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The induction of apoptosis in host cells is a prominent cytopathic effect of vesicular stomatitis virus (VSV)
infection. The viral matrix (M) protein is responsible for several important cytopathic effects, including the
inhibition of host gene expression and the induction of cell rounding in VSV-infected cells. This raises the
question of whether M protein is also involved in the induction of apoptosis. HeLa or BHK cells were
transfected with M mRNA to determine whether M protein induces apoptosis when expressed in the absence
of other viral components. Expression of M protein induced apoptotic morphological changes and activated
caspase-3 in both cell types, indicating that M protein induces apoptosis in the absence of other viral
components. An M protein containing a point mutation that renders it defective in the inhibition of host gene
expression (M51R mutation) activated little, if any, caspase-3, while a deletion mutant lacking amino acids 4
to 21 that is defective in the virus assembly function but fully functional in the inhibition of host gene
expression was as effective as wild-type (wt) M protein in activating caspase-3. To determine whether M protein
influences the induction of apoptosis in the context of a virus infection, the M51R M protein mutation was
incorporated onto a wt background by using a recombinant infectious cDNA clone (rM51R-M virus). The
timing of the induction of apoptosis by rM51R-M virus was compared to that by the corresponding recombi-
nant wt (rwt) virus and to that by 5082 virus, the mutant virus in which the M51R mutation was originally
identified. In HeLa cells, rwt virus induced apoptosis faster than did rM51R-M virus, demonstrating a role for
M protein in the induction of apoptosis. In contrast to the results obtained with HeLa cells, rwt virus induced
apoptosis more slowly than did rM51R-M virus in BHK cells. This indicates that a viral component other than
M protein contributes to induction of apoptosis in BHK cells and that wt M protein acts to delay induction of
apoptosis by the other viral component. #5082 virus induced apoptosis more rapidly than did rM51R-M virus
in both HeLa and BHK cells. These two viruses contain the same point mutation in their M proteins,
suggesting that sequence differences in genes other than that for M protein affect their rates of induction of

apoptosis.

The induction of apoptosis in host cells is an important
aspect of viral pathogenesis in many virus systems (33). One of
the key questions to be addressed is which viral components
induce apoptosis in virus-infected cells. Vesicular stomatitis
virus (VSV), the prototype rhabdovirus, was an early example
of a virus that was shown to induce the morphological changes
and DNA fragmentation associated with apoptosis (20). Many
of the cytopathic effects of VSV infection have been attributed
to the activity of the viral matrix (M) protein. For example, M
protein plays a major role in the inhibition of host gene ex-
pression (5, 6, 12, 30) and in the induction of cell rounding (7,
26) that are characteristic of VSV-infected cells. M protein is
a structural component of the virion and performs several
important functions in virus assembly. However, the functions
of M protein in virus assembly are genetically separable from
its role in cytopathogenesis (6, 26). The involvement of M
protein in the cytopathic effects of VSV infection raises the
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question of whether M protein is also involved in the induction
of apoptosis.

M protein affects several important cellular processes, whose
inhibition could contribute to the induction of apoptosis, both
in VSV-infected cells and when expressed in transfected cells
in the absence of other viral components. For example, M
protein inhibits transcription by all three host RNA poly-
merases (1). In the case of host RNA polymerase II, the target
of the inhibition was identified as transcription factor TFIID
(38, 39). M protein also blocks nucleocytoplasmic transport of
RNAs and proteins that are dependent on Ran guanosine
triphosphatase (17). Recently, M protein has been shown to
interact with one or more nuclear pore components, including
the nucleoporin Nup98 (31, 36). This interaction appears to
account for M protein-induced inhibition of nucleocytoplasmic
transport. M protein has also been shown to cause cell round-
ing in the absence of other viral components and is the only
viral component that causes cell rounding at early times postin-
fection (7). Cell rounding induced by M protein involves dis-
ruption of all three types of cytoskeletal elements, including
actin, vimentin, and tubulin (26). M protein interacts with
tubulin in vitro and tubulin coimmunoprecipitates with M pro-
tein from VSV-infected cells, suggesting that an in vivo inter-
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action between tubulin and M protein may contribute to cell
rounding (29).

The goal of the experiments presented here was to deter-
mine whether M protein is involved in the induction of apo-
ptosis by VSV. This was addressed by expressing M protein in
the absence of other viral components and by using mutant M
proteins that are either defective in the inhibition of host gene
expression or in viral assembly functions (6). Our results dem-
onstrate that M protein induces apoptosis when expressed in
the absence of other viral components. The induction of apo-
ptosis by M protein was genetically correlated with its ability to
inhibit host gene expression and not with its virus assembly
functions. The influence of M protein on the induction of
apoptosis in the context of a virus infection was tested by using
viruses containing a mutant M protein that was defective in the
ability to inhibit host gene expression and in the ability to
induce apoptosis. In HeLa cells, VSV M protein mutants in-
duced apoptosis more slowly than did the wild-type (wt) strains
from which they were derived. This indicates that M protein is
an important inducer of apoptosis in VSV-infected HeLa cells.
However, in BHK cells, the VSV M protein mutants induced
apoptosis more rapidly than did wt VSV. This indicates that a
viral component other than M protein contributes to the in-
duction of apoptosis by VSV in BHK cells and that wt M
protein acts to delay induction of apoptosis by the other viral
component. Thus, both M protein and another viral compo-
nent contribute to the induction of apoptosis in cells infected
with VSV.

MATERIALS AND METHODS

Cells and viruses. BHK cells and HeLa cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). wt
VSV (Indiana serotype, Orsay strain) and the tsO82 virus were grown in BHK
cells as previously described, except that tsO82 virus was grown at 31°C (27). The
infectious VSV ¢DNA clone previously described (37) was modified to contain
three additional restriction sites to facilitate cloning of M gene mutations. The
new sites were introduced into an Xbal-Kpnl fragment containing the M gene by
PCR mutagenesis as previously described (34). The new sites (underlined) and
the surrounding sequences (positive sense) were Spel (5'CTGTAGACTAG
TACGTACTATGAAAAAAA3'), AfIIT (5'GAGTTCCTTAAGGAAGATTC
TC3'), and Ascl (S'TCTCCTAATTGGCGCGCCTCTCGAACAAC3'). Re-
combinant virus was isolated from the modified cDNA clone as previously
described and was designated rwt virus (21, 37). The M51R mutation was intro-
duced into the M gene of the modified cDNA clone as previously described (6),
and the virus isolated from this cDNA was designated rM51R-M virus. Stocks
were prepared from recombinant viruses that were plaque isolated twice, and the
sequences of their M genes were confirmed by automated DNA sequencing of
reverse transcription-PCR products prepared as previously described (6). For
individual experiments, infections were performed with a multiplicity of infection
(MOT) of 20 PFU/cell in DMEM containing 2% FBS.

Fluorescence microscopy. Plasmids encoding M protein and enhanced green
fluorescent protein (EGFP) were used for in vitro transcription of mRNA as
previously described by using a commercial kit (Message Machine; Ambion, Inc.)
(4). The resulting mRNAs contained 5’ caps and 3’ poly(A) sequences that
enhance expression in transfected cells. BHK cells were grown in 35-mm-diam-
eter dishes to about 50% confluency and cotransfected with 1 pg of M mRNA
and 1 pg of EGPF mRNA or transfected with 1 pg of EGPF mRNA alone by
using Lipofectin reagent as previously described (4). At 24 h posttransfection, the
media were replaced with HEPES-buffered saline (HBS). The cells were ana-
lyzed by fluorescence microscopy using a 25X water immersion objective. The
fluorescein channel was used to detect the presence of EGFP to indicate trans-
fected cells.

Caspase-3 activity assay. HeLa or BHK cells were grown in 24-well plates to
about 50% confluency and were either transfected with M mRNAs or infected
with wt and M mutant viruses. For Fig. 2, cells were transfected with 300 ng of
yeast RNA (control), 300 ng of EGFP mRNA (control), 30 ng of wt M mRNA,

J. VIROL.

30 ng of MN1 M mRNA, or 300 ng of M51R-M mRNA for 24 h. The total
amount of RNA transfected was held constant at 300 ng in all samples with the
addition of yeast RNA. For Fig. 3, HeLa or BHK cells were transfected with the
amount of M mRNA indicated and for the times indicated with the total amount
of RNA transfected held constant at 300 ng in all samples with the addition of
yeast RNA. The cells were lysed, and caspase-3 activity was determined by using
a fluorogenic substrate (DVED-AFC; R&D Systems, Inc.) in accordance with
the protocol supplied by the manufacturer. Each sample was incubated for 2 h
with the peptide substrate for caspase-3, and the reaction was stopped by the
addition of 900 wl of 10 mM Tris—10 mM NacCl, pH 8.1. Fluorescence intensities
were measured at excitation and emission wavelengths of 400 and 490 nm,
respectively, and compared to standards of 7-amino-4-trifluoromethyl-coumarin
at known concentrations.

Time lapse microscopy. BHK and HeLa cells were grown to about 50%
confluency in 25-cm flasks and infected at an MOI of 20 PFU/cell. Each flask was
placed on a rocker for 30 min at room temperature and then placed on the stage
of a Zeiss inverted Axiovert phase-contrast time lapse microscopy system
equipped with an incubator containing an atmosphere of 5% CO, and a tem-
perature of 37°C as previously described (8). The progression of the cells was
followed with phase-contrast time lapse microscopy using a Dage MTI-100 video
camera affixed to the microscope at a time lapse ratio of 600:1. The time when
each of 50 to 130 cells entered apoptosis was determined from a time-date
generator record on the videotape. Images for Fig. 3 were digitized and captured
from the videotape record.

Fluorescence time lapse microscopy was performed to determine the fate of
cells expressing M protein and EGFP. BHK or HeLa cells were transfected with
M and EGPF mRNAs or EGPF mRNA alone as described above. Five hours
posttransfection, when sufficient EGFP was being expressed to be viewed by
fluorescence microscopy, the dish was placed in the microscope incubator. A
fluorescence image was recorded to determine which cells were transfected. The
progression of the cells was then followed with phase-contrast time lapse mi-
croscopy. Additional fluorescence images were taken at 24 h posttransfection.

Cell membrane permeability assay. BHK or HeLa cells grown in six-well
dishes to about 60% confluency were infected at an MOI of 20 PFU/cell. At the
time points indicated in Fig. 5, the cells were washed with HBS and 4 pwmol of
ethidium homodimer-1 (Molecular Probes, Inc.) was added to each sample for
15 min to label cells with permeable cell membranes. The cells were washed
three times with HBS and harvested by lifting with trypsin and then adding
DMEM containing 10% FBS. Each sample was filtered and analyzed by flow
cytometry using a Becton-Dickinson FACStar Plus flow cytometer. The percent-
age of intact cells that had permeable cell membranes was determined by using
CellQuest software (Becton-Dickinson, Inc.). It was noted that VSV-infected
cells underwent a slight increase in permeability to ethidium homodimer-1 at
early times postinfection, when the cells were still alive. Dead cells were clearly
resolved as a separate population with much higher fluorescence intensity. The
flow cytometry analysis was gated by forward and side scatter so that only intact
cells were analyzed. In order to account for the cells that disintegrated and could
not be analyzed by flow cytometry, intact cells were counted in a Coulter counter.
For each time point, uninfected cells were lifted and fixed with 4% formaldehyde
at the same time that another cell sample was infected, so that the original
number of infected cells could be determined. Infected cells corresponding to
each time point were fixed at the end of the experiment. All of the cells were
counted, and the number of cells that disintegrated was determined by subtract-
ing the number of intact infected cells from the number of uninfected cells at
each time point. The total percentage of dead cells was calculated by adding the
percentage of intact cells labeled with ethidium homodimer-1 using flow cytom-
etry to the percentage of cells that disintegrated as measured by the Coulter
counter.

Viral growth rate. HeLLa and BHK cells were grown in 60-mm-diameter dishes
to about 90% confluency and infected at an MOI of 20 PFU/cell. One hour
postinfection, the medium was aspirated and the cells were washed three times
with phosphate-buffered saline and refed with 5 ml of DMEM with 2% FBS. At
each time point, 100-pl aliquots were removed from each plate and stored at
—70°C. Titers of infectious virus released from the cells were determined by
plaque assay with BHK cells.

Rate of viral protein synthesis. BHK and HeLa cells were grown in six-well
dishes to about 90% confluency and infected at an MOI of 20 PFU/cell. At 4, 8,
and 12 h postinfection, cells were labeled with [>*S]methionine as previously
described (6). Cells were solubilized with 0.3 ml of 2% sodium dodecyl sulfate
(SDS) disruption buffer. The DNA in the samples was sheared in a syringe with
a 26-gauge needle, and the proteins were resolved by SDS-polyacrylamide gel
electrophoresis (PAGE) on 10% polyacrylamide gels. The gels were fixed, dried,
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FIG. 1. M protein expression induces morphological changes asso-
ciated with apoptosis. BHK cells were transfected with EGPF mRNA
(A) or M mRNA and EGPF mRNA (B). At 24 h posttransfection, cells
were analyzed by fluorescence microscopy using a 25X water immer-
sion objective. The fluorescein channel was used to detect the presence
of EGFP to indicate transfected cells. Digital fluorescence images of
transfected cells expressing EGFP are shown in both panels. the arrow
in panel B indicates a cell undergoing membrane blebbing.

and analyzed by phosphorescence imaging. The radioactivity of the M protein
bands was quantified with ImageQuant software (Molecular Dynamics, Inc.).

RESULTS

M protein induces apoptosis in the absence of other viral
components. BHK or HeLa cells were transfected with in vitro-
transcribed M mRNA to determine whether they undergo the
characteristic morphological and biochemical changes associ-
ated with apoptosis. Cells were transfected with M mRNA
rather than plasmid DNA containing the M gene because M
protein inhibits its own expression from DNA vectors that
depend on host transcriptional activity (5). Cells were cotrans-
fected with mRNA encoding EGFP so transfected cells could
be distinguished from nontransfected cells by fluorescence mi-
croscopy. Fluorescence images of transfected BHK cells ob-
tained at 24 h posttransfection are shown in Fig. 1. Control
BHK cells transfected with EGFP mRNA retained their nor-
mal elongated morphology (Fig. 1A). BHK cells cotransfected
with M mRNA and EGFP mRNA showed the characteristic
round morphology of cells expressing M protein (Fig. 1B). The
cell in panel B denoted by the arrow appears to be undergoing
membrane blebbing, a key morphological change associated
with the induction of apoptosis. In cells undergoing apoptosis,
membrane blebbing is followed by a period of cessation of
membrane activity. Thus, it is possible that all of the trans-
fected cells in Fig. 1B were apoptotic, but most of the cells had
undergone membrane blebbing earlier and had already ceased
membrane activity. Indeed, time lapse microscopy demon-
strated that all of the BHK cells transfected with M mRNA
underwent membrane blebbing between 10 and 26 h posttrans-
fection (data not shown). Membrane blebbing was not ob-
served in control cells transfected with EGFP mRNA alone.
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Similar results were obtained with HeLa cells cotransfected
with M and EGFP mRNAs (data not shown). These results
suggest that M protein induces cells to undergo apoptosis when
it is expressed in the absence of other viral components.

The induction of apoptosis by M protein was confirmed by
assaying the activity of caspase-3 in cells transfected with M
mRNA. Caspase-3 activity was chosen as an indicator of apo-
ptosis because most apoptotic pathways involve the activation
of caspase-3, while necrotic death is typically not associated
with the activation of caspases. HeLa cells (Fig. 2A) or BHK
cells (Fig. 2B) were transfected with mRNA encoding wt M
protein. Cells were also transfected with mRNAs encoding
mutant M proteins to determine whether the induction of
apoptosis was genetically correlated with the virus assembly
functions of M protein or with its ability to inhibit host gene
expression. A mutant M protein containing a substitution of
arginine for methionine at position 51 of the 229-amino-acid M
protein (M51R mutation) is defective in the ability to inhibit
host gene expression but is fully functional in virus assembly (6,
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FIG. 2. Caspase-3 activity in cells expressing wt and mutant M
proteins. HeLa (A) or BHK (B) cells were transfected with 300 ng of
yeast RNA (control), 300 ng of EGFP mRNA (control), 30 ng of wt M
mRNA, 30 ng of MN1 M mRNA, or 300 ng of M51R-M mRNA.
Transfection with these amounts of mRNA has been shown to result in
comparable levels of expression of the wt and mutant M proteins (26).
At 24 h posttransfection, the cells were lysed and caspase-3 activity was
measured with a fluorogenic substrate. The amount of caspase-3 acti-
vated is expressed in arbitrary fluorescence units. The data represent
the average * the standard deviation of four experiments.
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9,12, 19, 26). In contrast, an M protein deletion mutant, MNT1,
missing amino acids 4 to 21 is defective in the virus assembly
functions but inhibits host gene expression and causes cell
rounding as effectively as does wt M protein (6, 26). Cells were
also transfected with yeast RNA or EGFP mRNA as negative
controls. Twenty-four hours posttransfection, the cells were
lysed and caspase-3 activity was determined with a fluorogenic
substrate. In these experiments, we used an amount of wt or
MNI1 M mRNA (30 ng per culture) that was 10-fold less than
that of M51R-M or EGFP mRNA (300 ng per culture) in order
to achieve comparable levels of protein expression. This is
because the cytopathic activity of wt and MN1 M proteins
enhances translation of transfected mRNAs (4). The enhanced
expression from transfected mRNA of wt M protein compared
to that of the M51R-M protein described previously (26) was
reconfirmed during the course of these experiments (data not
shown). The level of M protein expression in these experi-
ments was approximately 1,000-fold lower than that in VSV-
infected cells (27).

Expression of wt M protein induced activation of caspase-3
in both HeLa cells (Fig. 2A) and BHK cells (Fig. 2B), indicat-
ing that M protein can induce apoptosis in the absence of other
viral components. Expression of MN1 mutant M protein,
which is defective in viral assembly functions such as mem-
brane budding, induced levels of caspase-3 comparable to
those obtained with wt M protein in both cell types. In contrast,
expression of the M51R mutant M protein activated little, if
any, caspase-3 in either cell type. These data indicate that the
MS51R mutant M protein, which is defective in the ability to
inhibit host gene expression, is also defective in the ability to
induce apoptosis. Thus, the induction of apoptosis by M pro-
tein is genetically correlated with the inhibition of host gene
expression and not with its virus assembly functions.

M protein expression resulted in higher levels of caspase-3
activity in HeLa cells than in BHK cells. This is apparent from
the difference in the scales of the y axes of Fig. 2A and B. wt M
protein activated 10.4-fold higher levels of caspase-3 than did
the EGFP control in HeLa cells but only 2.7-fold higher levels
in BHK cells. This indicates that HeLa cells are more sensitive
to caspase-3 activation by M protein than are BHK cells.

To determine whether the difference in the levels of
caspase-3 activation in HeLa and BHK cells was dependent on
the amount of M mRNA transfected or the time of transfec-
tion, the concentration dependence and time course of M
protein-induced apoptosis were determined in both cell types.
Figure 3A shows the results of transfection of HeLa cells (open
circles) and BHK cells (closed circles) with different amounts
of M mRNA ranging from 0 to 300 ng. Twenty-four hours
posttransfection, the cells were lysed and caspase-3 activity was
determined with a fluorogenic substrate. Expression of M pro-
tein induced caspase-3 activation over similar titration ranges
in both cell types. Figure 3B shows a time course of caspase-3
activation after transfection of HeLa cells (open circles) and
BHK cells (closed circles) with 30 ng of M mRNA. Significant
activation of caspase-3 began at about 18 h posttransfection in
both cell types and continued throughout the duration of the
time course. The levels of caspase-3 activity in BHK cells were
approximately threefold less than in HeLa cells in these exper-
iments. Thus, the difference in the levels of caspase-3 activity
induced by M protein in HeLa cells versus BHK cells was not
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FIG. 3. M protein expression induces activation of caspase-3. (A)
HeLa cells (open circles) or BHK cells (closed circles) were trans-
fected with the indicated amounts of M mRNA for 24 h. The cells were
analyzed for caspase-3 activity as described in the legend to Fig. 2. The
amount of caspase-3 activated is expressed in arbitrary fluorescence
units. (B) BHK cells (closed circles) or HeLa cells (open circles) were
transfected with 30 ng of M mRNA for the indicated times. Cells were
lysed and assayed for caspase-3 activity. The data represent the aver-
age = the standard deviation of three experiments.

dependent on the amount of M mRNA transfected or the time
posttransfection at which the cells were analyzed.

M protein and another viral component contribute to in-
duction of apoptosis in cells infected with VSV. The conclusion
that M protein can induce apoptosis in the absence of other
viral components raises the question of whether M protein is
also involved in induction of apoptosis in the context of a virus
infection. This question was addressed by using viruses con-
taining the M51R mutation. The M51R mutation was origi-
nally identified in the M protein of tsO82 virus, but it was not
known at the time whether the #sO82 virus contained addi-



VoL. 75, 2001

M PROTEIN CONTRIBUTES TO APOPTOSIS INDUCED BY VSV

12173

FIG. 4. Time lapse microscopy analysis of morphological changes in VSV-infected cells. HeLa cells (A to C) or BHK cells (D to F) were
infected with wtO virus and then analyzed by phase-contrast time lapse microscopy. Digital images of the same fields captured at different times
postinfection are shown. The images of infection of HeLa cells were taken at 4 h (A), 9.5 h (B), and 15.5 h (C). The images of infection of BHK
cells were taken at 0.5 h (A), 11 h (B), and 18 h (C). Numbered cells were chosen to illustrate cell rounding due to mitosis (cells 1 and 2), membrane
blebbing (cells 3, 4, 8, 9, and 10), and cell blistering due to apoptosis (cells 5, 6, and 7), and a BHK cell that remained elongated at a late time

postinfection (cell 11).

tional mutations in genes other than M. To address this pos-
sibility, the M51R mutation was introduced onto the wt back-
ground of an infectious VSV ¢cDNA clone. The recombinant
virus containing the mutation was designated rM51R-M virus,
and its properties were compared to those of the correspond-
ing rwt virus. Likewise, the tsO82 virus was compared to the wt
Orsay (wtO) strain from which it was derived.

Time lapse microscopy was used to determine the timing of
morphological changes associated with the induction of apo-
ptosis by wt and M protein mutant viruses. Cells undergoing
apoptosis proceed through a characteristic sequence of mor-
phological changes beginning with cell rounding followed by
membrane blebbing. This is followed by a period of cessation
of membrane activity. The final stages of apoptosis involve the
protrusion of thin surface microspikes, cell surface blistering,
and membrane rupture. Examples of these morphological

changes can be seen in Fig. 4, which shows images obtained by
phase-contrast time lapse microscopy of HeLLa or BHK cells
infected with wtO virus. Figure 4A to C show the same field
containing HeLa cells infected with wtO virus at various times
postinfection. At early times postinfection (e.g., 4 h, panel A),
the only cells that were round were those undergoing mitosis
(cells 1 and 2). Cells entering mitosis during the first few hours
postinfection, such as cells 1 and 2, regained their flattened
morphology upon completion of mitosis (data not shown).
When VSV-infected HeLa cells entered apoptosis, cell round-
ing was closely followed by the onset of membrane blebbing.
This is evident in panel B (9.5 h postinfection), in which cells
3 and 4 were undergoing membrane blebbing. The other round
cells in the field had undergone membrane blebbing previously
and had ceased membrane activity by this point. By 155 h
postinfection (panel C), all of the cells were round and cells 3
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FIG. 5. Induction of apoptosis in cells infected with wt VSV and VSV M gene mutants. HeLa cells (A and B) or BHK cells (C and D) were
infected with rwt virus (closed squares), rM51R-M virus (open squares), wtO virus (closed circles), or £sO82 virus (open circles) and analyzed by
time lapse microscopy as described in the legend to Fig. 4. The time at which each of 50 to 130 cells entered apoptosis was determined from the
time-date record on the videotape. Data shown are the cumulative percentage of cells entering apoptosis as a function of time postinfection. The

data represent an average of two experiments.

and 4 had ceased membrane blebbing. There were noticeable
apoptotic bodies surrounding cell 3, and cells 5 to 7 were
undergoing membrane blistering, which is a late stage of apo-
ptosis that precedes membrane rupture.

A similar pattern of morphological changes was observed in
BHK cells infected with VSV (Fig. 4D to F), with the exception
that in BHK cells, membrane blebbing did not always imme-
diately follow cell rounding. Cells 8 to 10 are examples of BHK
cells that were elongated at early times postinfection (Fig. 4D),
underwent membrane blebbing at 11 h postinfection (Fig. 4E),
and ceased membrane activity by 18 h postinfection (Fig. 4F).
In contrast to HeLa cells, a few BHK cells remained elongated
at late times postinfection (e.g., cell 11).

In order to compare apoptosis induced by wt VSV and M
protein mutant viruses, time lapse microscopy was used to
quantify the timing of the induction of apoptosis in cells in-
fected with each of the different viruses. The time at which

each of 50 to 130 cells in the field entered apoptosis was
determined from the time-date record on the videotape. The
data were expressed as the cumulative percentage of cells that
had entered apoptosis as a function of time postinfection. The
onset of membrane blebbing, rather than cell rounding, was
chosen as the criterion for the time of entry into apoptosis
because of the possibility that M protein has cell rounding
activity that is independent of the induction of apoptosis.
Figure 5 shows the time lapse microscopy results obtained
with HeLa cells (panels A and B) and BHK cells (panels C and
D) infected with wt VSV and M protein mutant viruses. Panels
A and C show results obtained with the recombinant viruses
derived from cDNA clones, and panels B and D show results
obtained with viruses derived from the Orsay strain. HeLa cells
infected with rwt virus entered apoptosis rapidly so that nearly
all of the cells had entered apoptosis by 16 h postinfection (Fig.
5A, closed squares). The rM51R-M virus (open squares) in-
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duced apoptosis more slowly in HeLa cells, so that about 10%
of the cells had entered apoptosis by 16 h postinfection. These
data indicate that the effect of wt M protein is to accelerate cell
death in HeLa cells. Results of similar experiments performed
with BHK cells contrast markedly with those obtained with
HeLa cells. In the first 12 h postinfection, about 15% of the
BHK cells infected with rwt virus entered apoptosis (Fig. 5C,
closed squares) while few cells infected with rM51R-M virus
showed apoptotic changes by this time (open squares). How-
ever, the majority of BHK cells infected with rwt virus entered
apoptosis more slowly than did cells infected with rM51R-M
virus. These results indicate that another viral component 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
component in most BHK cells. The prolonged period of in-
duction of apoptosis by rwt virus in BHK cells resulted in a
graph that was less sigmoid shaped than the others in Fig. 5.
Similar results have been obtained with other cell types under-
going VSV-induced apoptosis in which M protein delays apo-
ptosis (data not shown).

There was little difference in the timing of the induction of
apoptosis in HeLa cells between the wtO and £sO82 viruses
(Fig 5B). Particularly noteworthy is the fact that cells infected
with £sO82 virus (Fig. 5B, open circles) entered apoptosis more
rapidly than did cells infected with rM51R-M virus (Fig. 5A,
open squares). In the case of BHK cells, most of the cells
entered apoptosis more slowly when infected with wtO virus
(Fig. 5D, closed circles) than when infected with #sO82 virus
(open circles), similar to the results obtained with the recom-
binant viruses (Fig. 5C), supporting the hypothesis that an-
other viral component induces apoptosis in BHK cells and the
effect of wt M protein is to delay apoptosis in most VSV-
infected BHK cells.

The differences in the induction of apoptosis between vi-
ruses with wt versus mutant M proteins were confirmed by
assaying the activity of caspase-3. Figure 6 shows the results
obtained with HeLa cells (panels A and B) and BHK cells
(panels C and D) infected with the wt and M protein mutant
viruses. Panels A and C show results obtained with the recom-
binant viruses derived from cDNA clones, and panels B and D
show results obtained with viruses derived from the Orsay
strain. rwt virus (Fig. 6A, closed squares) induced caspase-3
activity in HeLa cells more rapidly than did the rM51R-M virus
(open squares). For example, 50% of maximum activity was
induced by rwt virus by approximately 14 h postinfection, com-
pared to 20 h postinfection with rM51R-M virus. These results
support the conclusion that the effect of wt M protein is to
accelerate cell death in Hela cells, similar to the results ob-
tained with time lapse microscopy (Fig. 5).

Results of experiments performed with BHK cells contrast
markedly with those obtained with HeLa cells. Infection with
rM51R-M virus (Fig. 6C, open squares) activated much higher
levels of caspase-3 than did infection with rwt virus (Fig. 6C,
closed squares). These results indicate that another viral com-
ponent is the main inducer of apoptosis in BHK cells and that
the effect of wt M protein is to inhibit activation of caspase-3
by this other viral component. These results are also consistent
with the results obtained with time lapse microscopy (Fig. 5).

wtO virus (Fig. 6B, closed circles) induced caspase-3 activity
in HeLa cells more rapidly than did £sO82 virus (open circles),
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supporting the conclusion that wt M protein accelerates the
induction of apoptosis in HeLa cells. The difference in the
timing of the induction of apoptosis between wtO virus and
tsO82 virus was more pronounced when measured by activa-
tion of caspase-3 (Fig. 6B) compared to the onset of membrane
blebbing (Fig. 5B). In BHK cells, tsO82 virus (Fig. 6D, open
circles) induced more caspase-3 activity than did wtO virus
(closed circles), similar to the results obtained with time lapse
microscopy (Fig. 5). These results further support the conclu-
sion that another viral component induces apoptosis in BHK
cells and the effect of wt M protein is to delay apoptosis in
VSV-infected BHK cells. In HeLa cells infected with wtO virus
and BHK cells infected with #sO82 virus, the level of caspase-3
declined at late times postinfection. We attribute this to a loss
of caspase-3 following the loss of membrane integrity during
cell death.

The time lapse microscopy and caspase-3 results were fur-
ther confirmed by flow cytometry experiments that quantified
cell death induced by M gene mutant viruses and their wt
controls. Infected cells were labeled with ethidium homo-
dimer-1, a fluorescent dye that penetrates cells with permeable
cell membranes, thus making it a marker for dead cells. The
percentage of labeled cells was determined by flow cytometry,
which was gated so that only intact cells were analyzed. In
order to account for the cells that had died and disintegrated
and therefore were not analyzed by flow cytometry, intact
infected cells were counted in a Coulter counter. For each time
point, uninfected cells were lifted and fixed at the same time
that another cell sample was infected, so that the original
number of infected cells could be determined. The number of
cells that disintegrated was determined by subtracting the
number of intact infected cells from the number of uninfected
cells at each time point. The total percentage of dead cells was
calculated by adding the percentage of cells labeled with
ethidium homodimer-1 to the percentage of cells that disinte-
grated as measured by the Coulter counter. Figure 7 shows the
time course of cell death induced by wt VSV and M gene
mutant viruses in HeLa cells (panels A and B) and BHK cells
(panels C and D). rwt virus effectively killed HeLa cells so that
nearly all of the cells were dead by 24 h postinfection (Fig. 7A,
closed squares). The rM51R-M virus (open squares) was much
less effective than rwt virus in killing HeLa cells so that fewer
than half of the cells were dead at 24 h postinfection. These
results support the conclusion that the effect of wt M protein is
to accelerate cell death in HeLa cells, similar to the conclu-
sions from time lapse microscopy (Fig. 5) and caspase-3 acti-
vation (Fig. 6). There was little difference in cell killing be-
tween wtO virus (Fig. 7B, closed circles) and #sO82 virus (open
circles). tsO82 virus induced cell death at a greater rate than
did rM51R-M virus, even though both viruses contain the
MS51R mutation in their M proteins, supporting the hypothesis
that there is more than one component that contributes to the
death of VSV-infected cells. This result is also similar to the
results obtained with time lapse microscopy.

In BHK cells, there was little difference in the cell death
caused by rwt virus and that caused by rM51R-M virus over the
24-h time course (Fig. 7C), and #sO82 virus killed BHK cells
faster than did wtO virus (Fig. 7D). These results are similar to
those obtained by time lapse microscopy and caspase-3 activa-
tion, although the onset of membrane blebbing and the acti-
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FIG. 6. Caspase-3 activity in cells infected with wt VSV and VSV M gene mutants. HeLa cells (A and B) or BHK cells (C and D) were infected
with rwt virus (closed squares), rM51R-M virus (open squares), wtO virus (closed circles), or tsO82 virus (open circles) for the times indicated.
Duplicate samples were analyzed for caspase-3 activation as described in the legends to Fig. 2 and 3. The amount of caspase-3 activated is expressed
as arbitrary fluorescence units. The data represent the average =+ the standard deviation of three experiments.

vation of caspase-3 are earlier events than the membrane rup-
ture measured by these experiments. Thus, we can again
conclude that another viral component is the main inducer of
apoptosis in BHK cells. The effect of wt M protein is to delay
the induction of apoptosis by this other viral component in
BHK cells infected with VSV. This delay was apparent when
the #sO82 and wtO viruses were compared (Fig. 7D). In the
case of the rM51R-M and rwt viruses, the delay was not ap-
parent in Fig. 7C because fewer infected cells died within the
24-h time course.

Viral growth and M protein expression by wt and M protein
mutant viruses. Rates of wt and M protein mutant virus
growth and protein expression in HeLa or BHK cells were
determined in order to determine whether the induction of
apoptosis by these viruses is related to the level of virus rep-
lication or M protein expression. Cells were infected with each
of the two different M protein mutant viruses (rM51R-M or
tsO82) or the corresponding wt virus (rwt or wtO), and the

virus yield was determined by plaque assay as a function of
time postinfection. The results of two viral growth experiments
performed with HeLa cells were averaged and are shown in
Fig. 8A. RM51R-M virus (open squares) produced levels of
progeny similar to those produced by rwt virus (closed squares)
at early times postinfection but accumulated to approximately
10-fold higher titers than did rwt virus by 24 h postinfection. In
repeated experiments at 24 h postinfection, this trend in virus
yield, although reproducible, was not statistically significant,
4.0 X 107 = 2.0 X 107 for rwt virus and 1.8 X 10® + 1.3 x 10°
for rIM51R-M virus (n = 4, P = 0.1). These data indicate that
the M51R M protein mutation does not have a deleterious
effect on virus growth and that in HeLa cells, it slightly en-
hanced the yield of the recombinant virus. There was little
difference between the growth of £sO82 virus (open circles) and
that of the wtO virus from which it was derived (closed circles).
tsO82 virus was originally identified as a ts mutant in chicken
embryo cells (13) but is not temperature sensitive for virus
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FIG. 7. Induction of cell death by wt VSV and VSV M gene mutants as measured by membrane permeability. HeLa cells (A and B) or BHK
cells (C and D) were infected with rwt virus (closed squares), rM51R-M virus (open squares), wtO virus (closed circles), or tsO82 virus (open
circles). Duplicate samples were labeled with ethidium homodimer-1 and analyzed by flow cytometry. The percentage of intact cells that had
permeable cell membranes was determined by using CellQuest software. In order to account for the cells that disintegrated and could not be
analyzed by flow cytometry, intact cells were counted in a Coulter counter. For each time point, uninfected cells were lifted and fixed with 4%
formaldehyde at the same time that another cell sample was infected. Infected samples corresponding to each time point were fixed at the end of
the experiment. All of the cells were counted, and the number of cells that disintegrated was determined by subtracting the number of intact
infected cells from the number of uninfected cells at each time point. The total percentage of dead cells was calculated by adding the percentage
of intact cells labeled with ethidium homodimer-1 as measured by flow cytometry to the percentage of cells that disintegrated as measured by the

Coulter counter. The data represent the average * standard deviation of three experiments.

growth in most cell types. These results obtained at 37°C are
consistent with the lack of temperature sensitivity of this virus
for growth in HeLa cells. rwt virus grew to lower titers than
either of the viruses derived from the Orsay strain. This ap-
pears to reflect strain differences in virus growth.

The results of similar experiments performed with BHK
cells are shown in Fig. 8B. RM51R-M virus (open squares)
grew to higher titers than did rwt virus (closed squares), al-
though there was less difference between the viral growth rates
in BHK cells than in HeLa cells. The viruses derived from the
Orsay strain (circles) grew to higher titers than did the viruses
derived from the infectious cDNA clone (squares). As in HeLa

cells, it is also apparent that the £sO82 virus is not temperature
sensitive in BHK cells. The important conclusion to be drawn
from these data is that the M51R M protein mutation does not
have a deleterious effect on virus growth.

The levels of viral protein synthesis in cells infected with M
protein mutants and the corresponding wt viruses are shown in
Fig. 9. HeLa or BHK cells were infected with each of the four
viruses for 4, 8, or 12 h and then pulsed with [>*S]methionine
for 10 min. The proteins were solubilized and analyzed by
SDS-PAGE and phosphorescence imaging. Figure 9A and C
show representative images obtained with HelLa and BHK
cells, respectively. Figure 9B and D show quantitation of the
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FIG. 8. Effects of M gene mutations on virus growth. HeLa cells
(A) or BHK cells (B) were infected with wtO virus (closed circles),
tsO82 virus (open circles), rwt virus (closed squares), or rM51R-M
virus (open squares). One hour postinfection, the cells were washed
with phosphate-buffered saline and 5 ml of DMEM with 2% FBS was
added to each dish. At the indicated time point, 100 wl of supernatant
was removed from each plate and stored at —70°C. Plaque assays were
performed in duplicate with BHK cells. The data reported are averages
of two experiments.

radioactivity of the M protein bands from three separate ex-
periments expressed as a percentage of the amount of M pro-
tein synthesis at 4 h postinfection with the wtO virus, which was
near the maximum rate. Rates of M protein synthesis in cells
infected with the wtO and rwt viruses declined over the 12-h
time course in both cell types due to the dramatic inhibition of
both viral and host protein synthesis that is typical of VSV-
infected cells. rwt virus synthesized less M protein at 4 h
postinfection than did the wtO virus, particularly in BHK cells.
This may contribute to the differences in virus growth seen in
Fig. 8 and to the differences between these two virus strains in
the induction of apoptosis. However, M protein synthesis by

J. VIROL.

the 5082 and rM51R-M viruses was similar to that of the
respective wt controls at 4 h postinfection (black bars) and
actually increased between 4 and 8 h postinfection (gray bars).
By 12 h postinfection (white bars), M protein synthesis by the
tsO82 virus was reduced, indicating that viral protein synthesis
was inhibited in these cells at this time point. M protein syn-
thesis in cells infected with rM51R-M virus increased over the
12-h time course, indicating that viral protein synthesis in these
cells was not inhibited at these times postinfection. Most im-
portantly, the level of M protein expressed by the mutant
viruses was not less than the level of M protein expressed by
the corresponding wt viruses. These data indicate that the M
protein mutation does not lead to reduced levels of M protein
expression. Thus, the effects of the M protein mutation on the
induction of apoptosis seen in Fig. 5 and 6 are due to changes
in the activity of M protein in cytopathogenesis rather than to
changes in the level of M protein expression.

Also apparent in Fig. 9A and C are the differences in the
viruses’ abilities to inhibit host protein synthesis, as seen by
differences in the levels of the nonviral protein bands (e.g., the
region between viral proteins L and G). The wtO and rwt
viruses were both effective at inhibiting host protein synthesis,
as is typical during a VSV infection. The #sO82 virus was less
effective than the wtO virus, and the rM51R-M virus was less
effective than the rwt virus at inhibiting host protein synthesis
over this time course examined. This indicates that the M51R
M protein mutation reduced the ability of VSV to inhibit
translation of host proteins in infected cells.

DISCUSSION

Our previous experiments and those of other laboratories
have established that the VSV M protein plays a major role in
cytopathogenesis by VSV (5, 7, 17). M protein is a structural
component of the virion and has several important functions in
virus assembly (23). However, M protein plays an important
role in viral cytopathogenesis that is genetically separable from
its function in virus assembly (6, 26). M protein is a potent
inhibitor of host gene expression, both in virus-infected cells
and when expressed in transfected cells in the absence of other
viral gene products (5, 12, 30). M protein also inhibits cytoskel-
etal and cell adhesion functions, leading to cell rounding (7, 26,
29). The purpose of the experiments presented here was to
determine whether M protein is also responsible for the induc-
tion of apoptosis in VSV-infected cells. The data presented
here show that M protein induces cell death when expressed in
the absence of other viral components (Fig. 1, 2, and 3). Fur-
thermore, cell death occurred by induction of apoptosis rather
than necrosis, as shown by induction of the morphological
changes that are characteristic of apoptosis and by the activa-
tion of caspase-3. M protein mutants demonstrated that the
induction of apoptosis by M protein expression is genetically
correlated with its ability to inhibit host gene expression and
not with its viral assembly function. The ability of M protein to
induce apoptosis was supported by results obtained with HeLa
cells infected with the recombinant virus containing the M51R
M protein mutation, which renders M protein defective in the
ability to inhibit host gene expression and in the ability to
induce apoptosis. HeLa cells infected with the rM51R-M virus
entered apoptosis more slowly than did cells infected with the
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FIG. 9. Effects of M gene mutations on rates of protein synthesis in VSV-infected cells. HeLa cells (A and B) or BHK cells (C and D) were
infected with one of the four viruses indicated. At 4, 8, or 12 h postinfection, cells were labeled with [**S]methionine for 10 min and analyzed by
SDS-PAGE. Radioactivity was determined by phosphorescence imaging. Representative images are shown in panels A and C. The viral proteins
are indicated to the left of each gel. The radioactivity of the M protein bands was quantified and is shown in panels B and D as the average * the
standard deviation of three experiments. The amount of M protein is expressed as a percentage of the amount of M protein synthesized by wtO
virus at 4 h postinfection. The amounts of M protein synthesized at 4 h (black bars), 8 h (gray bars), and 12 h (white bars) are grouped together

for each virus.

rwt virus (Fig. 5A, 6A, and 7A), supporting a role for wt M
protein in the induction of apoptosis in VSV-infected HeLa
cells.

However, there is clearly another viral component that con-
tributes to induction of apoptosis in VSV-infected cells in
addition to M protein. The most striking argument for the
presence of another viral inducer of apoptosis comes from the
results obtained with BHK cells (Fig. 5C, 6C, and 7C). Most
BHK cells infected with either rM51R-M or £sO82 virus en-
tered apoptosis faster than did cells infected with the corre-
sponding wt viruses. A similar result was obtained previously

by using another mutant virus containing the M51R mutation
in its M protein (L. Poliquin and D. D. Dunigan, Abstr. 15th
Annu. Meet. Am. Soc. Virol., abstr. W20-7, 1996). Since the
MS51R M protein is defective in the ability to induce apoptosis
(Fig. 2), these results indicate that another viral component is
the principal inducer of apoptosis in BHK cells infected with
VSV. The effect of wt M protein was to delay VSV-induced
apoptosis in BHK cells. These results can be explained by a
model in which the induction of apoptosis by another viral
component requires new host gene expression in BHK cells
(25). In this model, wt M protein inhibits the expression of host
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gene products necessary for the induction of apoptosis. Thus,
the effect of wt M protein would be to delay the induction of
apoptosis by VSV in BHK cells. In cells infected with the M
protein mutant viruses, the expression of proapoptotic host
gene products would not be inhibited and apoptosis would
be induced more rapidly than in cells infected with wt vi-
ruses.

The existence of another viral component besides M protein
that is involved in the induction of apoptosis could account for
the difference between the tsO82 and rM51R-M viruses in the
induction of apoptosis. Both of these viruses contain the M51R
mutation in their M proteins, yet tsO82 virus induced apoptosis
more rapidly than did rM51R-M virus in both HeLLa and BHK
cells (Fig. 5, 6, and 7). It is likely that sequence differences
between these viruses in genes other than M account for this
difference in their rates of induction of apoptosis. The se-
quences of the M proteins of these viruses do differ in 6 out of
229 amino acids (15), since the M protein of tsO82 virus is
derived from the Orsay strain of VSV while that of the recom-
binant virus is derived from the San Juan strain (37). It is
possible that these sequence differences in their M proteins are
responsible for the difference in the induction of apoptosis.
However, there is no detectable difference between the San
Juan and Orsay M proteins in the ability to inhibit host gene
expression (unpublished results). Thus, it is more likely that
sequence differences in a viral component other than M pro-
tein are responsible for the difference in induction of apoptosis
by these two viruses.

The data presented here raise the question of how M protein
and another viral component induce apoptosis in VSV-in-
fected cells. Our hypothesis is that the induction of apoptosis
by M protein is a consequence of the inhibition of host gene
expression. The VSV M protein is remarkably potent as an
inhibitor of host gene expression. For example, the levels of M
protein required to inhibit gene expression in transfected cells
are 1,000-fold lower than the levels of M protein expressed in
VSV-infected cells (5, 27). The inhibition of host gene expres-
sion by M protein occurs at the level of transcription and at the
level of nuclear-cytoplasmic transport of host RNAs (25). In-
hibition of such fundamental cellular processes is inconsistent
with cell survival, and it is likely that these activities of M
protein are responsible for the induction of apoptosis. Alter-
natively, M protein may induce apoptosis by inhibiting other
cellular processes, such as cytoskeletal function, or M protein
may have an apoptosis-inducing activity that is independent of
its other cytopathic effects.

Understanding the mechanism by which another viral com-
ponent induces apoptosis in VSV-infected cells depends, of
course, on the identity of the other viral component. A likely
candidate is viral double stranded RNA (10, 22). This would be
consistent with recent evidence implicating the activation of
protein kinase R in the induction of apoptosis by VSV (3).
Double-stranded RNA is a by-product of viral replication not
normally present in uninfected cells and is a major activator of
protein kinase R (2, 35). Another possibility is that viral leader
RNA contributes to the induction of apoptosis of VSV-in-
fected cells. Leader RNA is the first gene product transcribed
from the viral genome, but it does not encode a protein.
Leader RNA has been implicated in the virus-induced inhibi-
tion of host transcription, but protein synthesis is necessary for
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the inhibition of host RNA synthesis during a VSV infection,
indicating that leader RNA could not be solely responsible for
the inhibition (11, 16, 28, 32). Nonetheless, leader RNA might
contribute to the cytopathic effects of VSV infection and could
play a role in the induction of apoptosis. The viral glycoprotein
(G protein) is another candidate that may contribute to induc-
tion of apoptosis of VSV-infected cells. For example, G pro-
tein might bind to cellular receptors that activate pathways
involved in the induction of apoptosis. Stable cell lines have
been made that express the VSV G protein, indicating that
expression of G protein is not inherently toxic to cells (14).
Thus, G protein probably cannot induce apoptosis in the ab-
sence of other viral components. However, it is possible that
during a viral infection, G protein interacts with other viral
components to activate cell death receptors. A goal of our
future experiments will be to identify the viral components
other than M protein that contribute to the induction of apo-
ptosis by VSV.

Induction of apoptosis in virus-infected cells is usually con-
sidered a host antiviral response to limit the amount of viral
progeny. Inhibition of host gene expression by M protein ap-
pears to be a mechanism by which to prevent expression of host
antiviral gene products, such as interferons and other antiviral
proteins (25). Thus, the delay caused by wt M protein in the
onset of VSV-induced apoptosis in BHK cells would be con-
sistent with this role of M protein in the inhibition of the host
antiviral response. However, a possible consequence of VSV’s
encoding an M protein that promotes apoptosis is that in some
cell types, premature cell death may result in a lower number
of viral particles released from each infected cell. HeLa cells
infected with rM51R-M virus survived much longer than cells
infected with rwt virus, and rM51R-M virus grew to slightly
higher titers in HeLa cells (Fig. 5, 6, 7, and 8), supporting the
idea that premature induction of apoptosis in cells infected
with rwt virus limits virus growth. However, there are clearly
other factors that determine the level of virus growth, since
both the wtO and #sO82 viruses grew to high titers in HeLa
cells (Fig. 8), despite the fact that they rapidly induce apoptosis
in infected cells (Fig. 5, 6, and 7). Thus, it is likely that the
premature induction of apoptosis by M protein is only a minor
disadvantage for VSV compared to the advantages derived
from the M protein-induced inhibition of the host antiviral
response.

In many cases of viral disease, including VSV, virus-induced
cell death is the primary cause of disease symptoms in host
organisms (18). In the case of Sindbis virus, mortality in in-
fected mice is dramatically reduced when apoptosis is sup-
pressed by Bcl-2 protein expressed by the virus (24). Differen-
tial sensitivity of cells in different tissues to induction of
apoptosis could play a role in determining which tissues give
rise to disease symptoms following virus infection. Our results
showing that HeLLa and BHK cells have dramatically different
responses to the activity of M protein following VSV infection,
suggest that M protein plays a role in determining which cell
types are most affected by virus-induced apoptosis in the intact
host. Thus, these results provide a basis for exploration of the
differential responsiveness among cell types to viral inducers of
apoptosis and the implications of this differential responsive-
ness for viral pathogenesis in intact hosts.
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