tion Center (Shanghai, China). These cells were cultured in DMEM medium containing 10%
fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA). BoHV-1,NJ-16-1
was isolated from cow semen in China [24]. The virus was propagated in MDBK cells
in a large amount. Then, the aliquots were stored at −80 ◦C until use.

2.2. Antibodies

The sources of the antibodies used in this study were: phospho-H2A.X (Ser139)
(γH2A.X) monoclonal antibody (mAb) (cat#2577), HRP (horseradish peroxidase)-labeled
goat anti-mouse IgG (cat#7076), HRP-labeled goat anti-rabbit IgG (cat#7074), Cell Sig-
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naling Technology (Danvers, MA, USA); BoHV-1 gC mAb (cat#F2), BoHV-1 gD mAb
(cat#1B8-F11), VMRD Inc. (Pullman, WA, USA); β-Actin mAb (cat#AC026), Abclonal;
Alexa Fluor 488®-conjugated goat anti-rabbit IgG (H + L) (cat# A-11008), Invitrogen Life
Technologies (Waltham, MA, USA).

2.3. Western Blot

Cell cultures of MDBK and A549 were subjected to either mock treatment/infection
or UV irradiation/virus infection for designated time lengths. Then, the cell lysates were
prepared by using the lysis buffer with the following recipe: 1% Triton X-100, 1 mM
EDTA, 50 mM sodium chloride, 20 mM sodium fluoride,1 mM EGTA, 20 mM sodium
pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 0.5 g/mL
leupeptin, and 1 mM sodium orthovanadate in 20 mM Tris-HCl, pH 8.0.

The cell lysates were clarified by centrifugation at 13,000× g for 10 min. Then, they
were boiled in Laemmli sample buffer for 5 min and subjected to separation on SDS-PAGE
(8% or 10%), and then transferred to polyvinylidene fluoride (PVDF) membranes. After
blocking with 5% skim milk, the membranes were incubated with the indicated primary
antibodies, including the antibodies against gC (1:3000 dilution), gD (1:3000 dilution),
γH2A.X (1:2000), and H2A.X, followed by HRP-conjugated secondary antibodies. After
extensive washing with TBS containing 0.05% Tween-20(TBST), the immune reactive bands
were probed after enhanced chemiluminescence (ECL) reaction. As a protein loading
control, β-Actin was probed in the same transferred membrane along with individual
proteins. The band intensity, quantitatively analyzed with free Image J program (https://
imagej.nih.gov/ij/download.html (accessed on 1 December 2020), was initially normalized
to β-Actin, and the fold change after infection was calculated. Protein levels in mock-
infected cells were arbitrarily set to 1.

2.4. Immunofluorescence Assay

A549 and MDBK cells of confluent in 2-well chamber slides (Nunc Inc., Weston, IL,
USA) were exposed to UV irradiation or mock treatment for 4 min at room temperature
to induce DNA damage and DDR. Then, the cells were infected with BoHV-1 (MOI = 0.1)
for indicated time lengths. Then, the cells were fixed with 4% paraformaldehyde and
permeabilized with 0.25% Triton X-100 for 10 min at room temperature, respectively,
and blocked with 1% BSA in PBST for 1 h, followed by incubation with an antibody against
γH2A.X (1:800 dilution) for 12 h at 4 ◦C. After washing three times with PBST, the cells were
incubated with Alexa Fluor 488®-conjugated goat anti-rabbit IgG (H + L) (Invitrogen, cat#
A-11008, Waltham, MA, USA) for 1 h in the dark. After washing three times, the nuclei were
stained with 4′,6- diamidino-2-phenylindole (DAPI). The cells were covered with coverslips
using an antifade mounting medium (Electron Microscopy Sciences, Inc., cat# 50-247-04,
Hatfield, PA, USA). Images were captured using a confocal microscope (Leica Camera,
Wetzlar, Germany).

2.5. Quantification of mRNA by qRT-PCR

Confluent cells in 6-well plates, either mock-treated or treated with UV light for 4 min,
were infected with BoHV-1. After infection for designated time lengths, total RNA was
purified with TRIzol LS Reagent (Cat#10296010, Thermo Fisher Scientific, Waltham, MA,
USA) following the manufacturers’ specifications. One µg of freshly prepared RNA was
used as a template for the synthesis of the first-strand cDNA with commercial random
hexamer primers by using Thermoscript™ RT-PCR system Kit (Cat#11146-024, Invitro-
gen, Waltham, MA, USA). The cDNA products were used as templates for relative qPCR
to detect the mRNA levels of bICP0 and bICP22 with specific primers as described else-
where [25], via the ABI 7500 fast real-time system (Applied Biosystems, Inc., Foster City, CA,
USA). GAPDH mRNA was measured and used as an internal control to normalize gene
expression. The data were analyzed using the equation 2−∆∆iz method by comparison to
the control cells.

https://imagej.nih.gov/ij/download.html
https://imagej.nih.gov/ij/download.html
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3. Results
3.1. Define a Condition That Can Efficiently Induce DNA Damage Response (DDR)
in Cell Cultures

To investigate whether overall DDR network or DNA damage affects BoHV-1 produc-
tive infection, we used two cell cultures: MDBK cell, a bovine kidney cell line that is usually
used to study the mechanisms of BoHV-1 lytic infection, and human lung adenocarcinoma
cell line A549, which also supports the virus productive infection. Additionally, virus
infection induces DNA damage in these cell cultures [13]. Here, UV exposure, a known
efficient method to generate DSBs that subsequently triggers DDR [26,27], was employed
to induce DDR prior to virus infection. Since UV-induced DNA damage is toxic to cell
cultures, we initially define a condition that can efficiently induce DDR but not obvious
cell death in both cell cultures. Here, we chose a short UV exposure duration of 4 min and
a subsequent incubation period of 4 and 12 h for MDBK and A549 cells, respectively.

To characterize whether DNA damage or DDR is induced within our conditions, IFA
assay was performed to detect nuclear γH2AX foci, a hallmark of DDR. As expected, clear
γH2AX foci were readily detected in mock-treated MDBK cells (Figure 1, upper panels),
representing the basal levels of DDR. At 4 h post-UV treatment (hpu), MDBK cells harbor-
ing highlighted staining of γH2AX filling with the whole nucleus were readily detected
in a subset of MDBK cells, where part of γH2AX established island-like structures rather
than the speckle-like structures observed in mock-treated MDBK cells (Figure 1 zoomed-in
area). Thus, it seems that UV treatment not only increased the number of γH2AX foci but
also changed their morphology in a subset of MDBK cells. Then, IFA assay was performed
in A549 cells, which received a UV exposure time of 4 min, then a subsequent culture for
either 4 or 12 h to identify γH2AX foci. Relative to the mock-treated controls, fluorescence
signaling of γH2AX is much higher in UV-treated A549 cells at both 4 and 12 hpu (Figure 2).
Typical γH2AX foci with speckle-like morphology were observed in mock-treated A549 cells
(Figure 2, upper panels). Unlike in mock-treated controls, the γH2AX foci with pleomor-
phism filled in the whole nucleus were observed in a population of cells at 4 hpu, while
in some cells, the foci are indiscernible (Figure 2 middle panels). However, we found that
γH2AX with highlighted staining without forming foci filled the whole nucleus at 12 hpu
(Figure 2 bottom panels). It is possible that increased protein levels of nuclear γH2AX foci
lead to fusion of the foci and consequently make them indistinguishable.

Figure 1. Detection of γH2AX foci in MDBK cells following UV treatment as an indicator of DDR.
MDBK cells were either mock-treated or treated with UV light (40 W), attached to the hood (BIOBASE,
Jinan, China), for 4 min, and subjected to the usual culture for 4 h. Then, γH2AX was detected
by immunofluorescence (IFA). Nuclei were stained with DAPI. Images were obtained via confocal
microscopy (magnification ×600). Framed cells were zoomed in showing representing γH2AX staining.
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Figure 2. Detection of γH2AX foci in A549 cells following UV treatment as an indicator of DDR. A549
cells were either mock-treated or treated with UV light for 4 min and subjected to usual culture for 4
and 12 h. Then, IFA was performed to detect γH2AX. Nuclei were stained with DAPI. Images were
obtained via confocal microscopy (magnification ×600).

Then, alterations in γH2AX protein levels were examined at various time points after
UV treatment and subsequent culture for various time durations because an increased
protein level of γ-phosphorylation of H2AX (γH2AX) is an early event in the DDR [20,28].
As a result, UV treatment increased γH2AX protein levels in MDBK cells at all the detected
time points. Relative to that in mock-treated controls, the protein levels were increased
approximately 3.03- and 8.31-fold at 0.5 and 4 hpu, respectively (Figure 3A,B). Similarly,
UV treatment also increased the protein levels of γH2AX in A549 cells as detected from
0.5 to 12 hpu (Figure 3C,E), which were increased ranging from approximately 4.47- to
10.66-fold relative to the mock-treated controls (Figure 3B,D,F). The UV treatment did not
obviously increase the protein levels of H2AX in MDBK cells (G and H), while it was
decreased by approximately 50% relative to the mock-treated control in A549 cells as
detected at 12 hpu (I and J). So, the increased phosphorylation of H2AX (γH2AX) in both
cell cultures following UV treatment was not due to the increased protein levels of H2AX.
UV treatment did not show evident cytotoxicity to these cell cultures at the indicated
conditions in comparison to the mock-treated controls, as judged by the Trypan-blue
exclusion test (Figure 3K), indicating that the increased phosphorylation of H2AX was not
due to the affecting on the cell viability.
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Figure 3. Detection of γH2AX protein levels following UV treatment as an indicator of DDR. Both
MDBK (A) and A549(C,E,I) cells in 60 mm dishes were either mock-treated or treated with UV light
for 4 min. Then, they were subjected to the usual culture for 4 (A,C,G) and 12 h (E,I). After washing
three times with PBS, cell lysates were prepared for Western blot to detect both γH2AX and H2AX.
β-Actin was probed and used as a protein loading control and subsequent quantitative analysis.
Images represent data from three independent experiments. (B,D,F,H,J) Band intensity of either
γH2AX or H2AX was initially normalized to β-Actin, and the fold change after UV treatment was
calculated by comparison to that of mock-treated controls, which were arbitrarily set as 1 or 100%.
(K) MDBK and A549 cells in 24-well plates were exposed to UV treatment for 4 min, then they were
subjected to the usual culture for 4 and 12 h. Cell viability was detected by Trypan-blue exclusion
test. The cell number of mock-treated controls was set as 100%.

These data suggested that UV treatment in our conditions indeed increases the phos-
phorylation of H2AX, which corroborates our result observed in IFA assay as described
in Figures 1 and 2. Taking these data together, UV exposure within our conditions induces
DDR, which satisfies our request for subsequent studies.

3.2. UV-Exposure-Induced DDR Has Differential Effects on Virus IE Transcription

During BoHV-1 productive infection in cell culture, virus gene expression is temporally
regulated in three distinct phases: immediate early (IE), early (E), and late (L) [29]. Within
our defined conditions, we initially investigated whether UV-induced DDR has effects
on the expression of BoHV-1 immediate early (IE) genes. For this purpose, both cell cultures
were exposed to UV irradiation for 4 min, followed by infection of 4 h in MDBK cells, as well
as 4 and 8 h in A549 cells, respectively. Then, gene expression of viral regulatory proteins
(bICP0) and bICP22 were examined with relative qRT-PCR. When DDR was induced prior
to virus infection in MDBK cells, bICP0 mRNA levels were reduced to approximately
34.07% relative to the mock-treated control (Figure 4A). In contrast, after UV exposure,
the bICP22 mRNA levels were approximately 1.82-fold higher than the mock-treated
controls (Figure 4B). When DDR was induced prior to virus infection in A549 cells, bICP0
mRNA levels were increased approximately 4.12-fold at 8 hpi, but not affected at 4 hpi
(Figure 4C), bICP22 mRNA levels were consistently reduced to approximately 32.09% and
6.52% relative to the control at 4 and 8 hpi, respectively. Taken together, the transcription of
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both bICP0 and bICP22 in both cell cultures was altered due to UV exposure prior to virus
infection, which indicated that UV-induced DDR may have differential effects on virus IE
expression with cell-type-dependent manners.

Figure 4. Effects of UV-induced DDR have on BoHV-1 mRNA expression of IE genes. (A,B) MDBK
cells in 6-well plates were either mock-treated or treated with UV light for 4 min. After treatment they
were infected with BoHV-1 (MOI = 0.1) for 4 h. Total RNA was purified, and subsequently mRNA
levels of ICP0 (A) and ICP22 were detected by qRT-PCR. (C,D) A549 cells in 6-well plates either
mock-treated or treated with UV light for 4 min were subsequently infected with BoHV-1 (MOI = 0.1)
for 4 (C) and 8 (D) h, respectively. Then, total RNA was isolated, and mRNA levels of ICP0 and ICP22
were measured by qRT-PCR. The results shown are the mean of three independent experiments, with
error bars indicating standard deviations. Significance was analyzed with Student’s t-test (* p < 0.05,
ns, not significant).

3.3. UV-Induced DDR Prior to Virus Infection Has Effects on the Stabilization of Vial
Glycoproteins gC and gD

Viral L gene products are generated in A549 cells after infection for 12 h. Here,
we detected whether UV-induced DDR prior to infection has effects on the expression
of viral L genes. For this purpose, A549 cells either mock-treated or treated with UV for
4 min were infected with BoHV-1for 12 h. Then, protein levels of cell-associated viral
envelope glycoprotein gD and gC were detected by Western blot using an individual
monoclonal antibody. As a result, the protein expression of both gD and gC were altered
by UV treatment. gD protein levels were reduced to approximately 15.21% in comparison
with mock-treated controls (Figure 5A,B).

In contrast, gC protein was expressed approximately 2.68-fold higher following UV
treatment (Figure 5C,D). Interestingly, UV treatment did not affect the mRNA levels of
gD as detected at 12 hpi, while gC mRNA levels were significantly reduced to approx-
imately 65.83% relative to the mock-treated controls (Figure 5E). The variation in these
mRNA levels was not consistent with the alteration of individual protein levels. Since UV
treatment decreases gD protein expression but not mRNA, we speculate that DDR may
destabilize gD protein expression. In contrast, UV treatment reduced mRNA levels of gC
but increased the protein levels, suggesting that UV-induced DDR may stabilize gC protein
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expression. Therefore, UV-induced DDR may differentially affect the stabilization of viral
envelope glycoprotein.

Figure 5. Effects of UV-induced DDR on the expression of viral protein gC and gD. (A,C) A549 cells
in 60 mm dishes were either mock-treated or treated with UV light for 4 min, and subsequently
infected with BoHV-1 (MOI = 0.1) for 12 h. After three washings with PBS, cell lysates were prepared
for Western blot to detect gC and gD. Cellular protein β-Actin was probed as a protein loading control.
Images represent data from three independent experiments. (B,D) The band intensity was initially
normalized to β-Actin. The fold change induced by UV treatment was calculated by comparison to
that of mock-treated controls, which were arbitrarily set as 1. (E) A549 cells in 6-well plates were either
mock-treated or treated with UV light for 4 min, and subsequently infected with BoHV-1 (MOI = 0.1)
for 12 h. Then, the RNA was extracted, and mRNA levels of gC and gD were detected by qRT-PCR.
Results shown are the mean of three independent experiments, with error bars indicating standard
deviations. Significance was analyzed with Student’s t-test (* p < 0.05, ** p < 0.01, ns, not significant).

3.4. BoHV-1 Productive Infection Has Effects on UV-Irradiation-Induced DDR Signaling γH2AX

It has been established that increased protein levels of γH2AX and the formation of
γH2AX foci are early DDR events in response to DSBs, reviewed by [20,28]. To analyze
whether BoHV-1 replication impacts UV-induced DDR, formation of γH2AX foci in both
cell cultures was assessed under a confocal microscope. As can be seen in Figure 6A, clear
γH2AX foci were observed in mock-treated virus-infected MDBK cells after infection for
4 h. Highlighted staining of nucleus γH2AX makes foci indiscernible in a subset of UV-
treated uninfected MDBK cells. However, when these cells were subjected to UV exposure
prior to virus infection, highlighted staining of nucleus γH2AX, as observed in UV-treated
uninfected MDBK cells, was rarely detected, and γH2AX foci were discernible in most of
the cells. Further studies by Western blotting indicated that the increased protein levels
of γH2AX protein induced by UV treatment were significantly attenuated by the virus
infection (Figure 6B), which were reduced to approximately 22.65% following virus infec-
tion (Figure 6C), corroborating the findings of IFA as described in Figure 6A. So, BoHV-1
infection in MDBK cells has the capacity to adjust DDR signaling as demonstrated by de-
pletion of γH2AX protein levels stimulated by UV treatment prior to virus infection, which
consequently affects the formation of γH2AX foci mainly via changing its morphology.
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Figure 6. Analysis of whether BoHV-1 infection has effects on γH2AX expression and γH2AX foci
formation in MDBK cells pretreated with UV light. (A) MDBK cells, mock-treated or treated with
UV light for 4 min, were infected with BoHV-1 (MOI = 0.1) for 4 h. The cells were fixed with 4%
formaldehyde and subjected to IFA assay by using γH2AX specific antibody. Images were obtained
by confocal microscopy (magnification ×600). (B) MDBK cells, mock-treated or treated with UV light
for 4 min, were infected with BoHV-1(MOI = 0.1) for 4 h. The cell lysates were prepared with RIPA
lysis buffer and subjected to Western blot to detect γH2AX protein levels. (C) The band intensity was
normalized to β-Actin, then the fold change induced by UV treatment was calculated by comparison
to the mock-treated controls, which were arbitrarily set as 1. Results shown are means of three
independent experiments, with error bars showing standard deviations. Significance was assessed
with Student’s t-test (** p < 0.01).

Similar studies were performed in A549 cells. Like what was observed in MDBK cells,
clear γH2AX foci were detected in mock-treated virus-infected A549 cells after infection
for 4 and 12 h, respectively. We found that the staining of nuclear γH2AX stimulated by
UV treatment was significantly decreased after virus infection for 4 h but increased at
12 hpi. Clear γH2AX foci were almost indiscernible in UV-treated A549 cells following
virus infection at 4 hpi, the same as is observed in UV-treated uninfected cells.

Though γH2AX foci were observed in a subset of UV-treated virus-infected cells at
12 hpi, a large amount of nuclear γH2AX with pronounced staining did not establish typical
foci as observed in virus-infected controls (Figure 7A).

When the γH2AX protein levels was detected by Western blot, we found that γH2AX
protein levels stimulated by UV-treatment were significantly decreased after infection for
4 h (Figure 7B), which was reduced to approximately 57.42% relative to the mock-treated
uninfected controls (Figure 7C). However, after infection for 12 h, γH2AX protein levels
increased by UV treatment were approximately 2.42-fold higher than the UV-treated mock-
infected controls (Figure 7D,E). The variation in γH2AX protein levels attributed to virus
infection corroborates the observation in the IFA assay as described in Figure 7A, suggesting
that BoHV-1 replication has the capacity to adjust DDR signaling initiated by UV treatment
prior to infection in human tumor cell line A549.

Taking these data together, virus infection has effects on DDR initiated by UV treatment
with cell-type-dependent manners.
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Figure 7. Analysis of whether BoHV-1 infection has effects on γH2AX expression and γH2AX foci
formation in A549 cells pretreated with UV light. (A) A549 cells, mock-treated or treated with UV
light for 4 min, were infected with BoHV-1 (MOI = 0.1) for 4 and 12 h, respectively. The cells were
fixed with 4% formaldehyde and subjected to immunostaining with γH2AX specific antibody. Images
were obtained by using confocal microscopy (magnification ×600 with 2.5 zoom). (B,D) A549 cells,
mock-treated or treated with UV light for 4 min, were infected with BoHV-1(MOI = 0.1) for 4 and
12 h, respectively. The cell lysates were prepared and subjected to Western blot to detect γH2AX
protein levels. Cellular protein β-Actin was detected as a protein loading control. (C,E) The band
intensity was normalized to β-Actin, then the fold change induced by UV treatment was calculated
by comparison to the mock-treated controls, which were arbitrarily set as 1. The results shown are
means of three independent experiments, with error bars indicating standard deviations. Significance
was analyzed with a Student’s t-test (* p < 0.05).
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4. Discussion

The cellular DDR is a complex network of signal pathways essential for safeguarding
and maintaining genome integrity. Activation of the DDR signaling network is triggered for
recognition of damaged DNA and recruitment of cellular factors to repair the injuries [30].
It has been well-established that these surveillance mechanisms can also respond to the in-
vasion of diverse DNA viruses. Vice versa, viruses have developed sophisticated strategies
to limit deleterious surveillance of DDR or even to exploit components of DDR pathways
for efficient replication, as reviewed in [31]. For example, HSV-1 infection exerts differential
effects on varied DDR molecules, as reviewed in [32]. For example, it has been reported
that HSV-1 productive infection depletes the activity and abundance of DNA-PKcs, a DDR
protein, in an ICP0-dependent manner [33]. Subsequently, a report shows that HSV-1
replication is increased in cells lacking DNA-PKcs [34], suggesting that the DDR protein
DNA-PKcs restricts virus infection, and ICP0-promoted degradation of DNA-PKcs is poten-
tially beneficial to virus production. However, DNA-PKcs is recruited into AAV replication
centers for the virus replication [35], giving an example that DNA-PKcs can promote AAV
replication. The DDR protein ATM kinase is activated during HSV-1 productive infec-
tion and colocalizes with the virus replication compartment. Depleting ATM kinase by
generating mutant cell lines or chemical inhibition of ATM reduces HSV-1 productive infec-
tion [36–38]. Apart from HSV-1, ATM kinase also facilitates the infection of the autonomous
parvovirus minute virus of mice (MVM) [39] and human polyomavirus JC virus (JCV) [40],
while MRE11/RAD50/NBS1 (MRN) complex, a multifunctional DDR machine, can bind
to Adenovirus 5 (Ad5) viral genomes and activate a localized ATM, which prevents viral
replication at the earliest stages [41]. Overall, a given DDR molecule may have differential
effects on distinct viruses. Vice versa, different viruses may target the same DDR signaling
for different purposes. Of course, distinct viruses can selectively usurp divergent DDR com-
ponents to complete a life cycle, and virus infection may broadly affect the DDR network,
underscoring the complexity of the interaction network. Though interplay between virus
infection and numerous individual components of the DDR network has been revealed,
how virus infection is affected by the overall DDR network is rarely reported in the field
of virology.

Here, we are interested in whether global DDR has effects on BoHV-1 replication,
as well as the mechanisms. For these studies, DDR in both MDBK cells and A549 cells is
induced via UV exposure prior to virus infection. As a consequence of the cytotoxicity of UV-
induced DNA damage, further cultures of 4 and 12 h after UV exposure are chosen to ensure
that the cell morphology does not obviously change and cell survival is not significantly
reduced (Figure 3K). Still, DDR signaling is triggered as indicated by increased levels
of γH2AX protein and formation of γH2AX foci (Figures 1–3). We initially determined
whether global DDR induced by UV treatment affects transcription of viral IE genes using
qRT-PCR to detect representative IE genes of bICP0 and bICP22.

Interestingly, the mRNA levels of both bICP0 and bICP22 were largely changed due to
UV treatment with cell-type-dependent manners (Figure 4). Further investigation indicated
that UV treatment prior to virus infection also affects the transcription of viral L gene
gC. These data unanimously suggest that the global DDR network may influence BoHV-1
gene transcription. This mechanically corroborates the reports that both DSBs and DDR
signaling can epigenetically regulate cellular gene transcription [42,43], which contributes
to DSB repair. It will be an interesting question to address how these viral genes are
transcriptionally affected by UV-induced DDR in the future.

Interestingly, UV-induced DDR did not affect gD mRNA levels, which cannot ex-
plain the observation that gD protein levels are significantly reduced following UV treat-
ment (Figure 5A,E). Additionally, the reduced gC mRNA levels due to UV treatment did
not support the increased protein levels (Figure 5C,E). As to these discrepancies, we sug-
gested that UV-induced DDR may have effects on the stabilization of viral proteins via
mechanisms that remain to be determined in the future. Taken together, our data sug-
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gest that UV-induced DDR can potentially regulate BoHV-1 gene transcription and viral
protein stabilization.

Importantly, after infection for 4 h, the increased protein levels of γH2AX induced prior
to virus infection are significantly attenuated in both MDBK and A549 cells (Figures 6 and 7).
However, virus infection does not always lead to depletion of γH2AX because the increased
protein levels of γH2AX by UV treatment were further enhanced at 12 hpi (Figure 7A,D).
It seems that BoHV-1 infection leads to either degradation or stabilization of γH2AX in-
duced by UV treatment, with infection-stage-dependent manners. The expression of both
the mRNA and protein of BoHV-1 IE genes, such as bICP0 and bICP22, is readily detected
after infection for 4 h in cell culture (Figure 4 and [44]). Of note, some IE proteins of alpha
herpesvirus can promote proteasome-mediated degradation of certain cellular proteins.
For example, bICP0 induces protein degradation of interferon response factor 3 (IRF3) [45].
ICP0 encoded by HSV-1, a virus genetically close to BoHV-1, promotes degradation of
DNA-PKcs [46]. So, it is highly possible that the viral products, such as viral proteins bICP0,
generated at an early stage of infection may compromise γH2AX stabilization or promote
γH2AX degradation. In view that the virus L protein can be detected at 12 hpi (Figure 5),
it is possible that the viral products generated at later stages of infection can rescue the de-
pletion of γH2AX mediated by IE products. Considering that γH2AX is a canonical DDR
marker participating in DNA damage repair, a further study revealing the detailed mech-
anisms underlying dynamic alteration of γH2AX protein levels during virus infection is
an interesting question that deserves an independent investigation in the future.

Since it has been reported that phosphorylation of H2AX extends along megabase-long
domains in chromatin with both sides of the damaged DSBs, which is a marker of DNA
damage [20], higher levels of γH2AX protein in UV-treated cells following virus infection
(Figure 7) may indicate an exacerbation of DNA damage, which confirmed the previous
report that BoHV-1 productive infection induces DNA damage [10,13]. Overwhelming
accumulation of DNA damage may ultimately cause cell death, reviewed in [47,48]. Impor-
tantly, as a promising oncolytic virus, BoHV-1 has a broad antitumor spectrum, including
that of human lung adenocarcinoma cells, as demonstrated in the A549 tumor xenograft
mouse model [10,49,50]. Here, we speculate that the combination treatment with BoHV-1
and irradiation may result in a synergistic antitumor efficacy in vivo. Of note, the anti-
cancer efficacy of BoHV-1 is enhanced when applied in combination with azacytidine,
an FDA-approved anticancer drug [51].

However, the application of BoHV-1 in combination with irradiation, a widely used
approach for cancer treatment, has not been reported. Here, our results shed light on the po-
tential of combination with irradiation and BoHV-1 to achieve higher efficacy for cancer
treatment, which deserves further studies in the future.

5. Conclusions

In summary, in this study, we provide evidence showing that UV-primed global
DDR network differentially affected the transcription of BoHV-1 genes and stabilization
of the viral protein. Vice versa, the virus productive infection has impacts on DDR as
demonstrated by alterations of γH2AX protein levels and formation of γH2AX foci primed
by UV treatment. To our knowledge, this is the first report regarding the interplay between
UV-primed global DDR signaling and virus productive infection. Although we currently
do not know how the viral gene transcription and protein expression processes are or-
chestrated by the global DDR signaling, these observations will extend our knowledge of
the interplay between the DDR network and BoHV-1 productive infection and provide
a novel perspective on understanding the virus oncolytic mechanism.
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