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HEp-2 cells underwent apoptosis when the cells were incubated in medium containing sorbitol. Infection
with herpes simplex virus type 1 (HSV-1) prior to the sorbitol treatment suppressed this apoptosis completely,
indicating that HSV-1 carries an antiapoptosis gene. In addition, HSV-1 multiplication was restricted in these

apoptotic HEp-2 cells.

Apoptosis or programmed cell death (PCD) is one type of
animal cell death in which cells die by an active cellular process
under the genetic control of the cells (“death program”) (16).
Although many animal viruses are known to induce an apo-
ptotic response in infected cells (5, 23, 25), it has not been
known whether herpes simplex virus type 1 (HSV-1) could
induce apoptosis. Cells infected with wild-type HSV-1 do not
show the typical features of apoptosis, e.g., fragmentation of
chromosomal DNA into nucleosomal oligomers and charac-
teristic changes in the morphology of cell nuclei (16). However,
the lack of apoptosis in HSV-1-infected cells has been consid-
ered to be the result of a viral antiapoptosis gene which inhibits
some step in the cellular response toward apoptosis. This idea
is supported by the finding that mutant viruses which lack the
v34.5 gene induce PCD in infected human neuroblastoma cells
(1) or human foreskin cells (2). Although this mutant virus
could grow normally and does not induce PCD in Vero cells or
in HEp-2 cells (1), this result has been interpreted as the y34.5
gene product suppressing HSV-1-induced PCD in a cell type-
specific manner (1, 2). Later, this PCD by y34.5-deficient mu-
tant virus was found to be achieved by the phosphorylation of
eukaryotic translation initiation factor eIF-2a and premature
shutoff of protein synthesis (3).

The HEp-2 cell line was established from epidermoid carci-
noma tissue from the larynx of a male Caucasian (21). One of
us found that HEp-2 cells undergo apoptosis when the cells are
incubated in medium containing 1 M sorbitol (20a). To exam-
ine whether HSV-1 carries, other than the y34.5 gene, an
antiapoptosis gene which can suppress the apoptotic response
in infected cells, we characterized the effect of HSV-1 infection
on the induction of apoptotic DNA fragmentation in HEp-2
cells.

HEp-2 cells were grown in minimal essential medium with
Earle’s salts supplemented with 10% newborn bovine serum.
HSV-1 strain HF was used throughout the experiments except
those with y34.5 mutant viruses of strain F. HSV-1 strain F and
its derivatives [R3616, R4009, and HSV-1(F)R] were kindly
provided by B. Roizman (University of Chicago, Chicago, IlL.).
Virus infection was carried out by essentially the same proce-
dure as that described previously (18).

To determine the degree of DNA fragmentation, approxi-
mately 3 X 10° cells were incubated in medium containing 1 M
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sorbitol for 1 h at 37°C and then maintained in sorbitol-free
medium for 3 h. The medium was removed, and attached cells
were resuspended with 0.05% trypsin and added back to the
removed medium. Cells were pelleted at 2,000 X g for 20 s and
resuspended in 100 wl of phosphate-buffered saline. Frag-
mented DNA was extracted by the Hirt method (13), with
minor modifications. Briefly, the cell suspension was lysed by
adding 400 pl of TE buffer (10 mM Tris HCI [pH 7.4]—10 mM
EDTA) containing 0.6% sodium lauryl sulfate. The cell lysate
was gently mixed with 125 pl of 5 M NaCl and kept at 4°C
overnight. The mixture was centrifuged at 14,000 X g for 30
min, and the chromatin pellet was then removed. After treat-
ment with RNase and proteinase K, DNA in the supernatant
was precipitated with ethyl alcohol and resuspended in TE
buffer. Samples were analyzed for a nucleosomal DNA ladder
by electrophoresis on a 1.5% agarose gel. For quantitation of
chromosomal DNA extracted in the fragmented DNA fraction,
the cellular DNA was labeled with [*H]thymidine prior to
sorbitol treatment and the radioactivities in fractions of the
total and extracted DNA were determined as described previ-
ously (17). In HEp-2 cells, we usually found a considerable
amount (10 to 25% of the total DNA, depending on the ex-
periments) of chromosomal DNA extracted in the fragmented
DNA fraction regardless of sorbitol treatment.

To examine the morphology of cell nuclei, the cells grown
under a coverglass were fixed with methyl alcohol-acetic acid
(3:1) and stained for 10 min with DNA-binding dye Hoechst
33258 (0.05 pg/ml) by the method of McGarrity (20).

Sorbitol treatment and the induction of apoptosis. When
HEp-2 cells were treated with sorbitol at concentrations of
more than 0.8 M for 1 h, the cells underwent apoptosis (data
not shown). The characteristic fragmentation of chromosomal
DNA into nucleosomal oligomers could be detected within 30
min after treatment and became prominent with increased
time (Fig. 1). To determine the kinetics of increase in the
amount of chromosomal DNA extracted in the fragmented
DNA fraction, cellular DNA was labeled with [*H]thymidine
prior to the sorbitol treatment and the radioactivities in frac-
tions of the total and extracted DNA were determined. As
shown in Fig. 1, the amount of fragmented DNA increased
with time and reached the maximum level at approximately 1 h
after sorbitol treatment. The time course as well as the extent
of DNA fragmentation varied depending on cell physiology
(such as cell density).

Apoptosis has been characterized morphologically by cell
shrinkage and nuclear fragmentation as well as biochemically
by fragmentation of chromosomal DNA into nucleosomal oli-
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FIG. 1. DNA fragmentation in HEp-2 cells after sorbitol treatment. [*H]thymidine-labeled HEp-2 cells were incubated in medium containing 1 M sorbitol for 1 h.
The cells were then incubated in medium without reagent at 37°C. At the indicated intervals, fragmented DNA was extracted, precipitated, and analyzed in a 1.5%
agarose gel. For the quantitative analysis, the radioactivities in fractions of total and fragmented DNA were determined separately as described in the text.

gomers. Simultaneously with the progress of this DNA frag-
mentation, characteristic changes in the morphology of cells
and nuclei were observed in the sorbitol-treated cells. At 60
min after treatment, many cells showed a cell shrinkage and an
intense perinuclear chromatin condensation (Fig. 2). This sor-
bitol-induced apoptosis occurred even in the presence of cy-
cloheximide, an inhibitor of protein synthesis, indicating that
de novo protein synthesis is not necessary for the induction of
apoptosis by sorbitol (18a).

The rate of induction was delayed if the cells were main-
tained continuously in medium containing sorbitol. The DNA
degradation started gradually, increased less steeply, and
reached a plateau upon incubation of the cells for 3 h. In the

following experiments, we harvested the cells at 3 h posttreat-
ment with sorbitol, although we usually treated the cells with
sorbitol for 1 h and then incubated the treated cells in a
reagent-free medium.

Suppression of DNA fragmentation by infection with HSV-1.
When HEp-2 cells were infected with HSV-1 prior to sorbitol
treatment, the fragmentation of chromosomal DNA was sup-
pressed. As shown in Fig. 3A, HEp-2 cells treated with sorbitol
immediately after virus infection showed a level of DNA frag-
mentation similar to that of the uninfected cells treated with
sorbitol (control 1), but the degree of chromosomal DNA
fragmentation decreased when the cells were treated with sor-
bitol at later stages of infection and reached a basal level

FIG. 2. Morphology of the sorbitol-treated cell nuclei. HEp-2 cells were incubated without sorbitol treatment (A) or were treated with sorbitol as described in the

legend to Fig. 1 and incubated for 60 min in medium without reagent (B).
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FIG. 3. Effect of HSV-1 infection on DNA fragmentation in sorbitol-treated
(A) and untreated (B) HEp-2 cells. [*H]thymidine-labeled HEp-2 cells were
infected with HSV-1 HF at a multiplicity of infection of 10. At the indicated
times after infection, one group of infected cells was treated with 1 M sorbitol for
1 h, followed by incubation in reagent-free medium for 3 h (A). The other group
of cells was kept incubated without sorbitol treatment (B). Cells were harvested,
and relative amounts of fragmented DNA to total cellular DNA were deter-
mined as described in the text. In parallel, an oligonucleosomal ladder was
detected in a 1.5% agarose gel. Control 1, the value of uninfected cells treated
with sorbitol; control 2, that without sorbitol treatment.
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(control 2) after treatment at 5 h postinfection (p.i.). After 5 h
p.i., the sorbitol treatment did not affect the stability of chro-
mosomal DNA.

In agreement with the results in the quantitative analysis, an
oligonucleosomal DNA ladder created by agarose-gel electro-
phoresis disappeared upon infection; the sorbitol treatment
immediately after the infection did not affect the observed
DNA ladder, but upon sorbitol treatment at increased times
after infection, the DNA ladder became less clear and was
absent at later stages of the infection (Fig. 3A). These results
indicated that HSV-1 has an antiapoptosis gene which sup-
presses apoptosis induced in sorbitol-treated HEp-2 cells. Al-
though we are not aware of the mechanism of induction of
apoptosis in sorbitol-treated HEp-2 cells, this gene likely works
as the presumed antiapoptosis gene against virus-induced ap-
optosis in HEp-2 cells.
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FIG. 4. Effect of PAA (A) or mutation in the y34.5 gene (B) on sorbitol-
induced DNA fragmentation. See the legend to Fig. 3 for details. In the exper-
iment shown in panel A, infection and sorbitol treatment were carried out in the
presence (200 wg/ml) or absence of PAA. In the experiment shown in panel B,
two y34.5 mutant viruses (R3616 and R4009) and their repair virus HSV-1(F)R
were infected instead of HSV-1 HF. (—), cells without sorbitol treatment.
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In addition, infection with HSV-1 itself did not induce apo-
potic DNA fragmentation in HEp-2 cells (Fig. 3B). Without
sorbitol treatment, the amount of fragmented DNA in infected
cells remained below the level of that of uninfected cells (con-
trol 2) and no DNA ladder was observed in the sample at any
time after infection. Even at 16 h p.i.,, a DNA ladder was not
observed in HSV-1-infected cells (18a).

Expression of HSV-1 genes is regulated temporally (15), and
one class of genes ('y genes) is expressed maximally after the
onset of viral DNA replication (14). To characterize the nature
of the antiapoptosis gene, we examined the effect of phospho-
noacetic acid (PAA) on the expression of this gene. This re-
agent is known to inhibit viral DNA replication, but as shown
in Fig. 4A, the addition of PAA did not affect the virus’s ability
to suppress DNA fragmentation. The kinetics of expression
(Fig. 3A) as well as the fact that expression was not affected by
the inhibition of viral DNA replication (Fig. 4A) suggest that
this antiapoptosis gene is regulated as an early (« or B) gene.

Suppression by y34.5 mutant viruses. Previously Chou and
Roizman indicated that the y34.5 gene product plays an essen-
tial role in the prevention of programmed cell death in neu-
roblastoma cells (1) or in human foreskin fibroblasts (2). To
test whether the y34.5 gene is responsible for the observed
suppression of sorbitol-induced apoptosis in HEp-2 cells, we
examined the ability of two y34.5-deficient mutant viruses to
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FIG. 5. One-step growth curve of HSV-1 HF in sorbitol-treated cells. HEp-2
cells, preincubated in medium containing 1 M sorbitol for 1 h at 37°C, were
infected with HSV-1 HF at a multiplicity of infection of 10. At the indicated
intervals, the amounts of progeny virus were determined.

suppress apoptosis. R3616 mutant virus has a deletion of 1 kb
of the coding domain of the y34.5 gene, and R4009 mutant
virus has a stop codon inserted at amino acid 28 in the N-
terminal region of the y34.5 open reading frame (1). As shown
in Fig. 4B, the y34.5-deficient virus (R3616 or R4009) could
suppress fragmentation as efficiently as the repair virus HSV-
1(F)R, indicating that a gene(s) different from the y34.5 gene
is responsible for the observed suppression of the apoptotic
response in sorbitol-treated HEp-2 cells.

During the preparation of this article, Leopardi and Roiz-
man (19) reported that the product of the HSV-1 ICP4 gene
could suppress apoptosis of Vero cells. This apoptosis was
induced by incubating cells at 39.5°C for 30 h and was accom-
panied by the typical characteristics of apoptosis, like those of
the sorbitol-induced apoptosis. It should be noteworthy that
the cell death induced by infection of y34.5-deficient mutant
virus is not accompanied by the typical characteristics of apo-
ptosis, suggesting that the mode of action of the y34.5 gene
product is different from that of the ICP4 gene product. Their
findings are in good agreement with the results shown here and
suggest that the viral antiapoptosis gene described in this com-
munication is the ICP4 gene. In addition, these two indepen-
dent studies concertedly support the idea that cells of some
types induce, by sorbitol or by hyperthermia, apoptotic cell
death as a stress response and that HSV-1 carries a gene which
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can protect infected cells against stress-induced cell death by a
mechanism different from that of the y34.5 gene.

Multiplication of HSV-1 in apoptotic cells. To understand
the role of the antiapoptosis gene in the life cycle of the virus,
the effect of apoptosis on the multiplication of HSV-1 was
examined. When HEp-2 cells were preincubated in medium
containing sorbitol before infection, virus yields decreased no-
ticeably with increasing concentrations of the reagent (data not
shown). Under these conditions, viral adsorption was not af-
fected as severely as virus yield, because, when the amount of
adsorbed virus was compared with that of the control un-
treated cells, about 70% of the virus adsorbed to the cells
treated with 1 M sorbitol (18a).

Figure 5 shows one-step growth curves of the virus in sorbi-
tol-treated and untreated cells. In treated cells, the virus could
grow but with a much longer eclipse period and smaller burst
size. These results indicate that the multiplication of HSV-1 is
sensitive to apoptosis, although not completely abolished.

The results presented in this report, together with those
described by Leopardi and Roizman (19), imply that HSV-1
carries a pair of specialized genes (y34.5 and ICP4) which
suppress apoptosis in a cell type-specific manner. The involve-
ment of multiple genes in antiapoptotic activities was appar-
ently observed in common in large DNA viruses (23). Epstein-
Barr virus, another member of the human herpesvirus family,
is known to have two antiapoptosis genes, LMP1 and BHRF1
(11, 12). Adenovirus also produces multiple viral polypeptides
(E1B-19K, E1B-55K, E3-14.7K, and E3-10.4K/14.5K) which
are involved in the suppression of apoptosis (6-8, 10, 22, 24,
25). Although the significance of virus-induced apoptosis as
well as these viral antiapoptosis genes has not yet been deter-
mined, the common presence of multiple antiapoptosis genes
in the viral genome strongly suggests the importance of this
activity in the viral life cycle and is consistent with the proposed
role of the apoptotic response in the host defense mechanism
(4,5, 23). As a mechanism for maintaining viral multiplication,
the viruses have evolved the antiapoptosis genes to prevent the
induction of apoptosis in infected cells. The observation that
multiplication of HSV-1 was suppressed in apoptotic HEp-2
cells (Fig. 5) also agrees with this hypothesis.

We thank Bernard Roizman for his gift of y34.5 mutant viruses and
Yasuhiro Fujiye for technical assistance.

REFERENCES

1. Chou, J., and B. Roizman. 1992. The y34.5 gene of herpes simplex virus 1
precludes neuroblastoma cells from triggering total shut off of protein syn-
thesis characteristics of programmed cell death in neuronal cells. Proc. Natl.
Acad. Sci. USA 89:3266-3270.

2. Chou, J., A. P. W. Poon, J. Johnson, and B. Roizman. 1994. Differential
response of human cells to deletions and stop codons in the y34.5 gene of
herpes simplex virus. J. Virol. 68:8304-8311.

3. Chou, J., and B. Roizman. 1995. Association of a Mr 90,000 phosphoprotein
with protein kinase PKR in cells exhibiting enhanced phosphorylation of
translation initiation factor eIF-2« and premature shutoff of protein synthe-
sis after infection with y;34.5™ mutants of herpes simplex virus 1. Proc. Natl.
Acad. Sci. USA 92:10516-10520.

4. Clem, R. J., and L. K. Miller. 1993. Apoptosis reduces both the in vitro
replication and the in vivo infectivity of baculovirus. J. Virol. 67:3730-3738.

5. Clem, R. J., and L. K. Miller. 1994. Induction and inhibition of apoptosis by
insect viruses, p. 89-110. In L. D. Tomei and F. O. Cope (ed.), Apoptosis: the
molecular basis of cell death. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

6. Gooding, L. R., L. W. Elmore, A. E. Tollefson, H. A. Brady, and W. S. M.
Wold. 1988. A 14,700 MW protein from E3 region of adenovirus inhibits
cytolysis by tumor necrosis factor. Cell 53:341-346.

7. Gooding, L. R., L. Aquino, P. Duerksen-Hughes, D. Day, T. M. Horton, S.
Yei, and W. S. M. Wold. 1991. The E1B 19,000-molecular-weight protein of
group C adenovirus prevents tumor necrosis factor cytolysis of human cells
but not of mouse cells. J. Virol. 65:3083-3094.

8. Gooding, L. R., T. S. Ranheim, A. E. Tollefson, L. Aquino, P. Duerksen-
Hughes, T. M. Horton, and W. S. M. Wold. 1991. The 10,400- and 14,500-



VoL. 71, 1997

10.

=]

11.

12.

13.

14.

15.

16.

dalton proteins encoded by region E3 of adenovirus function together to
protect many but not all mouse cell lines against lysis by tumor necrosis
factor. J. Virol. 65:4114-4123.

. Gregory, C. D., C. Dive, S. Henderson, C. A. Smith, G. T. Williams, J.

Gordon, and A. B. Rickinson. 1991. Activation of Epstein-Barr virus latent
genes protects human B cells from death by apoptosis. Nature 349:612-614
Hashimoto, S., A. Ishii, and S. Yonehara. 1991. The Elb oncogene of
adenovirus confers cellular resistance to cytotoxity of tumor necrosis factor
and monoclonal anti-Fas antibody. Int. Immunol. 3:343-351.

Henderson, S., M. Rowe, C. Gregory, D. Croom-Carter, F. Wang, R. Long-
necker, E. Kieff, and A. Rickinson. 1991. Induction of bcl-2 expression by
Epstein-Barr virus latent membrane protein 1 protects infected B cells from
programmed cell death. Cell 65:1107-1115.

Henderson, S., D. Huen, M. Rowe, C. Dawson, G. Johnson, and A. Rickin-
son. 1993. Epstein-Barr virus-encoded BHRF1 protein, a viral homologue of
Bcl-2, protects human B cells from programmed cell death. Proc. Natl. Acad.
Sci. USA 90:8479-8483.

Hirt, B. 1967. Selective extraction of polyoma DNA from infected mouse cell
culture. J. Mol. Biol. 26:365-369.

Holland, L. E., K. P. Anderson, C. Shipman, and E. K. Wagner. 1980. Viral
DNA synthesis is required for the efficient expression of specific herpes virus
type 1 mRNA species. Virology 101:10-24.

Honess, R. W., and B. Roizman. 1974. Regulation of herpesvirus macromo-
lecular synthesis. I. Cascade regulation of the synthesis of three groups of
viral proteins. J. Virol. 14:8-19..

Kerr, J. F. R., and B. V. Harmon. 1991. Definition and incidence of apopto-
sis: an historical perspective, p. 5-29. In L. D. Tomei and F. O. Cope (ed.),
Apoptosis: the molecular basis of cell death. Cold Spring Harbor Laboratory,

17.

18.

NOTES 2571

Cold Spring Harbor, N.Y.

Koyama, A. H. 1995. Induction of apoptotic DNA fragmentation by the
infection of vesicular stomatitis virus. Virus Res. 37:285-290.

Koyama, A. H., and T. Uchida. 1994. Inhibition by brefeldin A of the
envelopment of nucleocapsids in herpes simplex virus type 1-infected Vero
cells. Arch. Virol. 135:305-317.

18a.Koyama, A. H. Unpublished data.

19.

20.

Leopardi, R., and B. Roizman. 1996. The herpes simplex virus major regu-
latory protein ICP4 blocks apoptosis induced by the virus or by hyperther-
mia. Proc. Natl. Acad. Sci. USA 93:9583-9587.

McGarrity, G. J. 1979. Detection of contamination. Methods Enzymol. 58:
18-29.

20a.Miwa, Y. Unpublished data.

21.

22.

23.

24.

25.

Moore, A. E., L. Sabachewsky, and H. W. Toolan. 1955. Culture character-
istics of four permanent lines of human cancer cells. Cancer Res. 15:598-602.
Pidler, S., J. Logan, and T. Shenk. 1984. Deletion of the gene encoding the
adenovirus 5 early region 1B 21,000-molecular-weight polypeptide leads to
degradation of viral and host cell DNA. J. Virol. 52:664-671.

Shen, Y., and T. E. Shenk. 1995. Viruses and apoptosis. Curr. Opin. Genet.
Dev. 5:105-111.

White, E., P. Sabbatini, M. Debbas, W. S. M. Wold, D. J. Kusher, and L.
Gooding. 1992. The 19-kilodalton adenovirus E1B transforming protein in-
hibits programmed cell death and prevents cytolysis by tumor necrosis factor
a. Mol. Cell. Biol. 12:2570-2580.

White, E., and L. R. Gooding. 1994. Regulation of apoptosis by human
adenoviruses, p. 111-141. In L. D. Tomei and F. O. Cope, (ed.), Apoptosis:
the molecular basis of cell death. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.



