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The matrix (M) protein of vesicular stomatitis virus (VSV) expressed in the absence of other viral compo-
nents causes many of the cytopathic effects of VSV, including an inhibition of host gene expression and the
induction of cell rounding. It was recently shown that M protein also induces apoptosis in the absence of other
viral components. This raises the possibility that the activation of apoptotic pathways causes the inhibition of
host gene expression and cell rounding by M protein. To test this hypothesis, host gene expression and cell
rounding were analyzed after the transfection of M mRNA into HeLa cells stably overexpressing Bcl-2
(HeLa-Bcl-2 cells). We have shown previously that Bcl-2 inhibits M-protein-induced apoptosis. Here, we show
that activation of the apoptotic pathways downstream of Bcl-2 is not required for the inhibition of host gene
expression by M protein. In contrast, overexpression of Bcl-2 inhibited cell rounding induced by M protein,
indicating that apoptotic pathways downstream of Bcl-2 are required for the cell-rounding activities of M

protein.

The matrix (M) protein of vesicular stomatitis virus (VSV) is
remarkable for the number of different roles it plays in virus-
infected cells. M protein’s multiple activities can be broadly
classified into viral assembly functions and activities that lead
to cytopathogenesis. The viral assembly functions of M protein
include the ability to condense the viral nucleocapsid into a
tightly coiled helix and the ability to interact with host plasma
membranes to generate the viral envelope (3, 12, 20). M pro-
tein’s activities that contribute to cytopathogenesis include an
ability to induce cell rounding, the ability to inhibit host gene
expression, and the ability to induce apoptosis (5-7, 9, 14, 15,
21). The viral assembly functions of M protein are genetically
separable from its cytopathic functions (6, 15). Thus, the ac-
tivities of M protein that are involved in virus assembly do not
cause the cytopathic effects of M protein. However, the cell-
rounding activity and the induction of apoptosis by M protein
are genetically correlated with its ability to inhibit host gene
expression, raising the possibility that these activities are re-
lated to each other (6, 14, 15). The many effects of M protein
raise the question of how one protein can have so many activ-
ities. One possibility is that what appear to be multiple sepa-
rate activities are actually related by cause and effect. The goal
of the experiments here was to determine the role of the
induction of apoptosis by M protein in two other cytopathic
effects caused by M protein: the inhibition of host gene expres-
sion and the induction of cell rounding.

The first cytopathic activity described for M protein was its
ability to induce cell rounding (7). It was subsequently shown
that M protein interacts with tubulin in vitro and that tubulin
coimmunoprecipitates with M protein from VSV-infected cells
(17). These results suggested that the cell-rounding activity by
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M protein is due, in part, to its interaction with tubulin. How-
ever, cell rounding requires disruption of multiple cytoskeletal
elements as well as disruption of cell-substrate adhesion. Thus,
an interaction with tubulin is not sufficient to induce cell
rounding and multiple cellular targets must be affected in or-
der for cell rounding to occur.

The second cytopathic activity described for M protein was
its ability to inhibit host gene expression (5). M protein inhibits
transcription by all three host RNA polymerases in the absence
of other viral components (1). In the case of host RNA poly-
merase II, the target of the inhibition was identified as the
general transcription factor, TFIID (27, 28). However, the
inactivation of TFIID appears to be an indirect effect of M
protein, mediated by host factors that have yet to be identified.
The inhibition of host gene expression also involves an inhibi-
tion of the nucleocytoplasmic transport of RNAs and proteins
(10). M-protein-induced inhibition of nucleocytoplasmic trans-
port appears to be caused by its interaction with one or more
nuclear pore components, including the nucleoporin Nup98
(22, 25).

It was recently reported that M protein contributes to cyto-
pathogenesis through its ability to induce apoptosis in the
absence of other viral components (14). We hypothesize that
the multiple pathways involved in the process of apoptosis may
be responsible for many of M protein’s effects. For example,
cell rounding is a prominent feature of apoptosis and, there-
fore, the induction of apoptosis may account for the cell-
rounding activity of M protein. Likewise, the activation of the
apoptotic pathways may cause the inhibition of host gene ex-
pression by inactivating host transcription factors such as
TFIID. Alternatively, the inhibition of host gene expression
may cause the induction of apoptosis. Indeed, our recent data
showed that the induction of apoptosis by M protein resembles
that induced by the pharmacologic inhibitors of host transcrip-
tion, such as actinomycin D. For example, both M protein and
actinomycin D activate the caspase-9 pathway, and apoptosis
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FIG. 1. Overexpression of Bcl-2 does not affect the inhibition of
host gene expression by M protein. (A) Stable HeLa—Bcl-2 cells and
HeLa—empty-vector cells were generated and maintained as previously
described (13). HeLa cells, HeLa—empty-vector cells, and HeLa-Bcl-2
cells grown in six-well plates were transfected as described previously
(4) with yeast RNA as a negative control or with increasing amounts of
M mRNA as indicated. All samples were transfected with 500 ng of a
plasmid containing a luciferase reporter gene under the control of an
SV40 promoter, a typical polymerase II promoter (2). The total
amount of RNA transfected was held constant at 1 g with yeast RNA.
Host gene expression was measured by analyzing luciferase activity
with the luciferase assay system (Promega) as previously described (2).
The data for each cell line are expressed as a percentage of the yeast
RNA control. The data represent the averages * standard deviations
from three experiments. (B) HeLa cells, HeLa—empty-vector cells, and
HeLa—-Bcl-2 cells were transfected with M mRNA for 24 h. Cells were
harvested, and equal amounts of lysates were analyzed for Western
blot analysis with an antibody for M protein. Lysates from mock-
treated HeLa cells were used as a control.

can be inhibited by the overexpression of Bcl-2, a host protein
that prevents the activation of apoptotic pathways by inhibiting
the release of proapoptotic factors from mitochondria (13).
The activation of apoptotic pathways downstream of Bcl-2 is
not required for the inhibition of host gene expression by M
protein. We have shown previously that the induction of apo-
ptosis by M protein is dramatically reduced in HeLa cell lines
(HeLa-Bcl-2 cells) that stably overexpress Bcl-2 (13). To de-
termine whether the activation of apoptotic pathways is re-
quired for the inhibition of host gene expression by M protein,
HeLa-Bcl-2 cells were transfected with M mRNA and the level
of host gene expression was measured (Fig. 1A). M protein was
expressed from transfected mRNA rather than plasmid DNA,
since M protein inhibits its own expression from DNA vectors
that depend on host transcription (4, 5). The methods for the
in vitro transcription of M mRNA containing a 5" cap and a 3’
poly(A) tail were as described previously (4, 14).
HeLa-Bcl-2 cells, control HeLa cells stably transfected with
the empty vector (HeLa—empty-vector cells), and the original
HeLa cells were transfected with increasing amounts of M
mRNA and with a constant amount of a plasmid containing a
luciferase reporter gene under the control of a simian virus 40
(SV40) promoter (pGL3) that serves as an example of a typical
RNA polymerase II-dependent promoter. Data from other
studies indicate that cotransfection of mRNA and plasmid
DNA results in expression from both in transfected cells (1, 4,
15, 16). It was also previously determined by flow cytometry
that the transfection of enhanced green fluorescent protein
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(EGFP) mRNA results in approximately 30% EGFP-positive
cells for all three cell lines, indicating that all three cell types
are transfected with similar transfection efficiencies (13). At
24 h posttransfection, the cells were lysed and gene expression
from the SV40 promoter was measured by assaying luciferase
activity (Luciferase Assay System; Promega). Figure 1A shows
the levels of luciferase expression as a percentage of a negative
control transfected with yeast RNA. There was a titratable
decrease in gene expression in all three cell lines after trans-
fection with increasing amounts of M mRNA. This level of
inhibition of host gene expression by M protein is similar to
that discussed in previously published reports (5, 6, 16). There
was no difference in the extent of inhibition in HeLa-Bcl-2
cells compared to that in the original HeLa cells and HeLa—
empty-vector cells. These results indicate that the inhibition of
host gene expression by M protein cannot be inhibited by the
overexpression of Bcl-2. Thus, the activation of apoptotic path-
ways downstream of Bcl-2 is not necessary for the inhibition of
host gene expression by M protein.

To determine whether the levels of M protein were similar
in the three HeLa cell lines, Western blot analysis was per-
formed. The three cell lines were transfected with M mRNA;
equal amounts of cell lysates were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and a Western blot
was performed with the anti-M-protein monoclonal antibody
(23H12) as described previously (8). Figure 1B shows a West-
ern blot of mock-treated HeLa cells and of HeLa cells, HeLa-
empty-vector cells, and HeLLa-Bcl-2 cells transfected with M
mRNA. These data show that the levels of M protein expres-
sion in the three cell types were similar.

The cell-rounding activity of M protein is dependent on the
induction of apoptosis. Cell rounding is a prominent morpho-
logical change that occurs during apoptosis. Thus, it is possible
that M protein may have two mechanisms for causing cell
rounding, one involving an interaction with cytoskeletal pro-
teins and the other due to the induction of apoptosis. To
determine if M protein has cell-rounding activity independent
of the induction of apoptosis, HeLa-Bcl-2 cells and HeLa—
empty-vector cells were cotransfected with M mRNA and
EGFP mRNA so that transfected cells could be identified by
EGFP fluorescence, and the percentage of fluorescent cells
that were round was determined by fluorescence microscopy.
Negative controls were transfected with EGFP mRNA alone.
Transfected cells were incubated for 18 or 24 h and then
analyzed for cell rounding and the morphological changes as-
sociated with apoptosis by using a 20X objective on a Nikon
microscope (13). Between 70 and 200 fluorescent cells in six
representative images for each sample were scored as either
flat or round for each experiment. The criteria for the evalu-
ation of cell rounding were described previously (15).

Representative phase-contrast images and fluorescence im-
ages taken of the same fields at 18 h posttransfection are shown
in Fig. 2. Nearly all of the HeLa—empty-vector cells and HeLa—
Bcl-2 cells transfected with EGFP mRNA alone were flat (Fig.
2A and C). HeLa-empty-vector cells transfected with EGFP
and M mRNA for 18 h displayed an increase in the number of
round cells (Fig. 2B). The cells also were undergoing other
morphological changes associated with apoptosis, such as cell
shrinking and membrane blebbing. It had previously been de-
termined that the expression of M protein in HeLa—empty-
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FIG. 2. Images of HeLa—empty-vector cells and HeLa—Bcl-2 cells
expressing M protein. HeLa—empty-vector cells and HeLLa—Bcl-2 cells
were transfected with 270 ng of EGFP mRNA or with 30 ng of M
mRNA and 240 ng of EGFP as indicated. At 18 h posttransfection,
cells were analyzed by phase-contrast (left) or fluorescence (right)
microscopy with a 20X objective. Representative digital phase-contrast
and fluorescence images of the same field are shown in each row. Cells
were analyzed by using phase-contrast and fluorescence microscopy
with a 20X objective on a Nikon microscope.

vector cells results in morphological and biochemical changes
associated with apoptosis, such as the activation of caspases 3,
8, and 9. We also showed previously that overexpression of
Bcl-2 dramatically reduces caspase activation (13). In contrast,
HeLa-Bcl-2 cells transfected with EGFP and M mRNA dis-
played few, if any, round cells (Fig. 2D). These data indicate
that Bcl-2 overexpression decreases the cell-rounding activity
of M protein.

The extent of cell rounding was quantified by evaluating
transfected cells for cell rounding in multiple static images
(Fig. 3A), and in addition, the time course of cell rounding and
other morphological changes associated with apoptosis was
determined by time lapse microscopy (Fig. 3B). In Fig. 3A, the
numbers of round and flat cells were counted in multiple im-
ages taken from four experiments and the percentages of flu-
orescent cells that were round are shown at 18 and 24 h post-
transfection. Most of the fluorescent HeLa—empty-vector cells
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FIG. 3. Overexpression of Bcl-2 reduces the amount of cell round-
ing after expression of M protein. (A) HeLa—empty-vector cells and
HeLa-Bcl-2 cells were transfected with EGFP mRNA or with EGFP
and M mRNA as indicated for 18 h (white bars) or 24 h (black bars)
as in Fig. 2. Between 70 and 200 fluorescent cells in six representative
images for each sample were scored as either flat or round for each
experiment. The criteria for the evaluation of cell rounding were de-
scribed previously (15). The data are expressed as the percentage of
fluorescent cells that were round and represent the averages * stan-
dard deviations from four experiments. (B) HeLa—empty-vector cells
(closed circles) and HeLa—Bcl-2 cells (open circles) were transfected
with EGFP and M mRNA and analyzed by fluorescence and phase-
contrast time lapse microscopy. Fluorescence time lapse microscopy
was performed as previously described (14). The time that each of 30
to 50 fluorescent cells became round was determined from the time-
date record on the videotape. Data shown are the cumulative percent-
ages of cells undergoing cell rounding as a function of time postinfec-
tion. The data represent the averages from two experiments.

and HeLa-Bcl-2 cells transfected with EGFP mRNA alone
were flat at 18 and 24 h, but there were a few round cells in
these samples that were primarily cells undergoing cell division
(Fig. 3A). HeLa-empty-vector cells cotransfected with EGFP
and M mRNA displayed an increase in the percent round cells
to 53% at 18 h and 76% by 24 h (Fig. 3A). In contrast, most
of the HeLa-Bcl-2 cells transfected with EGFP and M
mRNA were flat. At 18 h posttransfection, approximately 23%
of HeLa—Bcl-2 cells were round, and by 24 h, approximately
30% of HeLa-Bcl-2 cells were round (Fig. 3A). These results
indicate that Bcl-2 overexpression dramatically reduces the
amount of round cells, indicating that the induction of apopto-
sis by M protein is important for most of its cell-rounding
activity. However, overexpression of Bcl-2 did not completely
inhibit the cell rounding induced by M protein, since there
were more round cells when HeLa—Bcl-2 cells were transfected
with M mRNA than in the negative control cells.

Time lapse microscopy was used to determine the time
course of cell rounding of HeLa—-Bcl-2 cells and HeLa—empty-
vector cells expressing M protein, as well as to determine the
subsequent fate of cells that underwent cell rounding. HeLa—
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empty-vector cells and HeLa-Bcl-2 cells were transfected with
EGFP and M mRNA, and fluorescence images were captured
to indicate transfected cells. The progression of the transfected
cells was followed with phase-contrast time lapse microscopy.
The time that each of 30 to 50 transfected cells in the field
underwent cell rounding and other morphological changes as-
sociated with apoptosis was determined from the time-date
record on the videotape. The timing of the onset of cell round-
ing of HeLa—empty-vector cells and HeLa-Bcl-2 cells after
transfection with EGFP and M mRNA is shown in Fig. 3B. The
data are expressed as the cumulative percentage of round cells
as a function of time posttransfection. Between 12 and 30 h
posttransfection, approximately 80% of HeLa—empty-vector
cells transfected with EGFP and M mRNA underwent cell
rounding. In contrast, only approximately 30% of HeLa-Bcl-2
cells underwent cell rounding during this time period (Fig. 3B),
similar to the results shown in Fig. 3A.

Despite the pronounced inhibition of cell rounding by Bcl-2
overexpression, Bcl-2 did not completely reduce the amount of
round cells to the levels of the negative controls. One possible
explanation for the incomplete reduction in cell rounding is
that Bcl-2 may not completely inhibit apoptosis by M protein in
all cells. In fact, previous results indicate that the caspase
activation and cell death induced by M protein are dramati-
cally reduced by the overexpression of Bcl-2 but not completely
abolished. Another possible explanation for the incomplete
reduction in cell rounding is that M protein has cell-rounding
activities independent of apoptosis in a small percentage of
cells.

To distinguish between these two possibilities, the trans-
fected cells that underwent cell rounding were also examined
for other morphological changes associated with apoptosis,
such as membrane blebbing, a key morphological change as-
sociated with the induction of apoptosis. Cells undergoing ap-
optosis proceeded through a characteristic sequence of mor-
phological changes, beginning with cell rounding, followed by
membrane blebbing and cell shrinkage, and ultimately con-
cluding in cell membrane rupture. By using time lapse micros-
copy, it could be distinguished whether the HeLa-Bcl-2 cells
that became round after the expression of M protein also
underwent the other morphological changes associated with
apoptosis or were rounded without undergoing apoptosis. If M
protein has cell-rounding activities independent of apoptotic
pathways downstream of Bcl-2, we would expect that HeLa—
Bcl-2 cells transfected with M mRNA would become round but
not undergo the other morphological changes associated with
apoptosis.

Of the 80% of transfected HeLa—empty-vector cells that
became round (Fig. 3B), 90% of these round cells expressing
M protein also underwent membrane blebbing by 30 h. These
cells also underwent other morphological changes associated
with apoptosis, such as cell shrinkage, and many showed signs
of membrane blistering and rupture. Examination of the round
HeLa-Bcl-2 cells expressing M protein revealed that, of the
30% of transfected cells that became round (Fig. 3B), approx-
imately 88% of these cells also underwent membrane blebbing
and the other morphological changes associated with apopto-
sis. These results indicate that the round HeLa-Bcl-2 cells
expressing M protein were undergoing apoptosis, supporting
the idea that overexpressing Bcl-2 does not completely inhibit
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apoptosis by M protein in all cells. Thus, the residual 30% cell
rounding induced by M protein in HeLa—Bcl-2 cells was of cells
undergoing apoptosis. Together, the data in Fig. 2 and 3 indi-
cate that the cell-rounding activity by M protein is caused by
the induction of apoptosis and that M protein does not have
cell-rounding activity independent of the induction of apopto-
sis. This is the first report in which the inhibition of host gene
expression has been separated experimentally from the cell-
rounding activity of M protein.

Cause and effect relationships among the cytopathic effects
of M protein. The goal of the experiments here was to deter-
mine the role of the induction of apoptosis by M protein in two
other cytopathic effects caused by M protein: the inhibition of
host gene expression and the induction of cell rounding. Our
hypothesis was that what appear to be multiple separate cyto-
pathic effects are actually related by cause and effect. We
determined whether the inhibition of M-protein-induced apo-
ptosis prevented the inhibition of host gene expression and cell
rounding. Our conclusion is that apoptotic pathways down-
stream of Bcl-2 do not cause the inhibition of host gene ex-
pression by M protein but that the induction of apoptosis does
cause the cell-rounding activity of M protein.

It was recently determined that M protein induces apoptosis
when expressed in the absence of other viral components and
that M-protein-induced apoptosis is genetically correlated with
its ability to inhibit host gene expression and not with its viral
assembly functions (14). In addition, earlier data had shown
that the cell-rounding activity of M protein is also genetically
correlated with its ability to inhibit host gene expression (15).
Collectively, these genetic correlations suggested that these
cytopathic activities are related by cause and effect. Analysis of
caspase activation supports the hypothesis that the induction of
apoptosis by M protein is caused by its ability to inhibit host
gene expression, since the induction of apoptosis by M protein
has several similarities to that induced by the pharmacologic
inhibitors of host gene expression. M protein and pharmaco-
logic inhibitors of host gene expression, such as actinomycin D
and 5,6-dichlorobenzimidazole riboside, primarily induce the
activation of the caspase-9 pathway (13). In addition, the in-
duction of apoptosis by both M protein and pharmacologic
inhibitors of host gene expression can be inhibited by the
overexpression of Bcl-2 (13). However, it remained possible
that the inhibition of host gene expression was a consequence
rather than a cause of the induction of apoptosis by M protein.
Even though apoptosis induced by M protein was inhibited by
the overexpression of Bcl-2, the inhibition of host gene expres-
sion was not prevented by Bcl-2 overexpression (Fig. 1). This
result rules out the hypothesis that the induction of apoptotic
pathways downstream of Bcl-2 is responsible for the inhibition
of host gene expression by M protein.

The relationship of apoptosis induction to another promi-
nent cytopathic effect of M protein, the induction of cell round-
ing, was also determined. It has previously been reported that
M protein interacts with tubulin, and this interaction was be-
lieved to be responsible, at least in part, for the cell-rounding
activity observed by M protein (17). However, in order for cells
to become round, there must be both a disruption of the
cytoskeletal elements, such as actin and tubulin, and also a
disruption of cell adhesion molecules, which assist in maintain-
ing cell shape by adherence to the substrate. Therefore, it is
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not likely that the disruption of the microtubule network alone
would be sufficient to cause cell rounding. This is supported by
evidence that the severe disruption of microtubules by differ-
ent chemical agents, such as colchicine, 4-hydroxy-2(E)-non-
enal, and tyrphostin AG-1714, does not correlate with cell
rounding (19, 24, 26). However, cell rounding is a prominent
cytopathic effect that occurs during the induction of apoptosis.
Our data indicate that the activation of the apoptotic pathways
downstream of Bcl-2 is required for cell rounding by M pro-
tein, indicating that M protein does not have additional cell-
rounding activities independent of the induction of apoptosis
(Fig. 2 and 3).

While the cell-rounding activity by M protein is caused by
apoptosis, the possibility remains that the interaction of M
protein with tubulin may have an important role in the patho-
genesis of VSV in intact organisms. In intact organisms, VSV
is neurotropic, infecting neurons and other cells of the central
nervous system (11). Disruption of microtubules does not
cause neurons to become round, but it dramatically reduces
the number of cells that extend neurite processes such as axons
and dendrites (19). One possibility is that disruption of the
neurites may interfere with the signaling required for the host
antiviral response by disrupting synaptic activity. Receptors for
antiviral ligands, such as the gamma interferon receptor, have
been shown to be localized to the synapses of interneuronal
cells (23). Interferons are important antiviral agents in limiting
VSV replication and pathogenesis (18). Thus, the disruption of
microtubules by M protein may inhibit interferon signaling,
and possibly other antiviral signaling, in the central nervous
system. Therefore, the interaction of M protein with tubulin
may be important for VSV to evade the host antiviral response
in the central nervous system.

In summary, we analyzed the cause and effect relationships
of three cellular effects of M protein: inhibition of host gene
expression, cell rounding, and apoptosis. We determined that
the induction of apoptosis accounts for the cell-rounding ac-
tivity but not the inhibition of host gene expression. The ex-
periments presented here, combined with our previous exper-
iment and those of others, suggest that the inhibition of host
gene expression causes apoptosis, which in turn causes the
induction of cell rounding.
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