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Maintaining the viral genome intact following infection and prior to replica-
tion is critical to the virus life cycle. Here we report an analysis of the stability
of herpes simplex virus type 1 (HSV-1) genomes, relative to host chromosomal
DNA, in infected cells as a function of viral induced apoptosis. The results
show that, in the absence of DNA replication, the input genomes of wild-type
(KOS), and replication compromised ICP27 deleted (d27-1) virus are remark-
ably stable. Intracellular half-lives of their genomes exceeded 24 hours. In con-
trast, the half-life of replication incompetent ICP4 deleted (d120) viral genomes
were significantly less (approximately 8 hours). Interestingly, it was also noted
that in cells infected under conditions permissible for replication, viral DNA
replication occurs, even in cells undergoing apoptosis. The possibility that the
genome structure and replication compartment formation provide protection
to the HSV-1 genome from degradation is discussed. Journal of NeuroVirology
(2006) 12, 375–386.
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Introduction

For HSV-1 to complete its life cycle, it is essential that
its genome is protected from cellular nucleases. Infec-
tion with various pathogens, in some circumstances,
may lead to apoptosis. Apoptosis is one mechanism
whereby innate host defenses can limit infection. Nu-
merous publications have shown that HSV-1 blocks
or delays apoptosis induced by heat-shock (Leopardi
and Roizman, 1996), tumor necrosis factor alpha
(Halford and Schaffer, 2001; Yu et al, 1999), Fas lig-
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and (Galvan and Roizman, 1998; Jerome et al, 2001;
Sieg et al, 1996), osmotic shock (Galvan et al, 1999;
Koyama and Miwa, 1997), and virtually every pro-
apoptotic substance tested to date.

In order to be able to block or delay apoptosis in-
duced by various substances, HSV-1 encodes not only
several anti-apoptotic genes such as Us3, Us5, ICP27,
ICP4 and gamma 34.5 expressed during the lytic in-
fection (Jerome et al, 2001; Aubert and Blaho, 1999;
Leopardi et al, 1997; Galvan and Roizman, 1998), but
also LAT microRNA (Gupta et al, 2006; Cui et al,
2006) that down regulates of pro-apoptotic pathways.
Thus, the mechanism that HSV-1 protects infected
cells from apoptosis, appear to be pathway specific
depending on the host cells and pro-apoptotic agents
studied (Galvan and Roizman, 1998; Galvan et al,
1999; Galvan et al, 2000; Munger and Roizman, 2001;
Taddeo et al, 2003; Jerome et al, 2001; Jerome et al,
1999; Aubert and Blaho, 1999; Aubert et al, 1999;
Koyama and Miwa, 1997). The infection of HSV-1
mutants defective in genes involved in blocking the
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cellular apoptosis pathway has been shown to cause
an apoptotic cytopathology that does not occur af-
ter infection of the parental HSV-1 (Leopardi and
Roizman, 1996; Galvan et al, 1999; Aubert et al, 2001;
Leopardi et al, 1997).

Once apoptosis is triggered, a series of programmed
events leads to the death of the cell, which is man-
ifested by morphological changes and the degrada-
tion of cellular DNA. It is, however, unclear if viral
genomes, in cells undergoing apoptosis as a result of
HSV-1 infection, are selectively sensitive or resistant
to degradation, relative to the cellular chromosomes.
It is possible that the association of viral genomes
with DNA replication compartments provides pro-
tection to DNA from nuclease degradation.

A hallmark for the formation of replication com-
plexes in HSV-1 infected cells is the genomes asso-
ciation with ICP8, a specified single-stranded, DNA-
binding protein (Lukonis and Weller, 1996; Liptak
et al, 1996; Quinlan et al, 1984), and replication com-
partments (Quinlan et al, 1984; Liptak et al, 1996).
The detection of ICP 8 has been used to define and
to identify these structures (Kops and Knipe, 1988;
Lukonis and Weller, 1996; Uprichard and Knipe,
2003; Liptak et al, 1996).

In this study, two known apoptosis inducing HSV-1
mutant viruses, ICP27 deleted strain d27-1, and ICP4
deleted, Us3 defective strain d120, were used to in-
duce apoptosis in infected Vero cells. The stability
of viral DNA in infected cells, following these infec-
tions, was determined relative to host chromosomal
DNA. Interestingly, our data suggest that the stabil-
ity of viral DNA, in cells undergoing apoptosis, is
related to its competency to form a viral DNA repli-
cation complex.

Materials and methods

Virus and cells
HSV-1 wild-type strain KOS was prepared in Vero
cells. HSV-1 mutant d120, containing a 4.1 kb
deletion in both copies of the ICP4 gene (DeLuca
et al, 1985), and the complementary cell line E5
(DeLuca and Schaffer, 1987) were kindly provided
by Dr. Priscilla Schaffer (Harvard Medical School,
Boston, MA). Another mutant d27-1 (alpha 27-
deleted, replication-compromised) and its comple-
mentary cell line V27 (Rice and Knipe, 1990; Aubert
et al, 1999; Aubert and Blaho, 1999) were kindly pro-
vided by Dr. David Knipe (Harvard Medical School,
Boston, MI). The stock of mutant d120 virus was pre-
pared in E5 cells. The stock of mutant d27-1 virus
was prepared in V27 cells.

Note that the parental strain of d120 is strain KOS
and the parental strain of d27-1 is strain KOS1.1.
Since strain KOS1.1 is a plaque-purified laboratory
isolate from strain KOS, which was originally derived
from a clinical isolate, there has been no published
evidence to show that KOS and KOS 1.1 are different

since they are derived from the same isolate. Thus,
in this study we used KOS as the wild-type strain for
both d120 and d27-1 mutants.

Induction of apoptosis by HSV-1 mutant
virus infections on Vero cells
Vero cells were infected with HSV-1 parental strain
KOS, mutant strains d27-1 and d120, at a moi of 5 to
ensure that almost every cell was infected. Cultures
were photographed in phase contrast microscopy 24
h post infection (PI) for morphological study prior to
harvesting for the DNA degradation study.

To determined cellular DNA degradation, twenty-
four hours PI, total cellular DNA of each culture
was harvested, and 3 μg of total DNA from each
sample was resolved on a 2% agarose gel with a
100 bp molecular weight marker (M.W.). After gel
electrophoresis, and staining with ethidium bro-
mide (EtBr), gels were photographed under an UV
illuminator.

To measure the caspase 3 activity of each infected
culture, Vero cells were plated at the density of 1 ×
106cells in 25 cm2culture flasks, followed by infec-
tion with HSV-1 wild-type strain KOS and mutant
strains d27-1 (with or without 400 μg/ml of PAA), and
d120 at a moi of 5. The infected cells were harvested
at 8 and 24 h PI. As the control, Vero cells were either
treated with 2% dimethyl sulfoxide (DMSO) for 24 h
or left untreated (Mock). The cell lysates were pre-
pared and assayed for caspase 3 activity using the BD
ApoAlert Caspase Colorimetric Assay Kit (BD Bio-
science, USA) according to the manufacture’s specifi-
cation. The caspase 3 inhibitor, DEVD-fmk (Asp-Glu-
Val-Asp-fluoromethylketone), was added in the d120
infected cell lysate 24 h PI to show the specificity
of assay. The background level for the assay was the
reading of the untreated Vero cell lysate assayed with-
out substrate. The caspase activity of each sample was
calculated by subtracting the background reading.

Nuclear DNA isolation
To isolate nuclear DNA, cells were scraped into
medium and collected by centrifugation at 1,000 rpm
for 10 min at 4◦C. The cell pellet was resuspended
into nuclei lysis buffer (1 mM CaCl2, 60 mM KCl,
15 mM NaCl, 3 mM MgCl2, 10 mM Tris, pH 7.5,
5% sucrose) containing 0.5% NP-40, homogenized
with a Dounce homogenizer, and washed in nuclei
lysis buffer containing 0.1% of sodium deoxycholate.
Then, the nuclei were collected by centrifugation at
2,000 rpm for 10 min at 40C. The nuclei pellet was
subjected to DNA isolation by SDS/proteinase K di-
gestion, phenol/chloroform extraction, and ethanol
precipitation.

Virion DNA preparation
The method to isolate HSV virion DNA was described
previously (Su et al, 2002). Briefly, HSV-1 infected
CV-1 cells were scraped into medium and collected
by centrifugation at 1,500 rpm for 10 min at 4◦C. The
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cells were lysed by sonication at 40% power (Heat
System Ultrasonicator, Farmington, NY) for 1 min.
Cell debris was separated from virions by centrifu-
gation at 2,000 rpm for 15 min at 4◦C. HSV-1 viri-
ons were pelleted by centrifugation at 28,000 rpm
using a SW41 rotor for 1 hour at 10◦C. Isolated viri-
ons were then lysed in virion lysis buffer (0.25% Tri-
ton X-100, 10 mM EDTA, 10 mM Tris, pH 8.0), and
viral capsids were isolated by centrifugation through
a 20% sucrose cushion at 28,000 rpm using a SW55
rotor for 50 min at 4◦C, and DNA was isolated by
SDS/proteinase K digestion, phenol/chloroform ex-
traction, and ethanol precipitation.

Quantification of viral DNA and cellular DNA
in infected cells: (A) Southern blot hybridization
and (B) real-time PCR
Southern blot hybridization: Vero cells were in-
fected with HSV-1 wild-type strain KOS and two
mutant strains d27-1 and d120 at a moi of 5 in the
presence (+) or absence (−) of DNA replication in-
hibitor PAA, or were mock infected (M). Total DNA
was isolated at 3, 8 and 24 h PI and quantified by
spectrophotometry. 2 μg of infected cell DNA, mock
infected Vero DNA, or Vero DNA with 10 ng of virion
DNA (V) was digested with Restriction Endonuclease
BamHI. Digested DNA was resolved by 1% agarose
gel, stained with EtBr, and photographed under an
UV illuminator. The gel was transferred to a nylon
membrane as described previously (Su et al, 2002),
and hybridized with the 32P labeled 3.6 kb tk probe,
prepared by labeling the tk fragment (isolated from
the BamHI digests of pHSV106 (McKnigh and Gavis,
1980) with alpha 32P dCTP using random primer la-
beling kit (Radprime DNA labeling system, Invitro-
gen, Carlsbad, CA) per manufacture’s specification.
Finally the image was generated and quantified by a
Bio-Rad PhosphoImager (Bio-Rad Laboratories, Inc.,
Hercules, CA).

To quantify the total cellular DNA, the intensity
of EtBr stained, BamHI digested DNA migrating in
the range of 3.5–4 kb in the agarose gel, was deter-
mined by the AlpaImager gel documentation instru-
ments (Alpha Innotech Corporation, Leandro, CA).
The intensity of EtBr stained DNA compared to the
quantity of HSV-1 DNA (determined by the tk probe)
at 3 h PI in the presence of PAA was set as a 1:1 ratio.
The relative amount of HSV-1 DNA to cellular DNA
was calculated by normalizing to 3 h PI sample.

Real-time PCR: To quantify the viral DNA and cel-
lular DNA, isolated DNA was quantified by the Light-
Cycler (Roche Diagnostics, Germany) real-time PCR
using LightCycler FastStart DNA Master SYBR Green
I kit (Roche Diagnostics, Germany) with the primers
specific for the cellular gene albumin (Alb) (Wang
et al, 2004) and the viral capsid gene Vp5 (Devi-Rao
et al, 1994) according to manufacture’s specifications.
The sizes of both PCR products are 99 bp for Alb
and 149 bp for Vp5. As the standards for quantifica-

tion, a serially diluted genomic DNA and virion DNA
were used.

Western blot analysis
Vero cells were infected with HSV-1 strain KOS, mu-
tant strains d27-1, and d120 at a moi of 5. After 3 h or
10 h PI, infected cells were harvested and pelleted at
1,500 rpm at 4◦C for 10 min. The cell pellet was lysed
by addition of the lysis buffer (0.25% Triton-X100, 10
mM EDTA and 10 mM Tris, pH 8.0) as infected cell
lysate.

Cell lysates were electrophoretically separated in a
9% of SDS-polyacrimide gel under denaturing and
reducing conditions. The gel was transferred to a
PVDF membrane manufactured by Amersham Bio-
sciences (Piscataway, NJ) at 0.03A at 4◦C overnight.
The HSV-1 ICP4, ICP8, and cell beta-actin, were de-
tected respectively with specific antibodies: mouse
anti-ICP4 (H1101) and anti-ICP8 (H1115) monoclonal
antibodies purchased from The Rumbaugh-Goodwin
Institute for Cancer Research Inc. (Plantation, FL);
mouse monoclonal anti-actin antibody (MAB1501)
purchased from Chemicon Corp. (Temecula, CA). The
desired protein-antibody complexes were visualized
by using the appropriate species-specific secondary
antibodies, followed by the SuperSignal Western
Chemiluminescent Detection according to the manu-
facturer’s instructions (Pierce, Rockford, IL).

Immunocytochemistry and fluorescent in situ
hybridization (FISH)
Immunostaining was performed on cells grown on
coverslips after fixation with 1% paraformaldehyde
(10 min at room temperature) and permeabiliza-
tion in 0.2% Triton (20 min on ice) by sequential
incubation with primary and Texas Red- or FITC-
labeled secondary antibodies (Vector Laboratories,
Burlingame, CA) for 30 min each (all solutions in
PBS). For simultaneous detection of HSV-1 ICP8 and
HSV-1 DNA, cells were first immunostained for ICP8
protein using monoclonal antibody against ICP8 (m-
395, a gift from R. Everett, MRC Virology Unit, Glas-
gow, UK) and then treated for 1 h at 37◦C with
RNase, 100 μg/ml in PBS). After re-fixation in 4%
paraformaldehyde (10 min at room temperature),
samples were equilibrated in 2× SSC, dehydrated
in ethanol (70%, 80% and 100% ethanol for 3 min
each at –20◦C), air-dried, and incubated overnight
at 37◦C with the hybridization mixture. For DNA
detection, the FITC-avidin labeled probes, prepared
by made by nick translation using HSV-1 cosmid
DNAs as template, and cells were simultaneously
heated at 94◦C for 4 min to denature DNA. After
hybridization, samples were washed at 37◦C with
55% formamide in 2× SSC (twice for 15 min each),
2× SSC (10 min) and 0.25× SSC (twice for 5 min
each). The hybridized signal was amplified using bi-
otinylated anti-avidin (Vector Laboratories, 1:250),
followed by another round of FITC-avidin staining.
Finally, cells were equilibrated in PBS, stained for
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DNA with Hoechst 33258 (0.5 μg/ml) and mounted
in Fluoromount G (Fisher Scientific, Newark, DE).

Results

Induction of apoptosis in Vero cells following
infection with mutant viruses, d120 or d27-1
To study the relative stability of HSV-1 DNA in
infected cells undergoing viral induced apoptosis,
the wild-type virus (strain KOS) and two KOS de-
rived mutants that lack HSV-1 anti-apoptosis gene
functions and reportedly induce apoptosis follow-
ing infection, were used. The two KOS mutants used

were d120 (ICP4-deleted, Us3-defective, replication-
incompetent) (Minagawa et al, 1994; Munger et al,
2001; Leopardi and Roizman, 1996; Benetti et al,
2003; DeLuca et al, 1985) and d27-1 (ICP27-deleted,
replication-compromised) (Rice and Knipe, 1990;
Aubert et al, 1999; Aubert and Blaho, 1999).

To confirm that the known apoptosis inducing mu-
tant viruses d120 and d27-1 induced apoptosis in
infected cells, we assessed DNA fragmentation, in-
duction of caspase 3 activity, and altered cell mor-
phology in Vero cells. The effect of each virus on the
morphology of Vero cells after 24 h infection was ob-
served by phase-contrast microscopy (Figure 1A). Af-
ter infection with a moi of 5, the wild-type KOS strain

Figure 1 The induction of apoptosis by HSV-1 mutant virus infections on Vero cells. (A) The morphologies of HSV-1 infected Vero cells
after 24 h of infection. Vero cells were infected with HSV-1 viruses strain KOS (II), d27-1 (III), or d120 (IV), at a moi of 5, or were left
infected (I). (B) Cellular DNA degradation induced by HSV-1 infection. Vero cells were infected as described above or mock infected
(Mock). Twenty-four h PI, total cellular DNA was harvested and analyzed for DNA degradation with a 100 bp molecular weight marker
(M.W.), as described in Methods. (C) The caspase 3 activity induced by HSV-1 infection. Vero cells were infected with HSV-1 wild-type
strain KOS and mutant strains d27-1 (with or without 400 μg/ml of PAA), and d120 at a moi of 5. The infected cells were harvested at 8
and 24 h PI. As the control, Vero cells were either treated with 2% DMSO for 24 h or left untreated (Mock). The cell lysates were prepared
and assayed for the caspase 3 activity as described in Methods. The data from two independent experiments are shown.
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caused a typical cytopathic effect (CPE) due to a pro-
ductive infection: cells lost obvious cell-cell contacts
and were ballooning and detaching from the culture
flask, when compared with mock infected cells. This
severe CPE resulted in the lyses and death of infected
cells. As expected, although cytophatlogy resulting
from infection by either of the two apoptosis induc-
ing mutants, d120 or d27-1 was evident (compare
Figure 1A(III) and Fig. 1A(IV), were smaller and ir-
regularly shaped, compared to KOS-infected cells
(Figure 1A(II).

After morphological evaluation, cellular DNA was
isolated and analyzed for cellular DNA degradation
in 2% agarose gels. As shown in Figure 1B, DNA iso-
lated from mock and KOS infected cells consisted
almost entirely of high molecular weight molecules,
remaining close to the wells of the gel, and thus show-
ing little evidence of degradation. On the other hand,
DNA isolated from cells infected with either d27-1
or d120 migrated with a smear from the high to very
low molecular weight. These results show that both
d120 and d27-1 mutant viruses induced cellular DNA
degradation in infected Vero cells, whereas, no ev-
idence of DNA degradation was observed in KOS-
infected Vero cells 24 hours post infection (PI).

Next, induction of caspase 3 activity, another
marker of apoptosis, was determined as a function
of time following infection with wild-type or mu-
tant viruses. The levels of caspase 3 activity were
measured from cell lysates prepared from cells ei-
ther mock infected, or 8 and 24 hours post infection,
with virus, or from Vero cells treated with 2% DMSO.
The concentration of DMSO that was used has been
shown to induce apoptosis in Vero cells, and thus,
was intended to serve as a positive control for apop-
tosis (Liu et al, 2001).

The results, shown in Figure 1C, indicate that the
level of caspase 3 activity in cells infected with
parental strain KOS is similar to those in mock-
infected cells, even late in infection. This is consis-
tent with the results of the DNA degradation analysis
in which it was shown that cellular DNA degrada-
tion did not detectably occur in parental stain KOS
infected cells (Figure 1B).

However, a substantial level of caspase 3 activa-
tion (at least 5–10 fold) relative to the level of mock-
infected cells was seen in both d27-1 and d120 in-
fected cells. As expected, Vero cells treated with
2% DMSO exhibited elevated caspase 3 activity. The
results of evaluation of morphology, cellular DNA
degradation, and the elevation of caspase 3 activity,
are all consistent with the conclusion that the mu-
tant viruses d27-1 and d120, induced apoptosis in
infected Vero cells.

Stability of HSV-1 DNA in infected cells undergoing
viral induced apoptosis
To compare the stability of viral DNA and host
DNA in cells undergoing apoptosis the relative half-
life of the input viral DNA as compared to cellular

DNA were determined. Phosphonoacetic acid (PAA)
(400 μg/ml), was included to prevent viral DNA repli-
cation to ensure that the amount of viral DNA mea-
sured was input DNA.

Therefore, Vero cells were infected with parental
strain KOS, and one of the two apoptosis inducing
mutants, d27-1 and d120, at a moi of 5, in the pres-
ence or absence of DNA replication inhibitor PAA. In-
fected cellular DNA was harvested at 3, 8, and 24 h PI.
The viral DNA in the sample taken from cells treated
with PAA at 3 hours PI is defined as the amount of
input viral DNA. The amount of input viral DNA and
cellular DNA, at this time point, is set as 1:1.

The amount of viral DNA and cellular DNA in
each sample was measured by both Southern blot
hybridization (as illustrated in Figure 2 and sum-
marized in Table 1) and real-time PCR (Table 1). In
all cases, the results from Southern blot analysis and
PCR quantification, were comparable.

As illustrated in Figure 2, by 24 hours PI, the HSV-
1 parental virus strain KOS replicated, and the ratio
of viral DNA to host DNA increased to almost one
thousand-fold. To permit analysis on the same mem-
brane as the other samples, dilutions of KOS 24h
(without PAA) samples were used. By PhosphoIm-
ager analysis, an approximately 10-fold difference in
reading between 10-fold diluted and 100-fold diluted
samples was observed demonstrating that quantifica-
tion was in the linear range.

In the presence of PAA, the relative amount of KOS
to cellular DNA remains unchanged for 8 h PI. After
24 h, a ratio of 0.7 (viral DNA to cellular DNA) was
observed in this particular experiment. In the absence
of PAA, by 8 h PI, substantial viral replication has
occurred and was reflected in the increase of relative
amounts of viral to cellular genomes. The experiment
was repeated and the results summarized in Table 1.

The viral to cellular DNA ratio was also quantified
by real-time PCR, using primers specific for the cellu-
lar gene albumin (Alb) (Wang et al, 2004) and the viral
capsid gene Vp5 (Devi-Rao et al, 1994). The sizes of
both PCR products are 99 bp for Alb and 149 bp for
Vp5. The results from real-time PCR are summarized
in Table 1 and are comparable to those from Southern
blot hybridization.

Under conditions where viral DNA replication was
blocked with PAA, the ratio of infecting genomic KOS
to cellular DNA remained similar between 3 and 8 h
PI (Table 1). By 24 h, the ratio of viral to cellular DNA
was approximately 0.6, suggesting that the relative
half-life of the input viral genome is more than 24 h.

The data from d120, a replication incompetent
virus that induces apoptosis, was significantly dif-
ferent from parental strain KOS as summarized in
Table 1. By 8 h PI, approximately 40% [by both South-
ern hybridization analysis and real-time PCR (Table
1) of viral DNA remained, whereas, there was no vi-
ral DNA degradation detected in KOS-infected cul-
tures in the presence of PAA [P < 0.001 (South-
ern) or P = 0.039 (real-time PCR)]. By 24 hours, the
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Figure 2 Stability of viral DNA following infection in Vero cells as analyzed by Southern blot hybridization. Vero cells were infected with
HSV-1 wild-type strain KOS and two mutant strains d27-1 and d120 at a moi of 5 in the presence (+) or absence (−) of DNA replication
inhibitor PAA, or were mock infected (M). Total DNA was isolated at 3, 8, and 24 h PI and quantified by spectrophotometry. 2 μg of
infected cell DNA, mock infected Vero DNA, or Vero DNA with 10 ng of virion DNA (V) was digested with Restriction Endonuclease
BamHI. Digested DNA was resolved by 1% agarose gel, stained with ethidium bromide (EtBr), and photographed under an UV illuminator
as shown in Panel A. The gel was transferred to a nylon membrane as described previously (Su et al, 2002), and hybridized with the 32P
labeled 3.6 kb tk probe (generated from BamHI digestion of pHSV106 (McKnight and Gavis, 1980)). Then the image was generated and
quantified by Bio-Rad PhosphoImager as shown in panel B. To quantify the total cellular DNA, the intensity of EtBr stained, and digested
DNA migrating in the range of 3.5–4 kb in the agarose gel, was determined by the AlpaImager gel documentation instruments (Alpha
Innotech Corporation, Leandro, CA). The intensity of EtBr stained DNA compared to the quantity of HSV-1 DNA (determined by the tk
probe) at 3 h PI in the presence of PAA was set as a 1:1 ratio. The relative amount of HSV-1 DNA as to cellular DNA was calculated and
shown in panel C.

relative amount of viral DNA compared to cellular
DNA, had decreased by more than 5-fold. This sug-
gests that the viral DNA, in d120-infected cells, was
being degraded at a rate much faster (P < 0.001) than
the KOS DNA in KOS-infected culture. Results were
similar from PAA treated cells (not shown).

To determine if the induction of apoptosis is nec-
essarily associated with the accelerated viral DNA
degradation found in d120 infection, the stability of
viral DNA in d27-1 infected cells was examined. Both
d27-1 and d120 mutant viruses induce apoptosis to
a comparable level as determined by cellular DNA
degradation and activation of caspase 3 activity. How-
ever, when PAA was included, to prevent viral DNA
replication, there was no selective degradation in the
input d27-1 viral DNA as compared to cellular DNA
(Table 1). In fact, the ratio of d27-1 DNA to cellular
DNA was almost unchanged (1:1) throughout the en-
tire 24 h of infection, suggesting that the d27-1 DNA is
not more susceptible to nuclease degradation when
compared to cellular DNA. Thus, the induction of
apoptosis is, in itself, not sufficient to cause an ac-
celerated degradation of viral DNA as seen in d120
infected cells.

Previous studies have suggested that ICP27 protein
is required to achieve wild-type levels of viral DNA
synthesis, although not an absolute requirement for
viral DNA replication. The onset of d27-1 DNA repli-
cation is slower than that found in parental strain
infected cells (Margolis et al, 1992; Rice and Knipe,
1990). This is consistent with the results shown in
Table 1. Briefly, there is an approximately 10-fold in-
crease in the amount of viral DNA after 24h of infec-
tion with d27-1 in the absence of PAA.

d27-1 is replication defective, however, as com-
pared to its parental strain KOS. The efficiency of
d27-1 DNA replication in Vero cells is about 50- to
100-fold less than KOS. Interestingly, a limited d27-
1 viral DNA replication occurs even in cells under-
going apoptosis, thus viral replication might occur
in a compartment that is protected from nuclease
degradation.

Taken together, the two apoptosis inducing mutant
viruses, d120 and d27-1, were significantly different
in their relative susceptibility as compared to host
DNA (P = 0.05 as determined by the Mann-Whitney
test) in apoptosis induced DNA degradation at both
8 and 24 h PI.



Ta
bl

e
1

T
h

e
ra

ti
o

of
H

S
V

-1
D

N
A

an
d

h
os

t
D

N
A

as
a

fu
n

ct
io

n
of

ti
m

e
af

te
r

in
fe

ct
io

n
as

d
et

er
m

in
ed

by
S

ou
th

er
n

bl
ot

h
yb

ri
d

iz
at

io
n

an
d

R
ea

l-
ti

m
e

P
C

R

K
O

S
/V

er
o

d
27

-l
/V

er
o

−P
A

A
+P

A
A

−P
A

A
+P

A
A

d
12

0/
V

er
o

E
xp

.(
P

I)
S

ou
th

er
n

P
C

R
S

ou
th

er
n

P
C

R
S

ou
th

er
n

P
C

R
S

ou
th

er
n

P
C

R
S

ou
th

er
n

P
C

R

8h
M

ea
n

±
S

E
8.

80
±

3.
7

.6
3

±
3.

58
0.

96
±

0.
09

0.
75

±
0.

07
0.

93
3

±
0.

06
1.

67
±

0.
17

0.
98

±
0.

07
0.

88
±

0.
05

0.
42

±
0.

06
0.

45
±

0.
05

P
-v

al
u

e∗
N

D
N

D
<

0.
00

1
0.

03
9

N
D

N
D

0.
00

1
0.

00
51

–
–

24
h M

ea
n

±
S

E
1,

39
8.

31
±

73
5.

68
58

0.
63

±
30

9.
02

0.
60

±
0.

10
0.

55
±

0.
05

9.
40

±
3.

72
11

.9
7

±
6.

13
1.

15
±

0.
14

0.
92

±
0.

08
0.

19
±

0.
04

0.
09

±
0.

03
P

-v
al

u
e∗

N
D

N
D

<
0.

00
1

<
0.

00
1

N
D

N
D

<
0.

00
1

<
0.

00
1

–
–

T
h

e
qu

an
ti

ty
an

d
in

te
gr

it
y

of
ce

ll
u

la
r

D
N

A
an

d
vi

ra
l

D
N

A
w

er
e

d
et

er
m

in
ed

by
S

ou
th

er
n

bl
ot

h
yb

ri
d

iz
at

io
n

(c
ol

u
m

n
A

s)
an

d
re

al
-t

im
e

P
C

R
(c

ol
u

m
n

B
s)

.T
h

e
ra

ti
o

of
th

e
am

ou
n

t
of

H
S

V
-1

D
N

A
(w

t
K

O
S

an
d

d
27

-1
)

to
ce

ll
u

la
r

D
N

A
ob

ta
in

ed
fo

r
3

h
sa

m
p

le
s

in
th

e
p

re
se

n
ce

of
PA

A
ar

e
se

t
as

1:
1,

an
d

se
rv

ed
as

th
e

re
fe

re
n

ce
to

n
or

m
al

iz
e

th
e

ra
ti

o
of

8
h

an
d

24
h

sa
m

p
le

s
(a

s
il

lu
st

ra
te

d
in

F
ig

u
re

2)
.F

or
d

12
0

in
fe

ct
ed

sa
m

p
le

s,
PA

A
is

n
ot

in
cl

u
d

ed
;t

h
e

3
h

sa
m

p
le

s
w

er
e

se
t

as
1:

1
an

d
u

se
d

as
th

e
re

fe
re

n
ce

fo
r

th
e

8
h

an
d

24
h

sa
m

p
le

s.
T

h
e

d
at

a
p

re
se

n
te

d
is

fr
om

th
re

e
in

d
ep

en
d

en
t

ex
p

er
im

en
ts

.S
E

:s
ta

n
d

ar
d

er
ro

r
of

th
e

m
ea

n
.

∗ S
ta

ti
st

ic
al

an
al

ys
is

w
as

p
er

fo
rm

ed
an

d
P

-v
al

u
es

be
tw

ee
n

K
O

S
/V

er
o/

+P
A

A
an

d
d

12
0/

V
er

o
an

d
P

-v
al

u
es

be
tw

ee
n

d
27

-1
/V

er
o/

+P
A

A
an

d
d

12
0/

V
er

o
w

er
e

ca
lc

u
la

te
d

by
Y

at
es

C
or

re
ct

ed
C

h
i-

sq
u

ar
e

te
st

.

381



The stability of the viral genome in apoptotic cells
382 Y-H Su et al

Figure 3 Expression of ICP8 and ICP4 proteins in Vero cells infected with wild-type strain KOS or mutant strains d27-1 or d120.
Total cell extract (50 μg) prepared at 3 and 10 h PI from infected Vero cells were used for immunoblot with the monoclonal anti-ICP8
(1115, Rumbaugh-Goodwin Institute for Cancer Research, Inc., Plantation, FL), anti-ICP4 (1101, Rumbaugh-Goodwin Institute for Cancer
Research, Inc., Plantation, FL), and anti-actin (MAB1501, Chemicon, Temecula, CA) antibodies, as described in Methods.

Localization of the d27-1 genomes to pre-replicative
domains in the absence of viral DNA replication by
immunocytochemistry and FISH analyses
The possibility that viral genome localization and/
or association of replication compartments were in-
volved in the protection of viral genomes from nucle-
ase degradation was explored. Western blots analysis
of the ICP8 protein (for abundance), immunohisto-
chemistry (for localization), and fluorescent in situ
hybridization (FISH) to detect the location of viral
genome, were used.

Briefly, Vero cells were infected with the parental
strain KOS and the two apoptosis inducing mutant
viruses, d27-1 and d120, in the presence of PAA.
Total cell lysate was harvested at 3 h and 10 h PI
and subjected to Western blot analysis as shown in
Figure 3.

As expected, an abundant amount of ICP8 was de-
tected at 10 h PI in the KOS-infected Vero lysate.
The amount of ICP8 protein in the d27-1 infected cell
lysate was less compared to that in KOS at 10 h PI.

ICP8 was clearly detectable in the lysate of d120-
infected Vero cells 10 h PI, although the amount was
significantly less than that of KOS lysate. ICP8 is an
early protein, thus requiring simulation of its gene
by protein ICP4 for expression in the infected cell.
d120 contains a deletion within the ICP4 gene which
results in production of a truncated ICP 4 polypep-
tide that is 40 kDa, rather than the full length 175
kDa species (DeLuca et al, 1985). This 40 kDa trun-
cated protein was also detected in the d120 infected
Vero lysate by the anti-ICP4 antibody. No functional
full-length (175 kDa) protein was seen in d120-
infected Vero lysate. As expected, the full length ICP4
protein, not the truncated ICP4 protein, was readily
detected in both parental strain KOS and mutant d27-
1 infected cell lysate.

Immunocytochemistry and FISH was performed
to localize ICP8 in the infected cells, as shown in
Figure 4. As expected, in the absence of PAA at 3
h, KOS DNA replication (viral DNA, green) occurred

and was associated with ICP8 immunostaining (red)
replication compartments (as indicated by the red-
green merge) at 3 h PI (Figure 4A). By 6 h PI, cellular
chromosomes appear to have been displaced to the
side of infected nuclei, presumably secondary to the
development of viral replication compartments.

In contrast, in the presence of PAA, only pre-
replicative sites that are rich in ICP8 (Kops and Knipe,
1988; Quinlan et al, 1984) were found in Vero cells
infected with KOS (Figure 4J) due to the successful
blockage of viral replication.

Although DNA replication by d27-1 was much less
efficient than replication by parental strain KOS virus
(Table 1), and less ICP8 was made (Figure 3) by d27-
1, the immunocytochemistry and FISH staining pat-
terns shown in Figure 4 (C, F, I, & L) suggest that
replication compartments were still formed. Briefly,
by 6 h PI (Figure 4F), punctuate spots of green (DNA)
and red (ICP8) representing pre-replicative sites and
replication compartments can be seen. More surpris-
ingly, in the presence of PAA (Figure 4L), the d27-1
genomes inside the nucleus were found juxtaposed
or embedded in minor aggregates of ICP8. In nuclei
with large amounts of ICP8, such juxtaposition might
be considered random. Careful analysis of the im-
age shows that nearly every green spot is associ-
ated with a red spot (Figure 4L; both nuclei on the
right).

On the other hand, in Vero cells infected with
the ICP4 deletion mutant d120, pre-replicative sites
and replication compartments were not detected (Fig-
ure 4B). Cytoplasmic and nuclear diffraction sized
spots of viral DNA (green), a typical indication of vi-
ral entry, can be seen with careful examination (Fig-
ure 4B and E). At 24 h PI, viral genome staining was
only seen in the cytoplasm or on the surface of the nu-
clear membrane (Figure 4H). This may be the result
of input viral genomes remaining outside of nucleus,
probably still inside of the capsid.

d120 viral DNA was not found to be in nuclear
punctuated spots, and there was no evidence of the



The stability of the viral genome in apoptotic cells
Y-H Su et al 383

Figure 4 Localization of infected viral genomes and ICP8 proteins by Immunocytochemistry and fluorescent in situ hybridization
(FISH). Vero cells were grown on coverslips and infected with wild-type strain KOS (wt HSV) or mutant strains d27-1 (ICP27-HSV)
or d120 (ICP4-HSV) in the absence or presence of a viral DNA replication inhibitor (PAA). Immunostaining was performed at various
times PI using a previously described method (Tang et al, 2003). For simultaneous detection of HSV-1 ICP8, and HSV-1 DNA, cells were
first immunostained against ICP8 proteins using monoclonal antibody (m-395, a gift from R. Everett). The cells were then subjected to
in situ hybridization with FITC-avidin (Vector Laboratories) labeled HSV-1 probe (made by nick translation using HSV-1 cosmid DNAs
(Cunningham and Davison, 1993) as the template) and followed by biotinylated anti-avidin (Vector Laboratories, 1:250), FITC-avidin
staining, and then mounted in Fluoromount G (Fisher Scientific, Newark, DE). Confocal images of cells were obtained by using a Leica
TCS SPII confocal laser scanning system as previously described (Tang et al, 2003).
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formation or association of the genomes of d120
with pre-replicative sites. While this is not entirely
unexpected, since d120 is defective in viral DNA
replication and lack the functional ICP4 protein, the
inability of ICP4 genomes to form replication com-
plexes could not be assumed.

It is possible that d120 DNA, which is uncoated fol-
lowing entry (Su et al, 2006), is left relatively unpro-
tected, and therefore, more susceptible to nucleases,
during apoptosis.

Discussion

To study the susceptibility of the HSV-1 genome
to degradation in cells undergoing apoptosis, two
apoptosis-inducing HSV-1 mutants, d27-1 and d120,
were used to establish viral-induced apoptosis in in-
fected Vero cells. Apoptosis was determined by DNA
degradation and the elevation of caspase 3 activ-
ity. Three main findings are presented in this study.
Firstly, in the KOS- infected cell culture in which
apoptosis was not detectable, the half-life of HSV-1
DNA was approximately 24 h PI. Secondly, in cells
in which virus induced apoptosis occurred, mutant
d120 genomes were more susceptible to degradation
(half-life of approximately 8 hours) than were d27-1
genomes (half-life of more than 24 hours, P < 0,001).
The differential susceptibility to DNA degradation
between these two apoptosis-inducing mutant virus
genomes was surprising. The mechanism by which
this selectivity is achieved is not clear but may re-
late to the degree to which each genome interacts
with replication complexes. By immunocytochem-
istry and FISH analyses, almost every d27-1 genome
found inside of the nucleus was associated with the
ICP8 protein, indicating that the viral genome is in
a pre-replicative domain. This is in contrast to the
d120 genome found in infected nucleus, where no as-
sociation of the d120 genome with the ICP8 protein
was detected. Thus, we hypothesize that the associ-
ation of viral genomes with pre-replicative domains
might play a role in protecting DNA from nuclease
degradation.

Among HSV-1 mutants that induce apoptosis in
various host cells, the mutant strain d120 is known
to be highly cytotoxic to the cells it infects. Infec-
tion of strain d120 resulted in apoptosis in almost
all cell lines tested (Vero, SK-N-SH, HEp-2, and HEL
cells) (Galvan and Roizman, 1998; Galvan et al, 1999;
Leopardi and Roizman, 1996; Zhou and Roizman,
2000). Interestingly, we found that the mutant d120
failed to induced apoptosis in neuronal-like nerve
growth factor differentiated PC12 (NGF-PC12) cells.
In contrast to its genome’s short half-life in infected
Vero cells (less than 8h / Table 1), the half-life of the
d120 genome inside of infected neuronal-like NGF-
PC12 cells was shown to be up to 30 days (Su et al,
2006).

The unusually long half-life of linear d120 genomes
in NGF-PC12 cells might be due to the follow-
ing reasons: 1, infected NGF-PC12 cells do not un-
dergo apoptosis; 2, relative less DNA degradative ac-
tivity in NGF-PC12 cells, as evidence by reduced
amounts of DNA repair as discussed in (Moxley et al,
2002).

Compared with KOS, d27-1, and d120 infected
cells, the amount of ICP8 accumulating in d120 in-
fected cells was the least, but detectable. Perhaps
a critical amount of ICP8 is needed for formation
of pre-replicative domains, and this amount is not
achieved in d120 infected cells. It is also possible
that lack of ICP4 expression in d120-infected Vero
cells contributes to the failure of formation of DNA
pre-replicative domains, since ICP4 protein is known
to be essential for the formation of viral DNA pre-
replicative domains.

Parenthetically, since ICP8 synthesis is thought
to require ICP4, it is not clear how ICP8 was
made in d120-infected Vero cells, since d120 does
not induce de novo synthesis of ICP4 in these
cells. We have found that ICP4 protein contained
within the d120 virion was predominately the trun-
cated form, with a small fraction of full-length
ICP4 protein, made from the complementary E5
cells (Su et al, 2006). It is possible that this small
amount of functional ICP4, derived from d120
virion, was sufficient to activate the expression
of ICP8 gene, although the level of expression is
limited.

Our work and that of others has shown that infec-
tion with ICP27 and ICP4 mutant viruses results in
apoptosis (Munger et al, 2001; Benetti et al, 2003;
Leopardi and Roizman, 1996; Aubert and Blaho,
1999). However, it is worth noting that the mecha-
nisms involved in induction of ICP27 and ICP4 mu-
tant mediated apoptosis may differ. For instance, in
the case of ICP27 mutants, de novo protein synthe-
sis appears to be necessary in Vero cells, but not in
HEp-2 cells. It was suggested (Nguyen et al, 2005)
that the induction of apoptosis in Vero cells infected
with another ICP27 deleted mutant strain (vBSd27)
is dependent upon de novo protein synthesis. In con-
trast, the apoptosis occurred in HEp-2 cells infected
with vBSd27 in the presence or absence of de novo
protein synthesis.

In addition to blocking or delaying the onset of
apoptosis in infected cells by encoding several anti-
apoptosis genes, this study has revealed additional
possible mechanisms by which viral genomes pro-
tect themselves from degradation challenges. This
could be achieved by the association with a pro-
tein complex or the formation of an endless genome
structure. More work is needed to determine if this
is a mechanism whereby d27-1, and more impor-
tantly, wild type virus genomes, protect themselves
from degradation during productive infection and
perhaps, even, latency.
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