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Abstract Although the induction of the cellular DNA dam-
age response by herpes simplex virus-1 (HSV-1) infection of
epithelial cells in tissue culture promotes productive infec-
tion, there has been no experimental observation of the
effect of the cellular DNA damage response on HSV-1
infection in vivo or in neuronal derived cell lines in tissue
culture. Thus, it has been speculated that the lack of cellular
DNA damage induction during infection of neurons may
promote latency in these cells. This work examines the
profile of HSV-1 promoter induction and protein expression,
in the absence or presence of infection; using cellular DNA
damage inducing topoisomerase inhibitors (Camptothecin
and Etoposide) on a neuroblastoma cell line (C1300) in
which HSV-1 infection fails to induce the DNA damage
response. In the absence of infection, a plasmid expressing
the immediate early ICP0 promoter was the most induced by
the DNA damage drug treatments compared to the early
(RR) and late (VP16) gene promoters. Similarly, drug treat-
ment of C1300 cells infected with HSV-1 virus showed en-
hanced protein expression for ICP0, but not ICP4 and VP16
proteins. However, when the cells were infected with a HSV-1
virus defective in the immediate early gene trans-activator
VP16 (in814) and treated with the DNA damaging drugs,
there was enhanced expression of immediate early and late
HSV-1 proteins. Although, viral infection of the neuroblasto-
ma cell alone did not induce DNA damage, cellular DNA
damage induced by drug treatments facilitated viral promoter
induction and viral protein expression. This implicates a
mechanism by which HSV-1 viral genes in a quiescent or
latent state may become induced by cellular DNA damage in
neuronal cells to facilitate productive infection.
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Introduction

Herpes simplex virus-1 (HSV-1) is an alphaherpesvirus
which infects both dividing cells (epithelial cells) and non-
dividing cells (neurons). In the former cell type, lytic devel-
opment ensues, while in the latter latency can be established.
The latent genomes can reactivate in the neurons, and
following anterograde movement of viral particles by fast
axonal transport to the initial site of infection at the epithe-
lium, begin another cycle of lytic infection. The cascade of
infection, latency and reactivation lasts for the lifetime of
the infected individual.

The mechanism of HSV-1 lytic infection is well under-
stood, unlike the process of latency and reactivation.
Latency establishment seems to be dependent on the size
of initial infection (Preston 2007; Sawtell 1998) versus the
efficiency of the host immune response, which counters the
viral assault (Freeman et al. 2007; Leib et al. 1999; Pasieka
et al. 2008). Once latency is established, the virus is
maintained in the neurons. This maintenance is commonly
associated with sporadic reactivation episodes. HSV-1 re-
currence is one of the leading causes of blindness in indus-
trialized nations (Perng and Jones 2010) and can also lead to
encephalitis and death (Gebhardt et al. 2009; Mailles and
Stahl 2009).

Stress has been implicated as a cause of reactivation. In
human studies, it has been shown that mental stress corre-
lates with HSV-1 reactivation in latently infected individuals
(Freeman et al. 2007). In animal models, reactivation-
inducing stressors include heat shock (Loiacono et al.
2003; Preston and Nicholl 2008; Sawtell and Thompson
1992), irradiation (Loiacono et al. 2003), and chemicals
inducers (Bloom et al. 1994; Colgin et al. 2001; Preston
and Nicholl 2008). Nonetheless, the cascade of viral gene
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induction for reactivation is not known. Both ICP0 (Everett
2000; Halford and Schaffer 2001) and VP16 (Miller et al.
2006; Thompson et al. 2009) proteins have been reported as
the primary component for reactivation. Given that viral
protein expression has not been detected in latently infected
neurons (Derfuss et al. 2009; Loiacono et al. 2003), the
induction of these genes from the latent genome has not
been characterized. There have been in vitro studies in non-
neuronal cells showing induction of HSV-1 gene promoters
during stress in the absence of any viral proteins (Kushnir et
al. 2009) that implicates the ability of cellular transcription
factors to induce HSV-1 promoters. This is not surprising as
HSV-1, like many other animal viruses (Machida et al.
2010; Schwartz et al. 2007; Shin et al. 2006), has manipu-
lated the cellular machinery in various ways to promote its
infectivity (Everett et al. 1998; Wysocka et al. 2003; Zhu et
al. 2004). For example, HSV-1 recruits the cellular host cell
factor-1 (HCF-1) and ocotomer-1 (OCT-1) to form a com-
plex with virion protein VP16 to initiate lytic infection
(Wysocka and Herr 2003).

In this study, we examined the effects of cellular DNA
damage on HSV-1 promoter induction in the absence of
viral proteins as well as HSV-1 protein expression during
cellular DNA damage in a neuroblastoma cell line (C1300).
It is known that DNA damage caused by irradiation can
induce HSV-1 reactivation in animal (Goade et al. 2001;
Laycock et al. 1991; Shimeld et al. 1990; Suzuki et al. 1994)
and cellular models (Colgin et al. 2001; Zurlo and Yager
1984). Interestingly, HSV-1 infection of non-neuronal cells
induces the ATM (ataxia telangiectasia mutated) branch of
the DNA damage pathway and abrogation of components of
this pathway leads to a decrease in HSV-1 infection (Lilley
et al. 2005). However, the DNA damage pathway is not
induced during infection of differentiated neuronal cells
(Lilley et al. 2005). This failure to activate the DNA damage
pathway has been speculated as influential in the establish-
ment of HSV-1 latency in this cell type (Lilley et al. 2005).
Although, HSV-1 infection cannot induce the DNA damage
pathway in mature neurons, this pathway is functional and
inducible by internal and external factors (De Zio et al.
2012; Fishel et al. 2007; Ramos-Espinosa et al. 2012).
Here, we show that non-virally induced cellular DNA dam-
age can promote HSV-1 infection in neurons similarly to
virally induced DNA damage during infection of non-
neuronal cells.

Materials and methods

Cell lines and viruses

C1300 cells were purchased from the ATCC. Cells were
maintained in DMEM with 10%FBS. The HSV-1 strains

used in this work were in1814 (VP16 insertion mutant)
(Ace et al. 1989) and its wild type 17+ virus.

Plasmid

The pGL3 promoter vector (Promega) was used as back-
bone to construct HSV-1 promoter encoding plasmids where
the promoters can drive expression of a luciferase cassette.
The ribonucleotide reductase (RR) promoter was PCR
amplified from HSV-1 genomic DNA strain 17+ using
the forward primer: 5′-gtgaggtcgtgacgacg-3′ and reverse
primer: 5′-ttcaacagacgcggcg-3′ and cloned into the
SmaI–HindIII site in the pGL3 plasmid. The VP16
promoter construct was constructed same as RR using
the forward primer: 5′-tgggtggggtt-3′ and the reverse
primer: 5′-ccaaggaagagcgtccg-3′. An immediate early
CMV-promoter control plasmid was made by removal
of the CMV promoter region from pcDNA3 plasmid
using BglII and HindIII enzymes and cloned into
pGL3 digested with same enzyme. The ICP0 construct
was a gift from Dr. David Leib (Dartmouth).

Transfection/infection experiment

C1300 cells were transfected with HSV-1 promoter plas-
mids or the CMV plasmid. The following day, cells
were infected with McKrae virus at MOI of 5 for 1 h
at 37 °C. Virus was removed and fresh media added
and incubation was continued for 16 h. Cells were
washed in 1× PBS and lysed. Next, a Bradford assay
was done for protein normalization followed by the
measurement of luciferase expression as per manufacturer’s
instructions (Promega).

Stress conditions

C1300 cells were transfected with promoter plasmid
constructs for 4 h. Transfection media was replaced
with fresh DMEM and 10 % FBS and allowed to
incubate 20 h. Cells were treated with the drugs
Etoposide and Camptothecin (Sigma-Aldrich). Cells
were lysed and protein contents were normalized using
Bradford assay according to the manufacturer’s instruc-
tion (Bio-Rad). The cell lysates were used to determine
luciferase expression as per the manufacturer’s instruc-
tions (Promega) or for Western blot analysis.

Infection

C1300 cells were infected with in1814 (VP16 insertion
mutant) or 17+ virus for 1 h at 37 °C with hand agitation
every 15 min. Virus was removed and fresh media was
added in the presence of 100 μM Etoposide or 5 mM
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hexamethylene bisacetamide (HMBA). Cells were lysed at 3
or 8 h using RIPA buffer (Pierce). Protein contents were
quantitated by Bradford assay and subjected to Western
blotting.

Results

The HSV-1 promoter constructs are inducible during lytic
infection

The promoter regions relating to the three classes of
HSV-1 genes were cloned into the pGL3 plasmid to
drive expression of a luciferase cassette (as described
in the Methods). The promoters were derived from
HSV-1 genes ICP0 (α gene), RR (β gene) and VP16
(g gene). The immediate early cytomegalovirus (CMV)
promoter was also cloned into the pGL3 plasmid to
serve as a positive control for gene expression. To
determine the functionality of the promoter constructs,
C1300 cells were transfected with each plasmid fol-
lowed by HSV-1 infection of the transfected cells for
16 h. The expression of luciferase served as the param-
eter for quantitating promoter activity. The results
(Fig. 1) show that all the promoter constructs were
significantly induced by co-infection compared to uninfected
and induction of the ICP0 promoter was enhanced sig-
nificantly more than the induced RR and VP16 pro-
moters. Furthermore, it was interesting to note that the
CMV promoter construct was also induced after HSV-1
infection. However, as expected, non-transfected cells

(cell) did not show improved luciferase expression after
infection.

DNA damaging drugs increased ICP0 promoter activity
in C1300 cells

Camptothecin and Etoposide, which are topoisomerase I
and II inhibitors, respectively, were used to induce DNA
damage in the C1300 cells. The cellular DNA damage
pathway induction by dosage treatment with Camptothecin
(Fig. 2a) and Etoposide (Fig. 2b) were measured through
determination of the phosphorylation of histone H2Ax (g-
H2Ax). The dosages of 1, 5, 30, 100, 250, and 350 μMwere
used on pGL3-CMV transfected C1300 cells for 8 h and
Western blot analysis showed Camptothecin induction of g-
H2Ax starting from 1 μM and continued up to 250 μM,
followed by a decrease in H2Ax phosphorylation starting at
350 μM. While in the etoposide treated samples, g-H2Ax
was noticeably induced at 5 μM and continued to increase
up to 100 μM and was similarly expressed at 250- and 350-
μM concentrations. As controls, the level of unphosphory-
lated H2Ax and β-actin were used for normalization of
protein expression in the cell. Subsequently, 5 μM of
Camptothecin and 100 μM of Etoposide were used to treat
C1300 cells transfected with pGL3 plasmids encoding the
HSV-1 ICP0, RR or VP16 promoter and also a CMV pro-
moter plasmid was used as a control for transfection effi-
ciency. The induction of the promoters was measured
through expression of a downstream luciferase cassette.
Figure 2c and d shows luciferase expression from HSV-1
promoter plasmid transfected cells only (black bar)

Fig. 1 HSV-1 promoter constructs induced by co-infection. C1300
cells were transfected with luciferase cassette encoding plasmids
pGL3-ICP0 (ICP0), pGL3-Ribonucleotide reductase (RR), and pGl3-
VP16 (VP16) or the positive control plasmid pGL3-CMV (CMV).
Transfected and un-transfected (cell) samples were infected (bare) with
HSV-1 virus at an m.o.i. of 5 for 16 h or left uninfected (black). Cells

were lysed and protein contents were normalized using Bradford assay.
Luciferase expression was quantitated using the luminoskan ascent
machine (Thermo Electron Corporation). This figure is representative
of two independent experiments. Each bar represents triplicate samples
and one-way ANOVA and Tukey post-test were performed using
PRISM statistical analysis software
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compared to drug treated transfected samples (stripped bar).
The ICP0 promoter was significantly induced by the

etoposide treatment (Fig. 2d) and there was around a 2-
fold induction by Camptothecin treatment (Fig. 2c). Of note,

Camptothecin

Etoposide

a

b

c

d

Fig. 2 DNA damaging drugs
enhance ICP0 promoter directed
expression of luciferase. C1300
cells were transfected with
pGL3-CMV plasmid for 16 h
and treated with DNA damage
drugs Camptothecin (a) and
Etoposide (b) at dosages of 1, 5,
30, 100, 250 and 350 μM.
Controls were pGL3-CMV
transfected only (drug-free) and
cell only samples. Cells were
washed in cold 1xPBS and lysed
by RIPA buffer. Cell lysate were
normalized using Bradford assay
followed by determination of the
protein levels of γH2Ax, H2Ax
and β-actin by Western blot.
C1300 cells were transfected
with HSV-1 promoter constructs
pGL3-ICP0, pGL3-RR,
pGL3-VP16 and the control
plasmid pGL3-CMV. The next
day, cells were treated with 5 μM
Camptothecin (c) or 100 μM
Etopside (d) for 24 h. Cells were
washed with 1xPBS and lysed
with Reporter lysis buffer.
Bradford assay was performed
on lysates to normalize protein
levels followed by measurement
of the level of luciferase expres-
sion using the luminoskan ascent
machine (Thermo Electron
corporation). Luciferease
expression from transfected cells
that were drug treated (bare) was
compared to untreated cells
(black). One-way ANOVA and
Tukey post-test were performed
using PRISM statistical analysis
software
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Camptothecin treatment of infected fibroblast cells showed
significant improvement in viral titer, although, the ICP0
promoter was induced by only 2-folds as observed here
(Preston and McFarlane 1998). Neither drug treatments
significantly affected RR and VP16 promoter activity under
this experimental condition. Both drugs significantly
induced the control CMV promoter (Fig. 2c and d).

Cellular DNA damage enhances HSV-1 protein expression
in C1300 cells

In order to determine the influence of cellular DNA damage
on HSV-1 protein expression from the viral genome, C1300
cells were infected with wild type HSV-1 17+ virus (Fig. 3a)
or VP16 mutant in1814 virus (Fig. 3b) and treated with
100 μM etoposide or 5 mM HMBA. HMBA is a compound
that facilitates transcription of cellular (Bartholomeeusen et

al. 2012) as well as viral genes (McFarlane et al. 1992). It
has been shown to activate transcription through induction
of the PI3K/Akt pathway (Contreras et al. 2007). HMBA
treatment of cells can cause HIV-1 reactivation from latency
(Contreras et al. 2007), HSV-1 infection enhancement
(Hafezi et al. 2012), as well as cellular differentiation
through modification in the cell transcriptional processes
(Wei et al. 2011). Here, HMBA is used as a positive control
for viral gene induction.

The level of HSV-1 proteins ICP0, ICP4 and VP16 was
determined by Western blotting. When cells were infected
with HSV-1 17+ virus and treated with etoposide or HMBA,
ICP0 protein expression was enhanced compared to infec-
tion only (No treatment) and cell only (No virus) samples
(Fig. 3a). The finding in Fig. 2, which showed ICP0 pro-
moter induction from transfected C1300 cells by etoposide
treatment, supports this result. There was also some en-
hancement of VP16 protein by etoposide and HMBA com-
pared to infection only, but ICP4 protein level was similar
for all the infected samples. Strong g-H2Ax induction by the
etoposide treatment was shown. β-Actin was used as a
loading control.

To get a broader sense of the effect of DNA damage on
HSV-1 protein expression, a VP16 mutant virus with growth
deficiency (in1814) was used to infect C1300 cells followed
by treatment with etoposide and HMBA. In1814 has an
insertion in the transactivating domain of its VP16 protein
that abrogates its transactivating ability (Ace et al. 1989).
The level of HSV-1 protein expression in drug treated sam-
ples was compared to the infected only sample (No treat-
ment) (Fig. 3b). Surprisingly, ICP0 was not readily detected
from any of the in1814 infected C1300 cell samples.
However, infection of Vero cells with in1814 showed
ICP0 expression (Fig. 3c). ICP0 was expressed at a lower
level in C1300 cells compared to the other HSV-1 proteins
analyzed even when wild type HSV-1 virus was used for
infection (Fig. 3a). Unlike the wild type infection (Fig. 3c),
ICP4 and VP16 protein levels were enhanced by etoposide
and HMBA treatments with HSV-1 in1814 infection of
C1300 cells (Fig. 3b). In addition, as has previously been
reported, a DNA damage response is induced by HSV-1
virus infection of non-neuronal cells as demonstrated by g-
H2Ax expression in in1814 infected Vero cells (Fig. 3c)
(Lilley et al. 2005). In contrast, infection alone could not
induce a DNA damage response in the C1300 cells.

Discussion

The induction of the cellular DNA damage pathway can be
restrictive to viral infection. Thus many viruses have evolved
ways to disrupt the DNA damage pathway, to facilitate their
infections (Ebina et al. 2012; Liang et al. 2006; Machida et al.

Fig. 3 DNA damage increased the level of HSV-1 protein expression
during infection. C1300 cells were infected with 17+ (a) or in1814 (b)
virus and treated with 100 μMEtoposide (Etop) or 5 mM hexamethylene
bisacetamide (HMBA) for 3 h. Vero cells were infected with in1814 virus
(c). The in1814 infected cells were allowed to recover for 5 h in absence
of drugs. Cells were lysed using RIPA buffer and protein lysates were
normalized by Bradford assay. The level of HSV-1 proteins ICP4, ICP0
and VP16, as well as γ-H2Ax and β-actin were measured by Western
blotting and compared with untreated infected cells (No treatment) and
cell only (No virus) samples
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2010; Shin et al. 2006; Smith and Daniel 2011), while viruses,
like HIV-1 and AAV, which cannot counter the cellular DNA
damage response (DDR) are restricted by it (Cervelli et al.
2008; Ebina et al. 2012; Porteus et al. 2003; Schwartz et
al. 2007; Smith and Daniel 2011).

HSV-1 has leveraged aspects of the cellular DDR induced
by its infection in non-neuronal cells to facilitate its growth in
these cells (Shirata et al. 2005). In brief, disruption of the ATR
(Mohni et al. 2010; Wilkinson and Weller 2006) and DNA -
PKcs (Lilley et al. 2005; Wilkinson and Weller 2006) path-
ways lead to enhanced HSV-1 infection, while ATM pathway
activation supports HSV-1 infection (Lilley et al. 2005). In
contrast, HSV-1 infection of differentiated neurons does not
trigger the cell DDR as shown in this paper (Fig. 3) and the
work of others (Lilley et al. 2005). However, it has been
shown that the HSV-1 genome can become reactivated by
ultraviolet light (UV)-inducedDNA damage in vivo (Goade et
al. 2001; Ichihashi et al. 2004; Laycock et al. 1991; Loiacono
et al. 2003; Shimeld et al. 1990), and in vitro (Zurlo and Yager
1984) systems. Our results show that cellular DNA damage
induced by a topoisomerase II enzyme inhibitor can enhance
viral protein expression in a neuroblastoma cell line in which
HSV-1 infection did not trigger the DNA damage response
pathway, as measured by g-H2Ax induction (Fig. 3).
Additionally, the DNA damage treatment enhanced ICP0
promoter activity in the absence of any other viral genes and
this may have implication for the mechanism of HSV-1 reac-
tivation from neurons.

A determination of the factor(s) involved in inducing the
ICP0 promoter during DNA damage may help in increasing
our understanding of HSV-1 reactivation pathway. In this
system, we used a cycling cancerous neuron-like cell line.
The cancerous quality of the cell may influence its DNA
damage profile, thus, it will be important to determine if the
ICP0 promoter is similarly induced in healthy differentiated
primary neurons. For such a system, ultraviolet light, irradia-
tion or a non-cell-cycling-dependent drug may be used to
induce DNA damage. It is well established that ultraviolet light
can induce HSV-1 reactivation (Goade et al. 2001). UV causes
DNA damage through production of cyclobutane pyrimidine
dimers (CPD) and 6–4 photoproducts (6–4 PP), which can lead
to the induction of the ATM/ATR pathways through DNA
breaks (Rastogi et al. 2010; Sinha and Hader 2002).

It has been shown that UV can induce reactivation of
HSV-1 virus from a mouse model (Goade et al. 2001) and
this is supported by the finding of Ramos-Espinosa et al.
showing the high susceptibility of neurons to ultraviolet
mediated DNA damage compared to reactive oxygen spe-
cies mediated damage (Ramos-Espinosa et al. 2012).
Neurons are highly metabolic and produce high levels of
ROS which can damage DNA and deficiency in DNA
damage repair pathways in neurons is associated with many
neurological diseases (Fishel et al. 2007). The two most

active repair pathways in neurons are the base excision
repair (BER) and nucleotide excision repair (NER) path-
ways (Fishel et al. 2007). The question to pose is how might
these pathways influence HSV-1 life cycle in the neurons?
There are two pathways to NER, which are the global
genome repair (GG-NER) and transcription-coupled repair
(TC-NER). GG-NER is not active in neurons, but they are
fully capable of mounting a TC-NER response (Nouspikel
and Hanawalt 2000, 2002; van der Wees et al. 2007). This
creates a neuronal cell environment in which the DNA
damage response induction is influenced not by the level
of DNA damage, but rather by the location site of the
damage in the genome. Consequently, understanding the
effects of the threshold of DNA damage on HSV-1 reacti-
vation may give us insight in the randomness/sporadic
nature of this virus reactivation from neurons.

As demonstrated in this work, DNA damage in neurons
induced HSV-1 ICP0 promoter in absence of all other viral
proteins and also enhanced ICP0 expression during lytic
infection in a neuron-like cell. ICP0 expression alone can
induce HSV-1 reactivation (Halford et al. 2001) and as such
has been suggested as the coordinator of HSV-1 reactivation
(Everett 2000; Halford and Schaffer 2001).
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