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Sindbis virus (SV) is an alphavirus that causes encephalitis in mice and can lead to the apoptotic death of
infected cells. To determine the step in virus replication during which apoptosis is triggered, we used UV-
inactivated SV, chemicals that block virus fusion or protein synthesis, and cells that do and do not express
heparan sulfate, the initial binding molecule for SV infection of many cells. In initial experiments, UV-
inactivated neuroadapted SV (NSV) induced apoptosis in Chinese hamster ovary (CHO) cells lacking heparan
sulfate in the presence of cycloheximide. When fusion of prebound UV-inactivated NSV was rapidly induced at
the plasma membrane by exposure to acidic pH, apoptosis was induced in CHO cells with or without heparan
sulfate in the presence or absence of cycloheximide in a virus dose-dependent manner. In N18 neuroblastoma
cells, the relative virulence of the virus strain was an important determinant of apoptosis induced by UV-
inactivated SV. Treatment of N18 cells with monensin to prevent endosomal acidification an hour before, but
not 2 h after, exposure to live NSV blocked the induction of cell death, as did treatment with NH4Cl or
bafilomycin A1. These studies indicate that SV can induce apoptosis at the time of fusion with the cell
membrane and that virus replication is not required.

The interactions between viruses and host cells have several
possible outcomes: transformation, persistent productive infec-
tion, latency, or cell death. Sindbis virus (SV), a mosquito-
borne alphavirus, is an enveloped, plus-strand RNA virus that
causes infection of neurons and age-dependent encephalomy-
elitis in mice (20, 24). SV causes persistent infections in most
mosquito cell lines, but it induces apoptosis in most vertebrate
cell lines, a property that may be relevant to its maintenance in
natural transmission cycles (15). Viral and host cell factors that
regulate the process of apoptosis determine the outcome of
infection for the cell and ultimately for the host. Studies of SV
infection of the central nervous system in vivo and of primary
dorsal root ganglion neurons in vitro have shown that neurons
become increasingly resistant to SV-induced apoptosis as they
mature, which correlates with the age dependence of fatal
infection (27, 28). The mechanism of this increased resistance
is not known, but a number of studies have shown that apo-
ptosis induced by SV can be blocked by caspase inhibitors and
by members of the Bcl-2 family of antiapoptotic proteins (8, 26,
27, 36), so a variety of cellular inhibitors of apoptosis can
prevent or slow SV-induced apoptosis. Neurovirulent strains of
SV can overcome some cellular inhibitors of apoptosis and
cause cell death (49), suggesting that a balance of cellular
factors regulating cell death and viral factors regulating viru-
lence determines the outcome of infection. However, how this
apoptotic pathway is triggered during SV infection is not un-
derstood.

For some viruses, specific viral proteins (e.g., adenovirus
E1A [41], parvovirus NS [7, 25], reovirus sigma 1 [48], retro-
virus Env and Vpr [4, 43], or chicken anemia virus VP3 [38])

have been associated with the induction of apoptosis. Some of
these proteins act at the cell membrane, presumably through
interaction with a cellular receptor for the virus, while others
act intracellularly (4, 33, 48). SV, like other alphaviruses, en-
codes four nonstructural proteins (nsPs) and three major struc-
tural proteins: an internal capsid protein and two surface gly-
coproteins, E1 and E2 (44). E1 and E2 exist on the surface of
the virion as a heterodimer that is trimerized to form spikes
which attach the virus to cells to initiate infection. Receptor-
mediated endocytosis brings the virion into the endosome,
where exposure to acidic pH induces a conformational change
in the E1-E2 heterodimer, leading to fusion of the viral enve-
lope with the endosomal membrane. Delivery of the capped
and polyadenylated genomic RNA to the cytoplasm is followed
by translation of the nsPs and formation of membrane-bound
replication complexes. At approximately the time that struc-
tural protein synthesis is initiated, the synthesis of nonstruc-
tural viral and cellular proteins ceases. Virions are assembled
at, and bud from, the plasma membrane (44). Although a role
for nsPs in the establishment of persistent SV infection has
been suggested (11), infection of cells with SV replicons has
shown that the structural proteins dramatically accelerate cell
death (14). The most recent data gathered from transient-
transfection assays suggest that the induction of apoptosis may
involve the transmembrane regions of the surface glycopro-
teins (23).

To begin to determine the step in the SV life cycle that
triggers the signal for cell death, we used UV-inactivated SV,
chemicals that block virus fusion or protein synthesis, and cell
lines that do and do not express heparan sulfate (the initial
virus binding molecule) for studies of SV-induced apoptosis.
We found that UV-inactivated SV is able to induce apoptosis.
This was most easily demonstrated when the cells lacked hepa-
ran sulfate and when virus-cell membrane fusion was rapidly
and synchronously induced by exposure of cells with bound
virions to acidic pH. Apoptosis was blocked by treating cells
exposed to infectious virus with inhibitors of endosomal acid-
ification. It is proposed that the process of apoptosis is initiated
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by an interaction between the viral glycoprotein(s) and a cell
surface receptor and that it is specifically triggered during
acid-induced virus fusion with the cell membrane.

MATERIALS AND METHODS

Cell lines. Chinese hamster ovary (CHO-22) cells (18) and mutant CHO-
18.4m cells lacking cell surface sulfated proteoglycans (21) were grown in Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco, Grand Island, N.Y.) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco) and 1.53 nonessential
amino acids (Gibco). Mouse neuroblastoma (N18) cells (2) and baby hamster
kidney (BHK-21) cells (American Type Culture Collection, Manassas, Va.) were
grown in DMEM supplemented with 10% FBS.

Virus strains, purification, and inactivation. AR339 was originally isolated
from mosquitoes (45) and obtained from the American Type Culture Collection.
A neuroadapted strain of SV (NSV) was derived by serial passages of AR339 in
mouse brain (16). The heat-resistant small-plaque strain of SV (HRSP) was
derived from serial passages of the HR strain (derived from AR339) in chicken
embryo fibroblasts (6). Virus stocks were grown and assayed in BHK-21 cells and
contained 108 to 109 PFU/ml.

Radiolabeling and purification of virions. BHK-21 cells were infected at a
multiplicity of infection (MOI) of 5, and 1 h later, cells were fed with methionine-
and cysteine-free MEM to which was added 10 mCi of [35S]methionine-cysteine
(Tran35S-label; ICN) per ml. When a .90% cytopathic effect was evident, su-
pernatant fluid was harvested and clarified. For purification, virus was precipi-
tated in 10% (wt/vol) polyethylene glycol 8000 in 0.5 M NaCl, resuspended in
NET buffer (10 mM Tris, 3 mM EDTA, 150 mM NaCl [pH 7.4]), and banded in
a 15 to 40% potassium tartrate gradient as previously described (42). Banded
virus was collected, dialyzed against 0.05 M Tris-HCl (pH 7.4), and stored in
aliquots at 270°C.

Virus binding assay. Cells were grown in 12-well plates and washed twice in
cold binding medium (RPMI 1640 without NaHCO3, 0.2% bovine serum albu-
min, 20 mM HEPES [pH 7.4]). Radiolabeled virus (4,000 cpm per well in 0.4 ml
of cold binding medium) was added, and the plates were rocked gently at 4°C. At
various times after addition of virus, supernatant fluids were collected from
triplicate wells and cells were washed twice. The wash fluids were added to the
supernatant fluids and counted to determine the amount of unbound virus. Cells
were lysed in 1% sodium dodecyl sulfate (SDS) and counted to determine the
amount of bound virus (46).

UV inactivation of SV. SV was inactivated by exposing the virus to a germicidal
lamp (wavelength, 254 nm) at a distance of 5 cm for 30 min at 4°C. Inactivation
was confirmed by the inoculation of BHK-21 cells before use and, in individual
experiments, by monitoring the exposed cells for synthesis of nsPs and the
supernatant fluids from these cells for the presence of infectious virus at 24 h.

Assessment of DNA degradation. A total of 2 3 106 cells infected with un-
treated SV or UV-treated SV were harvested after a 48- to 72-h exposure to the
virus. Genomic DNA was isolated with DNAzol (Gibco BRL), incubated with
RNase (1 mg/ml) at 50°C for 1 h, and then loaded onto a 1.2% agarose gel
containing ethidium bromide. After electrophoresis, the gel was photographed
and examined for the presence of DNA laddering.

Drug treatments and assessment of viral protein synthesis. Confluent cells
were pretreated with NH4Cl (20 mM), monensin (10 mM), bafilomycin A1
(10 mM), or cycloheximide (CHX) (10 mg/ml; Sigma Chemical Co., St. Louis,
Mo.) beginning 1 h before or 2 h after exposure to SV. At various times after
infection, 2 ml of labeling medium containing [35S]methionine-cysteine (50 mCi/
ml) was added to the cells for 1 h. After removal of the labeling medium, cells
were washed twice with phosphate-buffered saline (PBS) and lysed with radio-

immunoprecipitation assay (RIPA) buffer (50 mM Tris-Cl [pH 7.5], 150 mM
NaCl, 10 mM EDTA, 0.1% SDS, 1% Triton X-100, 1% deoxycholate). Equal
amounts of cell lysates were analyzed on an SDS–15% polyacrylamide gel.

To monitor the synthesis of nsPs as evidence of infection, N18 cells were
infected with NSV diluted in DMEM at an MOI of 50 or were exposed to
UV-inactivated NSV at an MOI equivalent of 500 at 4°C for 2 h. Cells exposed
to live virus were washed, fed with DMEM–2% FBS, and shifted to 37°C. Cells
exposed to UV-inactivated virus were treated with DMEM (pH 5.0) at 37°C for
1 h, and then they were washed and fed with DMEM–2% FBS. At 24 h, cells
were washed with PBS, fixed with acetone-methanol (1:1), and stained overnight
at 4°C with rabbit anti-nsP1 (diluted 1:500), followed by fluorescein isothiocya-
nate-conjugated goat anti-rabbit immunoglobulin G (1:2,000) at 37°C for 2 h.

Western blot analysis. Cells were washed twice with PBS and lysed in RIPA
buffer. The protein concentrations were determined by the Bradford protein
assay (Bio-Rad, Hercules, Calif.). Proteins (50 to 100 mg) were electrophoresed
in an SDS–15% polyacrylamide gel, blotted onto a Hybond-C extra membrane
(Amersham, Arlington Heights, Ill.), and reacted with antibody. Rabbit poly-
clonal antiserum to SV (19) was used to detect the E1, E2, and capsid proteins.

RESULTS

Induction of apoptosis in CHO-18.4m cells by UV-inacti-
vated NSV. To begin to determine the step in SV replication
that induces apoptosis, we investigated whether virus replica-
tion was required. CHO-18.4m cells, which lack heparan sul-
fate (21) and therefore allow virus to interact directly with a
postulated receptor, and parental CHO-22 cells were used.
Cells were treated with UV-inactivated NSV at a BHK cell
MOI equivalent of 500 in the presence and absence of CHX to
inhibit the synthesis of viral and cellular proteins (Fig. 1).
UV-inactivated NSV induced the death of CHO-18.4m cells,
but not that of CHO-22 cells, in the presence of CHX. CHX
alone did not induce significant cell death in these cell lines
within 3 days. The death of CHO-18.4m cells induced by UV-
inactivated NSV was due to apoptosis, as indicated by the
presence of DNA laddering (Fig. 2). These data suggest that
the induction of cell death did not require virus replication or
virus protein synthesis, was optimized by interaction of the

FIG. 1. Effect of UV-inactivated NSV (UV-NSV) on CHO-22 and CHO-
18.4m cells in the presence or absence of CHX. Cells were or were not pretreated
with CHX (10 mg/ml) for 1 h, after which UV-inactivated NSV (MOI equiva-
lent 5 500) was added with additional CHX. Cell viabilities were assessed at 1,
2, and 3 days by trypan blue exclusion. The bar indicates standard deviation.

FIG. 2. Integrity of DNA of CHO-18.4m cells after exposure to NSV. Lane
1, cells infected with viable NSV (MOI equivalent 5 5, harvested at 48 h); lane
2, uninfected cells; lanes 3, 4, 6, and 7, cells exposed to UV-inactivated NSV
(MOI equivalent 5 500) in the presence of CHX (10 mg/ml) (lane 3, 48 h; lane
6, 72 h) or without CHX (lane 4, 48 h; lane 7, 72 h); lanes 5 and 8, cells exposed
to CHX alone (lanes 5, 48 h; lane 8, 72 h). DNA was analyzed on a 1.2% agarose
gel stained with ethidium bromide.
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virus with a cell surface molecule other than heparan sulfate,
and, surprisingly, appeared to require the inhibition of cellular
protein synthesis by CHX.

To determine whether apoptosis could be enhanced by in-
ducing coordinated fusion of UV-inactivated virus at the
plasma membrane, CHO-18.4m and CHO-22 cells, with UV-
inactivated NSV bound to the surface at 4°C, were exposed to
pH 6.0 and shifted to 37°C, and their viabilities were assessed
at 48 h (Fig. 3). With this experimental paradigm, both CHO-
18.4m and CHO-22 cells pretreated with CHX to inhibit viral
and cellular protein synthesis died, although CHO-18.4m cells
were killed more efficiently. Neither CHX nor acidic medium,
alone or together, induced cell death.

To determine the effects of altering the amount of bound
UV-inactivated NSV and of inducing fusion at the plasma
membrane more rapidly by exposure to a lower pH, gradient-

purified UV-inactivated NSV at MOI equivalents ranging from
0 to 1,000 was bound to CHO-22 and CHO-18.4m cells at 4°C
for 2 h. The pH was then shifted to 5.0 for an hour, and the
temperature was shifted to 37°C (Fig. 4A). Cell death induced
by the acid-induced fusion of UV-inactivated NSV with the
plasma membrane was dose dependent, was equally efficient in
the two types of CHO cells, and was not influenced by pre-
treatment with CHX. An MOI equivalent of at least 500 was
required for the death of all cells, but some cell death also
occurred at an MOI equivalent of 250. Cell death was charac-
terized as apoptosis by the presence of DNA laddering (Fig.
4B).

UV-inactivated NSV also induces apoptosis of N18 cells.
Strains of SV vary in their neurovirulence for mice, and these
differences are often reflected in the efficiency with which these
strains bind to and replicate in N18 cells (10, 46, 47). To
determine whether UV-inactivated SV could induce apoptosis
in N18 cells and whether this varied with virus virulence, UV-
inactivated NSV, AR339, and HRSP (high, medium, and low
virulence, respectively) were prebound to N18 cells at 4°C and
then exposed to various pHs at 37°C (Fig. 5). Both UV-inac-
tivated NSV and UV-inactivated AR339 induced cell death at
pH 5.0; however, at pH 5.5, only UV-inactivated NSV induced
cell death. UV-inactivated HRSP did not induce cell death at
any pH. The lack of virus replication was confirmed in cells
treated with UV-inactivated NSV by monitoring the superna-
tant fluids for infectious virus and monitoring cells for synthe-
sis of nsPs (Fig. 6).

Inhibition of endosomal acidification blocks NSV-induced
apoptosis. Monensin is an ionophore that blocks endosomal
acidification and the transport of glycoproteins through the
Golgi complex. Pretreatment of N18 cells with monensin pro-
tected them against NSV-induced cell death (Fig. 7A). Mo-
nensin did not inhibit NSV binding (Fig. 7B), but it did inhibit
virus entry, as evidenced by the absence of viral protein syn-
thesis (Fig. 7C). Treatment of N18 cells with monensin 2 h
after infection did not protect them against cell death (Fig.
7D), but it did inhibit virus production (Fig. 7E) due to the
inhibition of PE2-E1 transport through the Golgi complex, as
evidenced by the failure of PE2 to be processed into E2 (Fig.
7F).

FIG. 3. Effect of exposure to pH 6.0 on viabilities of CHO-22 and CHO-
18.4m cells after treatment with UV-inactivated NSV (UV-NSV) in the presence
or absence of CHX. Cells were pretreated with CHX (10 mg/ml) for 1 h, UV-
inactivated NSV (MOI equivalent 5 500) was added, and then the plates were
kept at 4°C to allow virus binding for 2 h. Culture medium was then replaced with
fresh medium adjusted to pH 6.0, and cells were shifted to 37°C. Viabilities were
assessed 48 h later by trypan blue exclusion. Bars indicate standard deviations.

FIG. 4. UV-inactivated NSV induces apoptosis in the absence of CHX in CHO-22 and CHO-18.4m cells exposed to pH 5.0. (A) UV-inactivated, gradient-purified
NSV at various MOI equivalents was allowed to bind to cells for 2 h at 4°C. Culture medium was then replaced with medium of pH 5.0 and incubated at 37°C for 1 h.
The acidic medium was then replaced with medium of neutral pH. Cell viabilities were assessed 48 h later by trypan blue exclusion. (B) DNA extracted from cells
exposed only to pH 5.0 (lane 1, CHO-18.4m cells; lane 2, CHO-22 cells) or to UV-inactivated NSV (MOI equivalent 5 500) and pH 5.0 (lane 3, CHO-18.4m cells;
lane 4, CHO-22 cells) and analyzed on a 1.2% agarose gel stained with ethidium bromide.
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The base NH4Cl and the vacuolar H1-ATPase inhibitor
bafilomycin A1 (3) also prevent endosomal acidification. There-
fore, these drugs also inhibit the acid-induced conformational
change of E1-E2 and the subsequent fusion of the virus enve-
lope and cell membrane. Pretreatment of N18 cells with either
NH4Cl or bafilomycin A1 protected them against infection and
NSV-induced death (Fig. 8).

DISCUSSION

Virus-induced apoptotic cell death is an important determi-
nant of the outcome of infection. However, the viral and cel-
lular proteins that participate in the induction and execution of
the apoptotic program are just beginning to be identified, and
for many virus-cell interactions, multiple factors may contrib-
ute to determining the outcome. For many types of viruses,
replication in the host cell is necessary for induction of apo-
ptosis, while for others, replication is not necessary. In these
studies of the alphavirus SV, we showed that characteristics of
the virus strain and type of cell studied were important deter-
minants of how easily apoptosis was induced in the absence of
virus replication. The induction of programmed cell death was
most efficient when a virulent strain of virus was able to inter-
act optimally with a cellular receptor other than heparan sul-
fate. The data support the hypothesis that apoptosis can be
initiated during acid-induced fusion of the viral glycoproteins
with the cell membrane.

Induction of cell death in the absence of viral replication has
been reported for primary cells or cell lines exposed to type 3
reovirus (48), avian leukosis virus (4), bovine herpesvirus 1
(17), and vaccinia virus (40). The mechanism(s) by which any
of these viruses induces apoptosis has not been definitively
determined. For reovirus and vaccinia virus, it is known to be
related to the sigma-1 attachment protein (48) and to a postat-
tachment entry step (40), respectively. The Env protein of
avian leukosis virus interacts with a member of the tumor
necrosis factor (TNF) receptor family (4). For SV to enter a
cell, a continuous and uninterrupted interaction with cell mem-
brane molecules, facilitated by a series of conformational
changes in the viral envelope proteins and cell membrane
molecules, is essential. SV binds cells through its surface gly-
coproteins. The E2 and E1 proteins of SV are primarily re-
sponsible for binding and fusion, respectively. Conformational
changes of viral envelope proteins occur with binding to the

cell surface and may be required for subsequent internalization
(12). With CHO-18.4m cells, cell death due to apoptosis was
easily induced by UV-inactivated NSV, indicating that virus
replication was not essential. We hypothesize that CHO-18.4m
cells were more susceptible because they lack the heparan
sulfate used for initial attachment, allowing more direct access
to a cell surface molecule specifically involved in virus entry
and induction of apoptosis.

Interactions between incoming virus and cell membrane
molecules also occur in the endosome. After virus is internal-
ized into the endosome, the pH in the endosome decreases
through the action of vacuolar H1-ATPase. The acidic envi-
ronment of the endosome induces further conformational
changes (50). Cholesterol in the endosomal membrane is in-
volved in low-pH-dependent binding of alphaviruses to the
lipid membrane, and sphingolipids are essential for low-pH-
induced fusion (5, 37). Therefore, interactions between SV and
the cell membrane are changed as the entry process progresses
from binding to fusion. To determine whether SV could trigger
cell death under the acidic conditions of the endosome, we
treated cells bound with UV-inactivated virus with media of
low pH. The results imply that the acid-induced interaction
between virus and cell membrane which triggers fusion and
delivery of the nucleocapsid into the cytoplasm is capable of
inducing cell death, and they are consistent with the observa-
tions that the transmembrane portion of the E1 glycoprotein is
likely to be essential for fusion (9) and that the transmembrane

FIG. 5. Viabilities of N18 cells bound with different strains of UV-inactivated
SV and exposed to acidic pH. N18 cells were left untreated (Mock) or were
treated with UV-inactivated NSV (UV-NSV), AR339 (UV-AR339), or HRSP
(UV-HRSP) for 2 h at 4°C at an MOI equivalent of 500. Virus inocula were then
replaced with media of pH 5.0, 5.5, 6.0, and 7.4 and incubated at 37°C for 1 h.
Subsequent incubation was in medium of neutral pH. Cell viabilities were as-
sessed at 48 h by trypan blue exclusion. Bars indicate standard deviations.

FIG. 6. Lack of virus replication in N18 cells exposed to UV-inactivated NSV
and pH 5. N18 cells exposed to live NSV (MOI 5 50) (A) or UV-inactivated
NSV (MOI equivalent 5 500) and pH 5 (B) were stained 24 h later to detect the
synthesis of nsP1. N18 cells infected with live virus, but not those infected with
UV-inactivated virus, synthesized nsP1.
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portion of either the E1 or E2 glycoprotein can induce apo-
ptosis (23).

Monensin blocks both virus entry and the transport of the
PE2-E1 proteins of Semliki Forest virus (34, 39), an alphavirus
related to SV, through the Golgi complex to the trans-Golgi
network. Therefore, it is a useful chemical to determine wheth-
er SV triggers cell death at the time between fusion and viral
protein transport or at the time of virus assembly and budding.
Pretreatment with monensin to block virus fusion is protective;
however, treatment with monensin later to block viral protein
transport is not. Therefore, the death signal is triggered some-
time between initiation of fusion and PE2-E1 protein trans-
port. Protection by pretreatment with NH4Cl or bafilomycin
A1, which also block decreases in endosomal pH, further sup-
ports the conclusion that fusion or activities accompanying or
following fusion are important for the induction of apoptosis.

The role of CHX in SV-induced apoptosis is unclear and
potentially confusing. CHX was originally included to deter-
mine whether viral protein synthesis was required for initiating
apoptosis, but surprisingly, CHX itself appeared to be re-
quired, as has been shown in a number of experimental para-
digms for inducing apoptosis (35). CHX is often required for
apoptosis induced by TNF (32). In TNF-sensitive cells, neither
TNF nor CHX alone induces cell death, but when they are
combined, apoptosis occurs. CHX treatment may decrease the
amount of some short-lived protein that otherwise protects the

cell from apoptosis. In other paradigms of apoptosis, CHX
protects against apoptosis by stimulating cytoprotective path-
ways (35). SV infection inhibits host protein synthesis within a
few hours after infection, so CHX would mimic this aspect of
infection. In cells with bound UV-inactivated NSV, CHX-
treated cells had consistently higher, rather than lower, viabil-
ities than those of untreated cells when they were exposed to
pH 5.0, suggesting that the cells were protected. It is likely that
these apparently contradictory observations are linked to the
strength of the apoptotic signal being delivered in different
experimental situations. If virus fusion occurs over a relatively
extended period of time (through the endosomal pathway) or
if fusion is inefficient (higher pH), then decreasing the avail-
ability of short-lived antiapoptotic cellular factors will enhance
the apoptotic process. However, if the apoptotic signal is de-
livered in a coordinated fashion, then such antiapoptotic cel-
lular factors will be insufficient to prevent initiation of the
apoptotic process. This balance between cellular and viral fac-
tors also likely explains why relatively large amounts of inac-
tivated virus, compared to those of live virus, are required to
induce apoptosis. UV irradiation has a deleterious effect on
viral proteins, as well as viral RNA, resulting in less efficient
binding and probably less efficient fusion than that which oc-
curs with virus that has not been UV inactivated.

Although these experiments demonstrate that SV can in-
duce apoptosis at the time of entry without a requirement for

FIG. 7. Treatment with monensin before, but not after, infection protects N18 cells from NSV-induced cell death. (A) Effect of monensin pretreatment on
NSV-induced cell death. N18 cells were pretreated with monensin for 1 h and then infected with NSV (MOI 5 10). (B) Effect of monensin on virus binding. N18 cells
were exposed to 35S-labeled NSV at 4°C in the presence or absence of monensin (10 mM). (C) Effect of monensin pretreatment on viral protein synthesis. Lysates from
35S-labeled cells were assessed by SDS-polyacrylamide gel electrophoresis and autoradiography. (D) Effect of monensin posttreatment on NSV-induced cell death. N18
cells were infected with NSV (MOI 5 10), and monensin (10 mM) was added 2 h later. Cell viabilities at different time points were assessed by trypan blue exclusion.
(E) Plaque assays of supernatant fluids described for panel D. (F) Lysate from NSV-infected cells with or without monensin posttreatment analyzed by Western blot
analysis with rabbit anti-SV antiserum and showing inhibition of PE2 processing into E2. p.i., postinfection.
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virus replication, it is likely that other steps in the virus repli-
cation cycle can also lead to cell death and can possibly induce
apoptosis. Studies with SV replicons have shown that express-
ing only the nsPs can lead to the shutoff of cellular protein
synthesis and eventually to cell death (1, 13). Furthermore,
mutations in the C-terminal portion of nsP2 that decrease
RNA synthesis also decrease cytopathology and increase the
likelihood of establishing persistent infection by an as-yet-un-
known mechanism (11). How fusion and entry induce apopto-
sis is also unknown and may be related to previously described
signalling roles for Ras, NF-kB, or superoxide in SV-induced
apoptosis (22, 29–31).
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