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Vesicular stomatitis virus (VSV) is a potent inducer of apoptosis in host cells. Recently, it has been shown
that two VSV products are involved in the induction of apoptosis, the matrix (M) protein, and another viral
product that has yet to be identified (S. A. Kopecky et. al., J. Virol. 75:12169-12181, 2001). Comparison of
recombinant viruses containing wild-type (wt) or mutant M proteins showed that wt M protein accelerates
VSV-induced apoptosis in HeLa cells, while wt M protein delays apoptosis in VSV-infected BHK cells. Our
hypothesis to explain these results is that both effects of M protein are due to the ability of M protein to inhibit
host gene expression. This hypothesis was tested by infecting cells with an M protein mutant virus defective in
the inhibition of host gene expression (rM51R-M virus) in the presence or absence of actinomycin D, another
inhibitor of host gene expression. Actinomycin D accelerated induction of apoptosis of HeLa cells infected with
rM51R-M virus and delayed apoptosis in BHK cells infected with rM51R-M virus, similar to the effects of wt
M protein. The idea that the induction of apoptosis by M protein in HeLa cells is due to its ability to inhibit
host gene expression was further tested by comparing the activation of upstream caspase pathways by M
protein versus that by actinomycin D or 5,6-dichlorobenzimidazole riboside (DRB). Expression of M protein
activated both caspase-8 and caspase-9-like enzymes, as did treatment with actinomycin D or DRB. Induction
of apoptosis by M protein, actinomycin D, and DRB was inhibited in stably transfected HeLa cell lines that
overexpress Bcl-2, an antiapoptotic protein that inhibits the caspase-9 pathway. A synthetic inhibitor of
caspase-8, Z-IETD-FMK, did not inhibit induction of apoptosis by M protein, actinomycin D, or DRB. Taken
together, our data support the hypothesis that the induction of apoptosis by M protein is caused by the
inhibition of host gene expression and that the caspase-9 pathway is more important than the caspase-8
pathway for the induction of apoptosis by M protein and other inhibitors of host gene expression.

Infection with many viruses causes death of host cells by
inducing apoptosis. An important element in understanding
viral pathogenesis is determining which products of viral infec-
tion induce apoptosis in host cells and their mechanisms of
action. Vesicular stomatitis virus (VSV), the prototype rhab-
dovirus, was one of the early viruses shown to induce apoptosis
(25). Our laboratory has recently demonstrated that at least
two products of viral infection contribute to the induction of
apoptosis in VSV-infected cells (24). One of these products is
the viral matrix (M) protein, and the other product has yet to
be identified. M protein induces apoptosis in transfected cells
in the absence of other viral products. However, in the context
of a virus infection, M protein has contrasting effects on VSV-
induced apoptosis, depending on the cell type. This was shown
by using isogenic recombinant viruses containing either wild-
type (wt) or mutant M proteins. In HeLa cells, the M protein
mutant virus induces apoptosis more slowly than the recombi-
nant wt virus (rwt virus) indicating that wt M protein acceler-
ates apoptosis induced by VSV in HeLa cells. In contrast, the
M protein mutant virus induces apoptosis more rapidly than
rwt virus in BHK cells, indicating that a product of viral infec-

tion other than M protein contributes to the induction of
apoptosis in BHK cells and that wt M protein delays apoptosis
in BHK cells infected with VSV (24). The goal of the experi-
ments presented here was to determine how M protein has
these contrasting effects in HeLa and BHK cells.

M protein is a structural component of the virion and has
multiple roles in viral assembly and cytopathogenesis. Expres-
sion of M protein in the absence of other products of viral
infection causes many of the same cellular effects as infection
with VSV. For example, the inhibition of host gene expression,
which is characteristic of VSV infection, has been shown to be
caused by M protein (9, 10, 16, 31). M protein inhibits tran-
scription by all three host RNA polymerases in the absence of
other viral products (2). In the case of host RNA polymerase
II, the target of the inhibition was identified as the transcrip-
tion factor TFIID (39, 40). M protein also blocks nucleocyto-
plasmic transport of RNAs and proteins (21). M protein-in-
duced inhibition of nucleocytoplasmic transport appears to be
caused by its interaction with one or more nuclear pore com-
ponents, including the nucleoporin Nup98 (32, 37).

M protein mutants demonstrate that the viral assembly func-
tions of M protein are genetically separable from its cytopathic
functions (10, 28). For example, an M protein mutant in which
methionine 51 is substituted for by arginine (M51R) is defec-
tive in the inhibition of host gene expression but is fully func-
tional in viral assembly. In contrast, other M protein mutants
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are defective in the viral assembly functions but inhibit host
gene expression as effectively as wt M protein. The ability of M
protein to induce apoptosis is genetically correlated with the
ability to inhibit host gene expression (24). This genetic corre-
lation suggests that apoptosis induced by M protein may be
caused by the inhibition of host gene expression.

The goal of the experiments presented here was to test the
hypothesis that both the M protein-induced acceleration in
HeLa cells and delay in BHK cells during VSV-induced apo-
ptosis are due to the inhibition of host gene expression. Ac-
cording to this hypothesis, there is a fundamental difference in
the induction of apoptosis in HeLa cells compared with that in
BHK cells. In our hypothesis, HeLa cells do not require new
host gene expression for the induction of apoptosis. In con-
trast, BHK cells do require new host gene expression for the
induction of apoptosis, and the inhibition of host gene expres-
sion would be expected to delay VSV-induced apoptosis. Thus,
the inhibition of host gene expression by M protein has differ-
ent effects on VSV-induced apoptosis in the two different cell
types, depending on the requirement for host gene expression
in apoptosis. This hypothesis was tested by determining
whether two pharmacologic inhibitors of host gene expression,
actinomycin D and 5,6-dichlorobenzimidazole riboside (DRB),
affect the induction of apoptosis by VSV similar to wt M
protein. HeLa cells infected with an M51R M protein mutant
virus in the presence of actinomycin D entered apoptosis at a
rate similar to that of cells infected with rwt virus, supporting
our hypothesis that the inhibition of host gene expression ac-
celerates apoptosis in HeLa cells infected with VSV. In BHK
cells infected with M51R M protein mutant virus in the pres-
ence of actinomycin D, apoptosis was delayed, supporting our
hypothesis that the inhibition of host gene expression delays
apoptosis in BHK cells infected with VSV. It was also deter-
mined that the caspase-9 pathway is more important than the
caspase-8 pathway for apoptosis induced by M protein, similar
to the pharmacologic inhibitors of host gene expression, pro-
viding further support for the hypothesis that the induction of
apoptosis by M protein is caused by the inhibition of host gene
expression.

MATERIALS AND METHODS

Viruses and cells. The recombinant viruses rwt and r-M51R-M were isolated
from cDNA clones and grown as previously described (24). BHK cells and HeLa
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS). For individual experiments, infections were
performed with a multiplicity of infection of 20 PFU per cell in DMEM con-
taining 2% FBS. Stable HeLa–Bcl-2 cells were generated by transfecting HeLa
cells with the h-Bcl-2 pcDNA3 plasmid (gift of Zheng Cui), which contains a
human Bcl-2 gene driven by the cytomegalovirus (CMV) immediate-early pro-
moter and a neomycin drug resistance marker. After 24 h, the transfected cells
were split at low densities in selection medium containing G418 to promote the
formation of colonies that contained the h-Bcl-2 pcDNA3 plasmid. Individual
colonies selected for G418 resistance were harvested and screened for overex-
pression of Bcl-2 by Western blotting. HeLa empty vector cells were generated
by transfection with pcDNA3 plasmid, and individual colonies were screened for
drug resistance.

Expression of M protein in transfected cells. M mRNA was generated by in
vitro transcription with a plasmid DNA template encoding M protein as previ-
ously described by using a commercial kit (Message Machine, Ambion, Inc.) (8).
The resulting mRNAs contained 5� caps and 3� poly(A) sequences that enhance
expression in transfected cells. Cells were grown in 24-well plates to about 50%
confluence and transfected with 30 ng of M mRNA or with yeast RNA as a
negative control. The total amount of RNA transfected was held constant at 300

ng in all samples with the addition of yeast RNA. The transfections were per-
formed with Lipofectin reagent as previously described (8).

The transfection efficiencies of the HeLa–Bcl-2 cells and the HeLa-empty
vector cells were compared to that of HeLa cells by transfecting enhanced green
fluorescence protein mRNA and analyzing the cells by flow cytometry as de-
scribed previously (24). The transfection efficiencies were nearly identical for all
of the cell lines. The amount of M protein expression after transfection with M
mRNA was determined by Western blotting with the 23H12 anti-M protein
monoclonal antibody as described previously (34). The M protein expression
levels were nearly identical for all of the cell lines.

Time-lapse microscopy. BHK and HeLa cells were grown to about 50% con-
fluency in 25-cm-diameter flasks, infected with rwt virus or rM51R-M virus,
and/or treated with 5 �g of actinomycin D per ml (Sigma-Aldrich Co.). The flask
was placed on a rocker for 30 min at room temperature and then placed on the
stage of a Zeiss Axiovert inverted phase-contrast time-lapse microscopy system
equipped with an incubator containing an atmosphere of 5% CO2 and at a
temperature of 37°C as previously described (12). The progression of the cells
was observed by phase-contrast time-lapse microscopy with a Dage MTI-100
video camera affixed to the microscope at a time-lapse ratio of 600:1. The time
that each of 80 to 120 cells entered apoptosis was determined from a time-date
generator record on the videotape.

Caspase activity assays. HeLa or BHK cells were grown in 24-well plates to
about 50% confluency. Cells were either infected with recombinant viruses,
transfected with M mRNA, or treated with actinomycin D, 25 �g of DRB per ml
(Sigma-Aldrich Co.), or 50 ng of TRAIL per ml (R&D Systems, Inc.) as indi-
cated in the figure legends. Duplicate wells were lysed, and caspase activity was
determined with fluorogenic substrates for caspase-3 (DVED-AFC; R&D Sys-
tems, Inc.), caspase-8 (IETD-AFC; R&D Systems, Inc.), and caspase-9 (LEHD-
AFC; R&D Systems, Inc.) according to the protocol supplied by the manufac-
turer. Each sample was incubated for 2 h with the peptide substrate, and the
reaction was stopped by the addition of 900 �l of 10 mM Tris–10 mM NaCl (pH
8.1). Fluorescence intensities were measured at excitation and emission wave-
lengths of 400 and 490 nm, respectively. Duplicate samples were used for a Lowry
assay to determine protein concentration. The cells were lysed with phosphate-
buffered saline containing 0.1% sodium dodecyl sulfate (SDS), and a Lowry assay
was performed.

MTT assay. The HeLa cell lines were grown in 96-well plates to about 50%
confluency. Cells were either transfected with M mRNA or treated with actino-
mycin D or DRB for 30 h. Samples were prepared in triplicate according to the
protocol supplied by the manufacturer. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide) labeling reagent (Roche) was added to each well
for 4 h, and the reaction was stopped with the addition of a solubilization solution
supplied by the manufacturer. The plates were incubated overnight at 37°C. The
absorbance of the samples was measured with an enzyme-linked immunosorbent
assay (ELISA) plate reader at a wavelength of 540 nm.

Quantitation of M protein levels. The indicated HeLa cell lines were infected
with rwt virus or rM51R-M virus for 12 h. At the start of infection, cells were
labeled continuously throughout infection with DMEM containing 100 �Ci of
[35S]methionine per ml. Cells were solubilized with 0.5 ml of 2% SDS disruption
buffer. The DNA in the samples was sheared in a syringe with a 26-gauge needle,
and equal amount of proteins were resolved by SDS-polyacrylamide gel electro-
phoresis (PAGE) on 10% polyacrylamide gels. The gels were fixed, dried, and
analyzed by phosphorescence imaging. The radioactivity of the M protein bands
was quantified with ImageQuant software (Molecular Dynamics, Inc.) as de-
scribed previously (24).

Caspase-8 inhibitor. HeLa cells were grown in 24-well plates to about 50%
confluency. Cells were pretreated for 1 h with a synthetic inhibitor of caspase-8
(Z-IETD-FMK; R&D Systems, Inc.) at the indicated concentrations. Cells were
either transfected with M mRNA for 30 h, treated with actinomycin D or DRB
for 30 h, or treated with TRAIL (R&D Systems, Inc.) for 6 h. Cells that were
transfected with M mRNA were treated with the caspase-8 inhibitor at the time
of the addition of the mRNA-Lipofectin mixture. Images of the cells were
captured by phase-contrast microscopy with a �20 objective. Between 300 and
700 cells in five representative images for each sample were scored as being
either round or flat for each experiment. The criteria for evaluation of cell
rounding were described previously (28).

RESULTS

Actinomycin D compensates for effects of M protein muta-
tion on VSV-induced apoptosis. Our previous results indicated
that the effects of M protein mutation on the induction of
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apoptosis by VSV differ markedly between HeLa cells and
BHK cells (24). Our hypothesis is that both the delay in apo-
ptosis in HeLa cells and the acceleration of apoptosis in BHK
cells infected with M protein mutant virus are due to the
inability of the mutant M protein to inhibit host gene expres-
sion. The requirement for new host gene expression in order to
undergo apoptosis in response to VSV infection in HeLa ver-
sus BHK cells was tested by infecting cells with an M protein
mutant virus (rM51R-M virus) in the presence or absence of
actinomycin D (Fig. 1). The rM51R-M virus is a recombinant
virus that contains a substitution of arginine for methionine at
position 51 of the 229-amino-acid M protein, and the rwt virus
is the isogenic recombinant wild-type virus control. The M51R
mutation renders the M protein defective in its ability to inhibit
host gene expression, but the mutant M protein is fully func-
tional in viral assembly. Host RNA synthesis was inhibited
after infection with rwt virus or treatment with actinomycin D
as measured by [3H]uridine incorporation (2a). However, ac-
tinomycin D inhibited host RNA synthesis more quickly and to
a greater extent than rwt virus. After treatment for 2 h with
actinomycin D, host RNA synthesis was less than 1% of mock-
treated cells, while host RNA synthesis was 12% of mock-
infected control cells after infection with rwt virus for 4 h. In
contrast, host RNA synthesis was still 80% of mock-infected
control cells after infection with rM51R-M virus for 4 h.

HeLa cells (Fig. 1A) or BHK cells (Fig. 1B) were infected

with rM51R-M virus in the presence or absence of 5 �g of
actinomycin D per ml. Cells were infected with rwt virus or
treated with 5 �g of actinomycin D per ml alone as controls.
This concentration of actinomycin D was used because it had
previously been shown to effectively inhibit host RNA synthesis
while having little if any effect on viral RNA synthesis (1).
Time-lapse microscopy was used to determine the timing of
morphological changes associated with the induction of apo-
ptosis. Cells undergoing apoptosis proceed through a charac-
teristic sequence of morphological changes beginning with cell
rounding, followed by membrane blebbing and cell shrinkage,
and ultimately concluding in cell membrane rupture. The time
that each of 80 to 120 cells in the field began membrane
blebbing was determined from the time-date record on the
videotape. The onset of membrane blebbing was chosen as the
criterion for the time of entry into apoptosis, because mem-
brane blebbing occurs in cells undergoing apoptosis but not
necrosis. The data were expressed as the cumulative percent-
age of cells that had entered apoptosis as a function of time
postinfection.

HeLa cells infected with rM51R-M virus (Fig. 1A) entered
apoptosis more slowly than cells infected with rwt virus as
reported previously. It was also shown previously that the
M51R mutation does not decrease M protein expression. In
fact, rM51R-M virus synthesizes more M protein than rwt virus
at later times postinfection (24). Therefore, the reduction in
apoptosis observed in cells infected with rM51R-M virus is not
due to differences in levels of M protein expression. HeLa cells
infected with rM51R-M virus in the presence of actinomycin D
(Fig. 1A) entered apoptosis at a rate similar to that of cells
infected with rwt virus or treated with actinomycin D alone
(Fig. 1A). These results support our hypothesis that the inhi-
bition of host gene expression accelerates apoptosis in HeLa
cells infected with VSV.

Results from similar experiments performed with BHK cells
contrast markedly with those obtained with HeLa cells. BHK
cells infected with rM51R-M virus (Fig. 1B) entered apoptosis
more rapidly than cells infected with rwt virus. Since the M51R
M protein is defective in the ability to induce apoptosis, these
results indicate that another product of viral infection is the
main inducer of apoptosis in BHK cells and that the effect of
wt M protein is to delay apoptosis induced by this other viral
product in most BHK cells. These results were also similar to
our previously published results (24). However, when BHK
cells were infected with rM51R-M virus in the presence of
actinomycin D (Fig. 1B), apoptosis was delayed, similar to the
induction of apoptosis by rwt virus or actinomycin D alone.
This result supports our hypothesis that the inhibition of host
gene expression delays apoptosis in BHK cells infected with
VSV.

The differences in the timing of induction of apoptosis in-
duced by rM51R-M virus with or without the addition of acti-
nomycin D were confirmed by assaying the activity of caspase-3
(Fig. 2). HeLa cells (Fig. 2A) or BHK cells (Fig. 2B) were
either uninfected (U) or were infected with rwt or rM51R-M
viruses in the presence or absence of actinomycin D. Another
inhibitor of host gene expression, DRB, a nucleoside analog,
was also tested to determine whether it would also influence
the induction of apoptosis by VSV similar to actinomycin D.
DRB was used at a concentration of 25 �g/ml because this

FIG. 1. M protein and actinomycin D have similar effects on VSV-
induced apoptosis. HeLa cells (A) or BHK cells (B) were infected with
rwt virus (solid squares), rM51R-M virus (open circles), or rM51R-M
virus and treated with actinomycin D (solid circles) or were treated
with actinomycin D alone (solid triangles) and then analyzed by phase-
contrast time-lapse microscopy. The time that each of 80 to 120 cells
entered apoptosis was determined by the onset of membrane blebbing
from the time-date record on the videotape. The data shown are the
cumulative percentage of cells entering apoptosis as a function of time
(hours) postinfection. The data represent an average of two experi-
ments.
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concentration had previously been shown to effectively inhibit
host gene expression (26, 41). HeLa cells were infected for 12
or 18 h (Fig. 2A), while BHK cells were infected for 20 or 30
h (Fig. 2B) to reflect the difference in the timing of apoptosis
in the two cell types. Cell lysates were prepared, and caspase-3
activity was determined by adding a fluorogenic substrate.

In HeLa cells, rwt virus induced more caspase-3 activation
than rM51R-M virus at both times postinfection (Fig. 2A).
These results support the conclusion that wt M protein accel-
erates apoptosis in HeLa cells, similar to the results obtained
with time-lapse microscopy (Fig. 1). HeLa cells infected with
rM51R-M virus in the presence of actinomycin D or DRB
activated more caspase-3 than HeLa cells infected with
rM51R-M virus alone. These results are similar to the time-
lapse microscopy results (Fig. 1) and support the conclusion
that the inhibition of host gene expression accelerates apopto-
sis in HeLa cells infected with VSV.

In BHK cells, rM51R-M virus induced more caspase-3 acti-
vation than rwt virus at both times postinfection (Fig. 2B).

These results support the conclusion that wt M protein delays
apoptosis in BHK cells, similar to the results obtained with
time-lapse microscopy (Fig. 1). BHK cells infected with
rM51R-M virus in the presence of actinomycin D or DRB
activated less caspase-3 than BHK cells infected with
rM51R-M alone, similar to the time-lapse microscopy results
(Fig. 1). This result supports our hypothesis that the inhibition
of host gene expression delays apoptosis in BHK cells infected
with VSV. Taken together, the results in Fig. 1 and 2 show that
pharmacologic inhibitors of host RNA synthesis enhance apo-
ptosis in HeLa cells and delay apoptosis in BHK cells in a
manner similar to wt M protein.

Bcl-2 inhibits the induction of apoptosis by M protein, ac-
tinomycin D, or DRB. We had previously shown that wt M
protein induces apoptosis in the absence of other products of
viral infection in both BHK and HeLa cells. The M51R M
protein mutant is defective in the inhibition of host gene ex-
pression and is also defective in the induction of apoptosis.
This result supports the idea that the induction of apoptosis by
M protein is due to its ability to inhibit host gene expression.
This hypothesis was further tested by comparing the caspase
pathways activated by M protein to the caspase pathways ac-
tivated by the pharmacologic inhibitors of host gene expres-
sion, actinomycin D and DRB. Inhibitors of the upstream
caspases, caspase-8 and -9, were used to determine which
caspase pathways were important for the induction of apopto-
sis by M protein and other inhibitors of host gene expression.
Even though the molecular targets for actinomycin D and
DRB are different, it was expected that these inhibitors of host
RNA synthesis would induce apoptosis through the activation
of the caspase-9 pathway, since that pathway is typically acti-
vated by internal cellular damage or stress. Therefore, if M
protein induces apoptosis by inhibiting host gene expression,
the same caspase pathways should be activated as those in cells
treated with actinomycin D or DRB.

To determine whether the caspase-9 pathway is important
for apoptosis induced by M protein, actinomycin D, or DRB,
HeLa cell lines that stably overexpressed the antiapoptotic
host protein Bcl-2 were isolated. Bcl-2 has been shown to
preferentially inhibit the caspase-9 pathway (4). The HeLa–
Bcl-2 cell lines were generated by transfection with plasmid
DNA encoding Bcl-2 under control of the CMV immediate-
early promoter, followed by antibiotic selection. The overex-
pression of Bcl-2 in these cell lines was confirmed by Western
blot analysis (data not shown). The original HeLa cells, control
HeLa cells stably transfected with the empty vector, or HeLa–
Bcl-2 cells were either transfected with M mRNA (Fig. 3A) or
treated with actinomycin D (Fig. 3B) or DRB (Fig. 3C). The
induction of apoptosis was quantified by assaying the activity of
the downstream caspase, caspase-3. At the indicated times, cell
lysates were prepared, and the amount of apoptosis was deter-
mined by assaying caspase activity with a fluorogenic caspase-3
substrate. Expression of M protein induced a substantial
amount of caspase-3 activity in HeLa cells (Fig. 3A) and HeLa-
empty vector cells, indicating that M protein induced apoptosis
in both cell types. However, expression of M protein induced
much less caspase-3 activation in HeLa–Bcl-2 cells. These re-
sults were not due to effects of Bcl-2 on transfection efficiency
or M protein expression, since the percentage of cells trans-

FIG. 2. M protein and other inhibitors of host gene expression have
similar effects on VSV-induced caspase-3 activation. HeLa cells (A) or
BHK cells (B) were untreated (U), infected with rwt virus (rwt),
infected with r-M51R-M virus (M51R), treated with actinomycin D
(Act D), treated with DRB, infected with rM51R-M virus and treated
with actinomycin D (M51R � Act D), or infected with rM51R-M virus
and treated with DRB (M51R � DRB). HeLa cell lysates (A) were
harvested at 12 h (open bars) and 18 h (solid bars), while BHK cell
lysates (B) were harvested at 20 h (open bars) and 30 h (solid bars).
Caspase-3-like activity was measured with a fluorogenic substrate. Pro-
tein concentrations were determined with a Lowry assay. The amount
of caspase-3 activity is expressed in arbitrary fluorescence units per
milligram of protein. The data represent the average � standard de-
viation of three experiments.
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fected and the levels of M protein expression were nearly
identical for all of these cell lines (not shown).

The results obtained after actinomycin D treatment were
similar to those obtained by M protein expression. After treat-
ment with actinomycin D, a significant amount of caspase-3
was activated in HeLa cells and HeLa-empty vector cells but
not in HeLa–Bcl-2 cells (Fig. 3B). The time course of caspase-3
activation by actinomycin D treatment of HeLa cells and
HeLa-empty vector cells differed from that induced by M pro-
tein. In particular, the increase in caspase-3 activity was more
rapid than that induced by transfection with M mRNA, reflect-

ing the more rapid inhibition of host gene expression by acti-
nomycin D. Furthermore, there was a decrease in caspase-3
activity in samples treated with actinomycin D for more than
18 h. This decrease was caused by the late stages of cell death
in which membrane permeability causes the loss of caspase-3
from the cell.

Similar to the results from M protein and actinomycin D,
overexpression of Bcl-2 inhibited activation of caspase-3 after
treatment with DRB (Fig. 3C). Collectively, these data in Fig.
3 indicate that Bcl-2 inhibits induction of apoptosis by M pro-
tein, similar to that of pharmacologic inhibitors of host gene
expression (actinomycin D and DRB). The time course of
caspase-3 activation by DRB treatment was slower than that
induced by actinomycin D treatment in that activity continued
to increase between 12 and 24 h. This difference reflects the
fact that DRB is a less potent inducer of apoptosis than acti-
nomycin D.

The inhibition by Bcl-2 of apoptosis induced by M protein
and other inhibitors of host gene expression was confirmed by
determining whether overexpression of Bcl-2 reduced cell
death, as measured with MTT, a tetrazolium salt that is cleaved
to form a formazan dye by metabolically active cells but not
dead cells. Thus, the amount of dye is proportional to the
number of viable cells present. This experiment tested the
possibility that overexpression of Bcl-2 may have inhibited
activation of caspase-3 without preventing cell death by other
mechanisms. Cells were transfected with M mRNA or treated
with actinomycin or DRB for 30 h, and then MTT was added
to each sample. The reaction was stopped by the addition of a
solubilization solution, and the absorbance of each sample was
analyzed with an ELISA plate reader. Data are expressed as a
percentage of the level in an untreated control (Fig. 4). The
viability of HeLa cells or HeLa-empty vector cells transfected

FIG. 3. Apoptosis induced by M protein, actinomycin D, or DRB is
reduced by overexpression of Bcl-2. HeLa cells (solid squares), HeLa-
empty vector cells (solid circles), and HeLa–Bcl-2 cells (open circles)
were either transfected with M mRNA (A), treated with actinomycin
D (B), or treated with DRB (C) for the indicated times and analyzed
for caspase-3 activity and protein concentrations as described in the
legend to Fig. 2. The amount of caspase-3 activated is expressed in
arbitrary fluorescence units per milligram of protein. The data repre-
sent the average � standard deviation of three experiments.

FIG. 4. Overexpression of Bcl-2 increases cell viability after trans-
fection with M mRNA or treatment with inhibitors of host gene ex-
pression. HeLa cells (open bars), HeLa-empty vector cells (shaded
bars), and HeLa–Bcl-2 cells (solid bars) were transfected with M
mRNA (M protein) or treated with actinomycin D (Act D) or DRB for
30 h and analyzed for cell viability with an MTT assay. MTT was added
to each sample and metabolized by living cells for 4 h. A solubilization
solution was added to each sample. The samples were analyzed with an
ELISA plate reader. For each sample, cell viability was determined as
a percentage of that of a control. The control for the M mRNA
transfection was transfection with yeast RNA, while the control for the
samples treated with actinomycin D and DRB was untreated cells. The
data represent the average � standard deviation of three experiments.
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with M mRNA was reduced to about 60% of the control
viability. Since the transfection efficiency was approximately 40
to 60% (unpublished data), this is the expected result if most of
the transfected cells die. Overexpression of Bcl-2 increased cell
viability after expression of M protein. This confirms the re-
sults obtained by analyzing caspase activation (Fig. 3). Over-
expression of Bcl-2 also increased cell viability after treatment
with actinomycin D and DRB, further supporting the results
obtained by analyzing caspase activation (Fig. 3). Thus, the
results in Fig. 3 and 4 support the conclusion that Bcl-2 inhibits
the induction of apoptosis by M protein, actinomycin D, and
DRB (Fig. 4). These results suggest that the caspase-9 pathway

is important for the induction of apoptosis by M protein similar
to other inhibitors of host gene expression.

Bcl-2 inhibits induction of apoptosis by VSV. Since wt M
protein accelerates apoptosis induced by VSV in HeLa cells
(Fig. 1 and 2), and Bcl-2 inhibits apoptosis induced by M
protein (Fig. 3 and 4), Bcl-2 should decrease apoptosis induced
by VSV. To test this hypothesis, the amount of caspase-3
activity was determined after infection with rwt and rM51R-M
viruses in the HeLa cells that overexpress Bcl-2. Figure 5 shows
the level of caspase-3 activity in HeLa cells, HeLa-empty vec-
tor cells, and HeLa–Bcl-2 cells after infection with rwt virus or
rM51R-M virus for the times indicated.

FIG. 5. Overexpression of Bcl-2 reduces apoptosis induced by VSV in HeLa cells. (A) Quantitation of apoptosis by caspase-3 activity. The
indicated HeLa cell lines were infected with rwt virus (open bars) or rM51R-M virus (solid bars) for the indicated times postinfection (pi).
Uninfected samples denoted by the dashes were negative controls. Cell lysates were analyzed for caspase-3-like activity and protein concentrations
as described in the legend to Fig. 2. The amount of caspase-3 activity is expressed in arbitrary fluorescence units per milligram of protein. The data
represent the average � standard deviation of three experiments. (B) Quantitation of M protein by [35S]methionine labeling. The indicated HeLa
cell lines were infected with rwt virus (open bars) or rM51R-M virus (solid bars) for 12 h. Cells were labeled with [35S]methionine continuously
throughout infection. Equal amounts of cellular proteins were analyzed by SDS-PAGE and phosphorescence imaging. Figure 5B shows quanti-
tation of the radioactivity of the M protein bands from three separate experiments expressed as a percentage of the amount of M protein synthesis
with rM51R-M in HeLa cells. The data represent the average � standard deviation of three experiments.
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Higher levels of caspase-3 were activated in HeLa cells and
HeLa-empty vector cells infected with rwt virus than in cells
infected with rM51R-M virus (Fig. 5), similar to the results in
Fig. 2. However, there was a reduction in the amount of
caspase-3 activated in the HeLa–Bcl-2 cells after infection with
rwt virus compared to the untransfected HeLa cells or the
empty vector control. This supports our hypothesis that M
protein is a major contributor to apoptosis induced by VSV in
HeLa cells and also indicates that activation of the caspase-9
pathway is important for VSV-induced apoptosis in HeLa
cells. Bcl-2 was less effective at reducing VSV-induced apopto-
sis than apoptosis induced by M protein alone (Fig. 3 and 4).
This is probably due to the fact that there are multiple inducers
of apoptosis in VSV-infected cells. Interestingly, overexpres-
sion of Bcl-2 also decreased the amount of caspase-3 activated
by rM51R-M virus, which contains an M protein that is defec-
tive in the induction of apoptosis (23). Thus, Bcl-2 may also
inhibit induction of apoptosis by a viral product other than M
protein, which contributes to apoptosis induced by rM51R-M
virus.

To determine whether the differences in the induction of
apoptosis in HeLa–Bcl-2 cells could be attributed to differ-
ences in M protein levels, the levels of M protein expression
were determined. HeLa cells, HeLa-empty vector cells, and
HeLa–Bcl-2 cells were infected with rwt or rM51R-M viruses
for 12 h. Cells were labeled continuously throughout infection
with [35S]methionine. Equal amounts of cellular proteins were
analyzed by SDS-PAGE and phosphorescence imaging. Figure
5B shows quantitation of the radioactivity of the M protein
bands from three separate experiments expressed as a percent-
age of the amount of M protein synthesis with the rM51R-M in
HeLa cells, which was near the maximum rate. Similar to our
previously published results, by 12 h postinfection, there was
less M protein synthesis in HeLa cells and HeLa-empty vector
cells infected with rwt virus than in cells infected with
rM51R-M virus (24). The reduction in M protein levels in cells
infected with rwt virus (Fig. 5B) is caused by the dramatic
inhibition of both viral and host protein syntheses in cells
infected with rwt virus. The rM51R-M virus is defective in the
inhibition of protein synthesis, and thus more viral proteins are
synthesized. Importantly, there was little if any difference in M
protein synthesis in HeLa–Bcl-2 cells that were infected with
rwt virus or rM51R-M virus compared to the level in control
HeLa or HeLa-empty vector cells. This result indicates that the
differences in the induction of apoptosis in HeLa–Bcl-2 cells
were not due to the differences in M protein levels.

Bcl-2 reduces both caspase-8- and -9-like activities induced
by M protein and actinomycin D. The inhibition of apoptosis
by overexpression of Bcl-2 suggests that M protein induces
apoptosis by the activation of caspase-9. However, it is not
clear whether caspase-9 is activated directly or indirectly
through cross talk. There are some reports that Bcl-2 reduces
apoptosis by inducers that are known to directly activate the
caspase-8 pathway, such as Fas and tumor necrosis factor
(TNF) in certain cell types (3, 18, 22). This inhibition by Bcl-2
is presumably due the prevention of the indirect effect, in
which activation of the caspase-9 pathway occurs following
activation of caspase-8 by TNF or Fas. The indirect effects of
the two upstream caspases on each other are commonly re-
ferred to as cross talk between the two pathways. Caspase-9

can be activated as an indirect effect of activation of caspase-8,
through cleavage of Bid (4). Likewise, caspase-8 can be acti-
vated as an indirect effect of activation of caspase-9, following
activation of caspase-3 (38). The cross talk between the path-
ways serves to amplify caspase activation and occurs in apo-
ptosis by many inducers. If the caspase-8 pathway is activated
by M protein and the caspase-9 pathway is activated by cross
talk, then we would expect Bcl-2 to prevent the activation of
caspase-9 but not caspase-8. However, if the caspase-9 pathway
is activated by M protein, we would expect Bcl-2 to prevent the
activation of both caspase-8 and capsase-9. To determine
whether the upstream caspases, caspase-8 and -9, were both
inhibited by Bcl-2 after transfection with M mRNA or treat-
ment with actinomycin D, cell lysates were assayed for caspase
activity by using substrates preferentially cleaved by caspase-8
and -9. The activities detected by these two substrates will be
referred to as “caspase-8-like” and “caspase-9-like,” since
there are other caspases that have detectable activity with
these substrates.

Figure 6 shows the results of the caspase-8 (Fig. 6A, C, and
E) and caspase-9 (Fig. 6B, D, and F) activity assays performed
after transfection with M mRNA (Fig. 6A and B), treatment
with actinomycin D (Fig. 6C and D), or treatment with TRAIL
or TNF-related apoptosis-inducing ligand (Fig. 6E and F).
TRAIL was used as a control and has previously been dem-
onstrated to induce apoptosis through the activation of the
caspase-8 pathway (35). In preliminary experiments, it was
determined that treatment with TRAIL for 6 h induced the
maximal amount of apoptosis. In Fig. 6A and B, HeLa cells
were transfected with yeast RNA as a negative control or with
M mRNA for 18 or 24 h. Expression of M protein in HeLa cells
and HeLa-empty vector cells activated considerable amounts
of caspase-8-like (Fig. 6A) and caspase-9-like (Fig. 6B) activ-
ities compared to those in controls transfected with yeast
RNA. However, transfection of HeLa–Bcl-2 cells with M
mRNA induced less activation of both caspase-8 and
caspase-9. Bcl-2 has been shown to inhibit the caspase-9 path-
way and was predicted to inhibit caspase-9 activation after
transfection with M mRNA. However, because Bcl-2 also in-
hibits induction of caspase-8-like activity, this indicates that the
caspase-8 activation by M protein involves cross talk between
the two apoptotic pathways.

In Fig. 6C and D, cells were treated with actinomycin D for
0 h as a negative control or for 6 or 12 h. Similar to the results
of M protein expression, HeLa cells and HeLa-empty vector
cells had considerable amounts of both caspase-8-like and
caspase-9-like activities after treatment with actinomycin D
(Fig. 6C and D). However, overexpression of Bcl-2 in HeLa–
Bcl-2 cells inhibited activation of both caspases-8 and -9 after
treatment with actinomycin D (Fig. 6C and D). These results
indicate that the caspase-9 pathway is important for actinomy-
cin D-induced apoptosis and that the caspase-8 activation by
actinomycin D involves cross talk between the two apoptotic
pathways. The results of the experiments with actinomycin D
were similar to the results with M protein, supporting the
hypothesis that actinomycin D and M protein activate the same
caspase pathways.

In Fig. 6E and F, cells were treated with TRAIL for 0 h as
a negative control or for 6 h. Both HeLa cells and HeLa-empty
vector cells had considerable amounts of both caspase-8-like
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and caspase-9-like activities after treatment with TRAIL (Fig.
6E and F). Unlike the results for M protein and actinomycin D,
there was no decrease in caspase-8 or -9 activation in HeLa–
Bcl-2 cells. This is the expected result for TRAIL, since it is
known to induce apoptosis through the caspase-8 pathway but
not the caspase-9 pathway. Thus, an inhibitor of the caspase-9
pathway would not be expected to inhibit apoptosis induced by
TRAIL.

Caspase-8 inhibitor does not inhibit apoptosis induced by M

protein, actinomycin D, or DRB. The observation that caspase-
8-like activity was induced by M protein and actinomycin D
raises the question of whether the caspase-8 pathway, as well as
the caspase-9 pathway, plays an important role in apoptosis by
these inducers. To address this question, cells were pretreated
with a synthetic inhibitor of caspase-8, Z-IETD-FMK, and
then were either transfected with M mRNA or treated with
TRAIL, actinomycin D, or DRB for 30 h. Cells were then
analyzed for the morphological changes associated with apo-

FIG. 6. Overexpression of Bcl-2 reduces M protein and actinomycin D-induced activation of caspase-8 and -9. The HeLa cell lines were either
transfected with M mRNA (A and B), treated with actinomycin D (C and D), or treated with TRAIL (E and F) and analyzed for the activation
of caspase-8-like activity (A, C, and E) or caspase-9-like activity (B, D, and F) with fluorogenic substrates preferentially cleaved by each caspase.
The HeLa cell lines were transfected with M mRNA for 18 (open bars) or 24 (solid bars) h. Cells were transfected with yeast RNA as negative
controls. Treatment with actinomycin D was for 6 (open bars) or 12 (solid bars) h, and cells harvested at 0 h were negative controls. Treatment
with TRAIL was for 6 h, and cells harvested at 0 h were negative controls. Cell lysates were analyzed for caspase-8- or -9-like activities and protein
concentrations as described in the legend to Fig. 2. The amount of caspase-8 and -9 activity is expressed in arbitrary fluorescence units per milligram
of protein. The data represent the average � standard deviation of three experiments.
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ptosis. Representative phase-contrast images from these ex-
periments are shown in Fig. 7. In order to quantify the results
obtained with the caspase-8 inhibitor, the numbers of round
and flat cells were counted in images taken from three exper-
iments. The percentage of round cells for each sample is shown
in Fig. 8. Cell rounding was chosen as the criterion for cells
that have entered into apoptosis, because it is the longest-

lasting morphological change observed in apoptotic cells at this
magnification.

HeLa cells were either untreated (Fig. 7A) or transfected
with yeast RNA (Fig. 7B) as negative controls. Most of the
cells in Fig. 7A and B are flat, but there are a few round cells,
which are cells undergoing cell division. The percentages of
round cells in these samples were approximately 5 and 6%,
respectively (Fig. 8). HeLa cells treated with the positive con-
trol, TRAIL, for 6 h (Fig. 7C) display an increase in the
percentage of round cells to approximately 38% (Fig. 7C and
8). Many of the round cells in Fig. 7C display cell shrinkage,
and some also appear to be undergoing membrane blebbing at
higher magnifications (data not shown), which are character-
istic morphological changes associated with apoptosis. As ex-
pected, there was a measurable decrease in the percentage of
round cells after treatment with TRAIL in the presence of
increasing concentrations of caspase-8 inhibitor (Fig. 8). This
indicates that the caspase-8 inhibitor prevents apoptosis in-
duced by TRAIL. These are the expected results for TRAIL,
since it is known to inhibit apoptosis through the activation of
the caspase-8 pathway.

Approximately 38% of HeLa cells transfected with M
mRNA for 30 h were round and were also undergoing other
morphological changes associated with apoptosis (Fig. 7E and
8). The remaining cells that were still flattened were cells that
were not transfected. Unlike the result for cells treated with
TRAIL, the caspase-8 inhibitor did not decrease the percent-
age of cells undergoing cell rounding or other morphological
changes associated with apoptosis. After transfection with M
mRNA, even in the presence of the highest concentration of
inhibitor (100 �M), the amount of round cells (34%) was
similar to that in the sample without caspase-8 inhibitor (Fig.
7F and 8). Thus, the caspase-8 inhibitor did not decrease the
amount of round cells and did not prevent M protein-induced
apoptosis. This indicates that the activation of the caspase-8
pathway is not important for the induction of apoptosis by M
protein.

Similarly, the presence of the caspase-8 inhibitor did not
decrease the amount of apoptotic cells treated with actinomy-
cin D, because 97% of cells were round in the samples treated
with actinomycin D in the absence or presence of the caspase-8
inhibitor (Fig. 7G and H and 8). In the case of cells treated
with DRB, 28% of the cells were round (Fig. 7I and 8), indi-
cating that DRB is a less-potent inducer of cell death than
actinomycin D. The presence of the caspase-8 inhibitor did not
decrease the percentage of apoptotic cells in samples treated
with DRB (Fig. 7J and 8), indicating that the caspase-8 path-
way is less important than the caspase-9 pathway for the in-
duction of apoptosis by DRB, similar to the results obtained
with actinomycin D and M protein.

DISCUSSION

It had previously been determined that at least two products
of viral infection contribute to the induction of apoptosis in
VSV-infected cells (24). One of these viral products is M
protein, and the other product has yet to be identified. Our
data indicated that wt M protein accelerates VSV-induced
apoptosis in HeLa cells and delays VSV-induced apoptosis in
BHK cells. We have also determined that M protein delays

FIG. 7. Images of cells transfected with M mRNA or treated with
inhibitors of host gene expression in the presence of a caspase-8 in-
hibitor. HeLa cells were untreated (A) or transfected with yeast RNA
(B) as negative controls. HeLa cells were treated with TRAIL as a
positive control (C and D), transfected with M mRNA (E and F),
treated with actinomycin D (G and H), or treated with DRB (I and J).
Cells shown in panels D, F, H, and J were pretreated with 100 �M
synthetic caspase-8 inhibitor, Z-IETD-FMK. Phase-contrast images
were captured with a �20 objective. Representative images were cho-
sen from three separate experiments.
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VSV-induced apoptosis in other cell lines such as mouse L
cells and mouse prostate epithelial cell lines (unpublished
data). The goal of the experiments presented here was to test
the hypothesis that both the M protein-induced acceleration in
HeLa cells and delay in BHK cells during VSV-induced apo-
ptosis are due to the inhibition of host gene expression. In our
hypothesis, the fundamental difference between the induction
of apoptosis in HeLa cells and that in BHK cells is that HeLa
cells do not require new host gene expression for induction of
apoptosis, whereas BHK cells do require new host gene ex-
pression. This hypothesis was tested by infecting cells with an
M protein mutant virus (rM51R-M virus) in the presence or
absence of the pharmacologic inhibitors of host gene expres-
sion actinomycin D and DRB. Actinomycin D and DRB ac-
celerated induction of apoptosis of HeLa cells infected with
rM51R-M virus and delayed apoptosis in BHK cells infected
with rM51R-M virus, similar to the effects of wt M protein
(Fig. 1 and 2). Thus, pharmacologic inhibitors of host gene
expression can compensate for the inability of rM51R-M virus
to induce apoptosis at the same rate as rwt virus.

The hypothesis that the induction of apoptosis by M protein
is due to its ability to inhibit host gene expression is further
supported by the shared properties of apoptosis induced by M
protein to apoptosis induced by other inhibitors of host gene
expression. The caspase-9 pathway is more often activated by
internal cellular damage, in contrast to the caspase-8 pathway,
which is more often activated by external stimuli binding to cell
death receptors. Thus, we expected that the caspase-9 pathway
would be important for apoptosis induced by pharmacologic
inhibitors of host gene expression. Caspases similar to both
caspase-8 and caspase-9 were activated by M protein, actino-
mycin D, and DRB (Fig. 6) (data not shown). In most cases of
apoptosis, both upstream caspases are activated, but often an
inducer will activate one caspase pathway, and the other path-

way will be activated by cross talk. Caspase-9 can be activated
as an indirect effect of activation of caspase-8, through cleav-
age of Bid (4). Likewise, caspase-8 can be activated as an
indirect effect of activation of caspase-9 following cleavage of
caspase-3 (38). To differentiate whether activation of one or
both caspase pathways is necessary for apoptosis induced by M
protein or other inhibitors of host gene expression, inhibitors
of the two main caspase pathways were used. Inhibition of the
caspase-9 pathway was achieved by overexpression of Bcl-2,
while inhibition of the caspase-8 pathway was achieved by
using a synthetic caspase-8 inhibitor. Our results indicate that
the caspase-9 pathway is more important than the caspase-8
pathway for apoptosis induced by M protein, actinomycin D,
and DRB, suggesting that M protein and the pharmacologic
inhibitors of host gene expression induce apoptosis through
the activation of the caspase-9 pathway and the caspase-8 path-
way is activated by cross talk (Fig. 3, 4, 7, and 8). The fact that
M protein activates the caspase-9 pathway, the pathway more
often activated by internal cellular damage, also supports the
hypothesis that induction of apoptosis by M protein is caused
by damage or stress to the cell caused by the inhibition of host
gene expression.

It was also determined that Bcl-2 reduces apoptosis induced
by both rwt and rM51R-M viruses (Fig. 5). It was anticipated
that Bcl-2 would decrease apoptosis induced by VSV, since wt
M protein accelerates apoptosis induced by VSV in HeLa cells
(Fig. 1 and 2), and Bcl-2 inhibits apoptosis induced by M
protein (Fig. 3 and 4). This result is consistent with another
report that Bcl-2 and Bcl-XL partially protect neuronal cells
from apoptosis induced by other strains of VSV (14). Similarly,
caspase-9 is activated to a greater extent than caspase-8 during
VSV infection of mouse 3T3 cells, indicating the importance of
the caspase-9 pathway in VSV-induced apoptosis (7). This is
corroborated by the results that a synthetic inhibitor of

FIG. 8. The caspase-8 inhibitor does not prevent the morphological changes associated with apoptosis induced by M protein, actinomycin D,
or DRB. Phase-contrast images were captured of HeLa cells transfected with M mRNA (M), or treated with TRAIL (T), actinomycin D (A), or
DRB (D) in the presence of the indicated concentrations of the caspase-8 inhibitor as described in the legend to Fig. 7. HeLa cells were untreated
(open bar) or transfected with yeast RNA (shaded bar) as negative controls. Between 300 and 700 cells in five representative images for each
sample were scored as either flat or round. The data are expressed as the percentage of round cells and represent the average � standard deviation
of three experiments.

VOL. 77, 2003 ROLE OF M PROTEIN IN APOPTOSIS INDUCED BY VSV 4667



caspase-9 reduces apoptosis by VSV (6). All of these data
emphasize the importance of the activation of caspase-9 during
VSV-induced apoptosis.

While M protein contributes to induction of apoptosis by
VSV, there is clearly another viral product that induces apo-
ptosis in VSV-infected cells. The presence of another viral
inducer of apoptosis was most apparent in BHK cells when
comparing apoptosis induced by rwt virus and that induced by
r-M51R-M virus, which contains a mutant M protein that is
defective in induction of apoptosis. BHK cells infected with
r-M51R-M virus enter apoptosis more rapidly than cells in-
fected with rwt virus, indicating that a product of viral infection
other than M protein is contributing to apoptosis of BHK cells
infected with VSV and that the inhibition of host gene expres-
sion by M protein delays apoptosis induced by VSV (Fig. 1 and
2). This result raises two important issues: the identity of other
products of viral infection that are contributing to apoptosis
induced by VSV and the identity of the host proteins whose
expression is necessary for apoptosis induced by VSV.

The other products of viral infection may either be a viral
protein or combination of viral proteins other than M protein,
a viral RNA, or other viral products. Perhaps the most likely
candidate is viral double-stranded RNA (dsRNA) (13, 27).
dsRNA is a byproduct of viral replication and is a major acti-
vator of protein kinase R (PKR), an antiviral product that is
known to induce apoptosis (5, 36). The ability of a dominant-
negative mutant of PKR to suppress VSV-induced apoptosis is
consistent with this hypothesis (7). However, treatment with
dsRNA primarily activates caspase-8 rather than caspase-9 (7).
Leader RNA is another viral product that may contribute to
induction of apoptosis of VSV-infected cells. Leader RNA is a
small (50 nucleotides) transcript from the 3� end of the ge-
nome, which does not encode a protein. Leader RNA has been
implicated in the cytopathic effects of VSV infection and could
play a role in the induction of apoptosis (15, 20, 29, 33). The
viral glycoprotein (G protein) is another candidate that may
contribute to induction of apoptosis of VSV-infected cells. For
example, G protein might bind to cellular receptors that acti-
vate pathways involved in induction of apoptosis. Stable cell
lines have been made that express the VSV G protein, indi-
cating that expression of G protein is not inherently toxic to
cells (17). Thus, G protein probably cannot induce apoptosis in
the absence of other products of viral infection. However, it is
possible that during a viral infection, G protein may interact
with other viral products to activate cell death receptors. Our
future experiments will be to identify the viral products other
than M protein that contribute to the induction of apoptosis by
VSV.

The observation that new host gene expression is necessary
for VSV-infected BHK cells to undergo apoptosis rapidly (Fig.
1 and 2) is consistent with data in other systems. For example,
actinomycin D has been shown to delay apoptosis induced by
coxsackievirus B4 in neurons (23), and actinomycin D reduces
apoptosis induced by other agents, such as sodium arsenite,
also in neurons (30). This indicates that there are other cell
types that also require new host gene expression in order to
undergo apoptosis.

There are several examples of proapoptotic gene products
whose synthesis is stimulated by inducers of apoptosis. For
example, microarray analysis has shown that treatment of gli-

oma cells with dsRNA induces the expression of many genes
encoding proteins involved in apoptosis, such as proteins of the
TNF signaling pathway (19). Similarly, measles virus infection
induces expression of proapoptotic proteins that are involved
in the host cell stress response, including growth arrest and
DNA damage-inducible protein 153 (GADD153), a transcrip-
tion factor associated with apoptosis, and Herp, an endoplas-
mic reticulum stress-inducible protein (11). Our future exper-
iments will address which proapoptotic host gene products are
induced by VSV and which are suppressed by M protein.
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