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Theiler’s murine encephalomyelitis virus (TMEV) induces two distinct cell death programs, necrosis and
apoptosis. The apoptotic pathway is of particular interest because TMEV persists in the central nervous system
of mice, largely in infiltrating macrophages, which undergo apoptosis. Infection of murine macrophages in
culture induces apoptosis that is Bax dependent through the intrinsic or mitochondrial pathway, restricting
infectious-virus yields and raising the possibility that apoptosis represents a mechanism to attenuate TMEV
yet promote macrophage-to-macrophage spread during persistent infection. To help define the cellular stres-
sors and upstream signaling events leading to apoptosis during TMEV infection, we screened baby hamster
kidney (BHK-21) cells transfected to express individual nonstructural genes (except 3B) of the low-neuroviru-
lence BeAn virus strain for cell death. Only expression of the leader protein led to apoptosis, as assessed by
fluorescence-activated cell sorting analysis of propidium iodide- and annexin V-stained transfected cells,
immunoblot analysis of poly(ADP-ribose) polymerase and caspase cleavages, electron microscopy, and inhi-
bition of apoptosis by the pancaspase inhibitor qVD-OPh. After transfection, Bak and not Bax expression
increased, suggesting that the apical pathway leading to activation of these Bcl-2 multi-BH-domain proapop-
totic proteins differs in BeAn virus infection versus L transfection. Mutation to remove the CHCC Zn finger
motif from L, a motif required by L to mediate inhibition of nucleocytoplasmic trafficking, significantly reduced
L-protein-induced apoptosis in both BHK-21 and M1-D macrophages.

Theiler’s murine encephalomyelitis viruses (TMEV), mem-
bers of the genus Cardiovirus in the family Picornaviridae, are
highly cytolytic RNA viruses. Mice experimentally infected
with a low-neurovirulence TMEV, such as BeAn virus, develop
persistent infection in the central nervous system (CNS) and an
inflammatory demyelinating disease, providing an experimen-
tal analogue for multiple sclerosis. BeAn virus persists primar-
ily in macrophages in the CNS of infected mice. Schlitt et al.
(34) found that 74% of TUNEL-positive cells in infected spinal
cords (primarily in CNS lesions) were T and B lymphocytes
and 8% were macrophages, although virus genomes were de-
tected in �1% of apoptotic cells, consistent with infection of
only a low percentage of macrophages and the fact that TMEV
does not infect T or B lymphocytes in culture. Thus, some
means other than direct infection was responsible for apoptosis
of most CNS macrophages, including TMEV triggering apop-
tosis through tumor necrosis factor alpha or tumor necrosis
factor alpha-related apoptosis-inducing ligand by binding
death receptors on activated macrophages in vitro, as reported
elsewhere (17).

Infection of mouse macrophages induces apoptosis (16, 26)
mediated by Bax through the intrinsic or mitochondrial path-

way and severely restricts the yield of progeny virus (37). Thus,
apoptosis may be a mechanism to attenuate the virus yet pro-
mote macrophage-to-macrophage spread through phagocyto-
sis of infected apoptotic blebs during persistence (37). In con-
trast, TMEV infection in other rodent cells tested thus far,
including baby hamster kidney (BHK-21) cells, produces ne-
crotic cell death with high virus yields. The contrasting out-
comes of TMEV infection point to the existence of two distinct
virus-induced cell death programs.

The genes of an increasing number of RNA viruses have
been shown to encode proteins that trigger apoptosis. Among
picornaviruses, coxsackievirus B3 1B (VP2) (12, 13), avian
encephalomyocarditis virus 1C (VP3) (24) and 2C (25), en-
terovirus 71 2A (20), and poliovirus 2A (10) and 3C protease
(3Cpro) (3) induce apoptosis, mostly through the intrinsic path-
way. Coxsackievirus B3 VP2 has been shown to interact with
the proapoptotic Siva protein in a yeast two-hybrid screen (12),
but exactly how the VP2-Siva interaction or any of the other
picornavirus proteins initiates the apoptotic cascade remains
unknown.

To gain insight into the upstream signaling events that lead
to apoptosis, we tested the ability of individual BeAn virus
nonstructural genes to induce apoptosis in uninfected BHK-21
cells. Only the leader (L) protein resulted in apoptosis and
mutation of the CHCC Zn finger motif in L significantly re-
duced L protein-induced apoptosis.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells were grown in Dulbecco’s modified Eagle
medium supplemented with 10% fetal bovine serum (FBS), 7.5% tryptose phos-
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phate, 2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin at
37°C in 5% CO2. Cells of the immature myelomonocytic cell line M1, derived
from the SL mouse strain, were induced to differentiate into macrophages with
supernatants from L929 and P388D1 cells as described previously (18). The
origin and passage history of the BeAn virus stock have been described (32);
generation of BeAn virus with mutation in the L-protein Zn finger domain is
described below. Virus titers of clarified lysates of infected cells were determined
by standard plaque assay in BHK-21 cells (32).

Virus infections. After virus adsorption at a multiplicity of infection of 10 for
45 min at 24°C, cell monolayers were washed twice with phosphate-buffered
saline (PBS) containing 1 mM CaCl2 and 0.5 mM MgCl2 and incubated in
Dulbecco’s modified Eagle medium containing 1% FBS at 37°C for various
times. The end of the adsorption period was designated as time zero.

Reagents. The following reagents and antibodies were purchased commer-
cially: the pancaspase inhibitor qVD-OPh and rabbit anti-caspase 8 (R&D Sys-
tems, Minneapolis, MN); mouse anti-caspase 9, rabbit anti-caspase 3, rabbit
anti-poly(ADP-ribose) polymerase (PARP), rabbit anti-Bak, rabbit anti-Flag
M2, and rabbit antiactin antibodies (Cell Signaling Technology, Beverly, MA);
mouse anti-Bax (Santa Cruz Biotechnology Inc., Santa Cruz, CA); goat anti-
mouse immunoglobulin G (IgG)-horseradish peroxidase and goat anti-rabbit
IgG-horseradish peroxidase (BD Pharmingen, San Diego, CA); anti-rabbit IgG–
Alexa Fluor 568 and puromycin (Invitrogen, Carlsbad, CA); enhanced chemilu-
minescence solution (Amersham, Piscataway, NJ); cell-permeative proteasome
inhibitor MG132 (Calbiochem, Darmstadt, Germany); and actinomycin D
(Sigma, St. Louis, MO).

Cell viability assay. WST-1 reagent (Roche Applied Science, Indianapolis,
IN), a tetrazolium salt, was added to the medium of monolayer cultures in
96-well microtiter plates at the indicated times, and plates were incubated for 1
to 2 h at 37°C in 5% CO2. Cell viability was determined based on the absorbance
of samples at 420 nm (reference wavelength, 610 nm) measured with a Vmax
kinetic microplate reader (Molecular Devices, Sunnyvale, CA), indicating cleav-
age of the tetrazolium salt to formazan against background and medium-alone
controls. Cell death values were calculated as the ratio of BeAn virus-infected to
mock-infected cultures.

Fluorescence-activated cell sorting (FACS). At various times posttransfection,
cell monolayers were washed with PBS and detached with trypsin, and 5 � 105

cells were stained with propidium iodide (PI) and annexin V–fluorescein iso-
thiocyanate (Calbiochem, Darmstadt, Germany) according to the manufacturer’s
instructions. Incubation of cell monolayers with puromycin (2 �g/ml) and acti-
nomycin D (1 �g/ml) provided positive controls for apoptosis. For each sample,
10,000 events were analyzed using a Beckman Coulter Epics Elite ESP and
WinMDI 2.8 software.

Plasmid construction. Overlap extension PCR (29) was used to assemble
internal ribosome entry site (IRES) constructs expressing a BeAn virus nonstruc-
tural protein(s) by joining the 3� end of the BeAn virus IRES to nucleotides
encoding each of seven nonstructural proteins (2A, 2B, 2C, 3A, 3C, and 3D and
the precursor 3CD) with an AUG codon at the N terminus and a Flag epitope
at the C terminus (Fig. 1). The IRES and each virus protein were amplified from
a full-length infectious BeAn virus clone (19) using the primer pairs 1 plus 3 and
2 plus 4, respectively (see Fig. S1 and Table S1 in the supplemental material).
The two PCR products were gel purified, mixed in equimolar amounts, and PCR
amplified with the primer pair 1 plus 2. The resulting products were digested with
NheI and NotI and ligated into the pIRES vector, replacing the encephalomyo-
carditis (EMCV) IRES with that of BeAn virus. For assembly of the pIRES-L
plasmid, the IRES and L were amplified from a full-length infectious BeAn virus
clone (19) using the primer pair 1 and 2; for the pL plasmid, L was amplified with
primers 1B and 2 (see Table S1 in the supplemental material). The resulting PCR
products were digested with NheI and NotI, gel purified, and ligated into pIRES
digested with the same restriction enzymes. All recombinant plasmids were
recovered from transformed Escherichia coli, and the nucleotide sequences of
the inserts were confirmed by dideoxynucleotide sequencing.

Leader protein mutagenesis. Another overlap extension PCR-based method
(14) was used to introduce nucleotide changes into the sequence of the L-protein
CHCC Zn finger motif in a plasmid containing the full-length wild-type BeAn
virus cDNA in pGEM4 (Promega, Madison, WI). The mutagenic primers were
as follows: reverse, 5�-ACGGCTGTGCGAATAGTGCGCACATCTGGG-3�,
and forward, 5�-CAGATGTGCGCACTATTCCACAGCCGTTG-3�. The out-
side forward primer containing an NruI site was 5�-CCATCGCGACGTGGTT
GGAGAT-3� and the reverse primer containing a SalI site was 5�-AGAGTCG
ACCAACAGTAGATT-3�. Final PCR products were separated by electrophoresis,
gel purified, and cloned into NruI and SalI restriction sites in the BeAn virus
full-length plasmid.

Transfection. Subconfluent monolayers of BHK-21 cells in 35-mm six-well
plates were transfected with reaction mixtures consisting of 2 to 3 �g of DNA of
an expression vector and Lipofectamine 2000 (Invitrogen) at a 2.5:1 ratio of
reagent to DNA. Complexes incubated for 20 min at 24°C were added to cell
monolayers for 4 h at 37°C, the growth medium was replaced, and incubation was
continued for 24 to 48 h at 37°C in 5% CO2. For M1-D cell transfection, 2 � 106

cells were washed and suspended in 100 �l nucleofection solution (Amaxa,
Gaithersburg, MD), 2 �g of pmaxGFP or pIRES construct DNA was added, and
samples were transferred into certified cuvettes and transfected with the Amaxa
Nucleofector using the program D-23. M1-D transfection medium (RPMI, 1%
FBS, 0.1 mM nonessential amino acids) with 1% FBS (500 �l) warmed to 37°C
was added immediately after transfection to each cuvette, and cells were col-
lected and dispensed into wells of 12-well plates containing 1 ml prewarmed
M1-D transfection medium. Plates were incubated at 37°C in 5% CO2 for the
indicated times and assessed for cell viability in the presence of WST-1 or for
apoptosis by flow cytometry.

Preparative in vitro RNA transcription. DNA clones oriented with the 5� end
of the IRES or L nucleotide sequence downstream of the T7 promoter (Fig. 1)
were linearized at the NotI site within the vector downstream of the 3� end of the
BeAn virus nonstructural genes, and RNA transcripts were synthesized using the
RiboMax(R) large-scale RNA production system (Promega). Reaction mixtures
contained 2 mM spermidine, 80 mM HEPES-KOH (pH 7.5), 24 mM MgCl2, 7.5
mM rNTPs, 40 mM dithiothreitol, and 5 �l of enzyme mix (T7 RNA polymerase,
recombinant RNasin and recombinant inorganic pyrophosphatase; Promega) in
100 �l. Incubations were for 4 h at 37°C, and RNAs were analyzed for integrity
and quantity on 1% native RNA agarose gels with or without prior DNase
treatment.

In vitro translation. In vitro translation in rabbit reticulocyte lysate (RRL)
(Red Nova lysate kit; Novagen, Madison, WI) was carried out in 12.5-�l reaction
mixtures after salt and RNA concentrations had been optimized. Mixtures con-
taining 20 mM HEPES-KOH (pH 7.5), 0.1 mM KCl, 0.1 mM MgSO4, 2 mM
dithiothreitol, 8 mM creatine phosphate, a methionine-free amino acid mixture,
and 20 �g/ml RNA in the presence of 10 �Ci [35S]methionine and [35S]cysteine
(Tran35S-label; ICN Biomedicals, Inc., Irvine, CA) were incubated for 1 h at
30°C. Incorporation of [35S]methionine was calculated from trichloroacetic acid
precipitates, and samples were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) using 12% NuPAGE bis-Tris minigels
(Invitrogen), which were dried and exposed to X-ray film (Denville Scientific
Inc., Metuchen, NJ).

Statistical analysis. A paired Student’s t test was used to compare groups, and
differences were considered significant at P � 0.05.

FIG. 1. (A) TMEV final gene products arranged on the polyprotein
in a standard picornavirus format of the L protein: four P1 capsid
proteins and three P2 and four P3 nonstructural proteins. The 18-kDa
out-of-frame L* protein, which is initiated 13 nucleotides downstream
of the authentic polyprotein AUG, is shown below the polyprotein.
(B) All of the BeAn virus nonstructural proteins except the 20-amino-
acid 3B (VPg) were assembled using overlap extension PCR into the
pIRES vector downstream of the BeAn virus IRES so that each pro-
tein is translated from a 5� AUG codon and contains a C-terminal Flag
sequence. The L protein was also assembled into the same vector
without an IRES for cap-dependent translation.
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RESULTS

Translation of virus nonstructural proteins in RRL. Be-
cause genes of RNA viruses may be subject to RNA splicing
when expressed from a polymerase II promoter in mammalian
cells, the products of BeAn virus nonstructural gene constructs
were first authenticated by translation in RRL. In vitro tran-
scription of the pIRES constructs containing individual BeAn
virus nonstructural genes and the 3CD precursor gene gener-
ated RNAs of the expected sizes upon electrophoresis in aga-
rose gels (data not shown). SDS-PAGE analysis of RNAs
translated in RRL revealed [35S]methionine-labeled cognate
proteins for L, 2A, 2B, 2C, and 3A (data not shown) as well as
3D polymerase (3Dpol) and 3CD but not the BeAn virus 3Cpro

(Fig. 2). The latter result was not unexpected in light of the
reported rapid degradation in RRL of the related cardiovirus
EMCV 3Cpro protein (22). The presence of a 10-amino-acid
sequence, LLVRGRTLVV, near the EMCV 3Cpro N termi-
nus, which is recognized as a signal for ubiquitin/26S protea-
somal degradation (21), and a homologous degradation se-
quence, LLLRAHLFVV, in BeAn virus 3Cpro would likely
render 3Cpro unstable. Translation of BeAn virus 3Cpro in
RRL in the presence of 100 �M lactacystin, a proteasome
inhibitor that binds to a 20S subunit, revealed a faint 3Cpro

protein band on SDS-PAGE (data not shown). In contrast,
translation of BeAn virus 3CD in RRL revealed proteins bands
for 3CD, 3Dpol, and 3Cpro on SDS-PAGE (Fig. 2). It has been
reported that the presence of EMCV 3Dpol in the precursor
3CD masks the 3Cpro signal for ubiquitination, contributing to
greater 3Cpro stability in RRL (22).

Expression of virus nonstructural proteins in BHK-21 cells.
The pIRES nonstructural protein plasmids (Fig. 1B) were
transfected into BHK-21 cells with Lipofectamine, and lysates
were prepared at 24 and 48 h posttransfection, electrophoresed
on 12% SDS-polyacrylamide gels, transferred to membranes,
and immunoblotted with rabbit polyclonal anti-Flag antibody
to detect the Flag sequences. Transfection efficiency in these
experiments was �80%, as determined by FACS analysis of
cells cotransfected with pIRES-GFP and pIRES nonstructural
protein plasmids. As shown in Fig. 3A, immunoblotting re-
vealed expression of BeAn virus L, 2A, 2B, 2C, 3A, and 3D.
BeAn virus L was expressed at 24 h, but expression had de-
creased at 48 h, whereas expression of 2A, 2B, 2C, and 3A at

24 h was maintained or increased at 48 h. BeAn virus 3Cpro was
undetectable by immunoblotting, presumably because 3Cpro

undergoes proteasomal degradation in vivo, as noted above for
EMCV 3Cpro (33). Indeed, 3Cpro accumulated to detectable
levels at 12 to 24 h after transfection of pIRES-3Cpro in the
presence of 20 �M of the reversible proteasome inhibitor z-
Leu-Leu-Leu CHO (MG132) (Fig. 3B), suggesting that 3Cpro

is highly susceptible to in vivo degradation by the ubiquitin/26S
proteasome. The decline in 3Cpro band intensity likely reflects
progressive cell death. The BeAn virus precursor 3CD was not
detected after transfection of pIRES-3CD, even in the pres-
ence of MG132, for reasons presently unresolved.

Expression of L but not other nonstructural proteins in
BHK-21 cells is cytotoxic. We used BHK-21 cells transfected
with individual BeAn virus nonstructural genes (except 3B) to
screen for cytotoxicity with the intent of testing constructs
positive for apoptosis in M1-D cells. Transfection of BeAn
virus pIRES-L but not pIRES constructs for 2A, 2B, 2C, 3A,
and 3Dpol produced significant cell death at 24 h (P � 0.5) and
48 h (P � 0.01) compared to transfection of pIRES-empty
vector (Fig. 4A). Efforts to assess cell death by 3Cpro in the
presence of MG132 were complicated by MG132-dependent
cytotoxicity (39). Cytopathic effect was observed by light mi-
croscopy as early as 12 to 16 h of incubation with MG132
alone, and cell death beyond that induced by MG132 alone was
detected in the WST-1 cell survival assay from 24 to 48 h after
transfection of 3Cpro in the presence of MG132 (P � 0.05),
although the amount of cell death exceeding that of MG132
was not impressive. Thus, BeAn virus 3Cpro in the absence of

FIG. 2. SDS-PAGE analysis of in vitro-translated RNAs tran-
scribed from pIRES-3C, -3D, and -3CD plasmids in RRL in the pres-
ence of [35S]methionine. Translation of pIRES-3Cpro reveals no ap-
parent labeling of 3Cpro (lane 1); pIRES-3Dpol shows labeling of the
53-kDa 3Dpro (lane 2); pIRES-3CD shows labeling of the 65-kDa 3CD
(lane 3); and when pIRES 3CD is overexposed, labeling of 3CD, 3Dpro,
and 23-kDa 3Cpro is shown (lane �4).

FIG. 3. SDS-PAGE of the expression of pIRES-BeAn virus non-
structural gene constructs in transiently transfected BHK-12 cells.
(A) Immunoblot analysis at 24 h (even lanes) and 48 h (odd lanes)
posttransfection. Lanes: 1, empty vector; 2 and 3, L; 4 and 5, 2A; 6 and
7, 2B; 8 and 9, 2C; 10 and 11, 3A; 12 and 13, 3D polymerase. (B) Time
course of the expression of 3Cpro in the presence of 20 �M of the
reversible 26S proteasome inhibitor MG132. MW, molecular weight
(in thousands).
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26S proteasomal degradation appears to be cytotoxic, as re-
ported for poliovirus 3Cpro (3).

Transfection of BHK-21 cells with the pL plasmid construct
(Fig. 1B), in which L expression is cap dependent, also led to
progressive cytotoxicity at 24 h (P � 0.05) and 48 h (P � 0.01)
compared to transfection with pEV (Fig. 4B). Temporal anal-
ysis of the expression of L by immunoblotting first revealed L
expression at 12 h, with increased expression at 16 to 20 h
posttransfection as cell death commenced (Fig. 4D).

A BeAn virus L Zn finger mutant is not cytotoxic. Inhibition
of active nucleocytoplasmic trafficking by cardiovirus L was
initially recognized as inhibition of innate immunity by block-
ing the type I interferon response (11, 38, 43). Mutation of the
TMEV L CHCC Zn finger motif compromises the antinucleo-
cytoplasmic trafficking activity of L (6, 23). To determine the
role of the L Zn finger in cell death, we mutated the domain to
RHRC without changing the amino acid sequence of the L*
protein encoded by an alternative overlapping open reading
frame (Fig. 1A), as initially reported for the TMEV DA strain
(38). The DA L* protein has been reported to be antiapoptotic
(9, 15). As shown in Fig. 5, transfection of a plasmid with a
green fluorescent protein nuclear localization signal (pGFPNLS)
followed 24 h later by transfection of pL resulted in efflux of
GFP from the nucleus (Fig. 5A), whereas GFP accumulated
and remained in the nucleus after transfection of only
pGFPNLS (Fig. 5B) or after transfection of the pL mutant (Fig.
5C), indicating that the mutated L protein no longer disrupted
the nuclear pore complex. Expression of L was also detected

throughout the cytoplasm of transfected BHK-21 cells immu-
nostained with anti-Flag antibody (Fig. 5D and E), but in some
cells L was perinuclear. The BeAn virus pL mutant construct in
transfected cells was not cytotoxic (Fig. 4C).

A portion of BeAn virus L cytotoxicity is due to apoptosis.
BHK-21 cells transfected with the pL and pL Zn finger mutant
plasmids were assessed for apoptosis by FACS analysis of PI-
and annexin V-stained cells at 20 h. In a representative exper-
iment whose results are shown in Fig. 6A, the percent PI-
negative, annexin V-positive cells (lower right quadrant) was
elevated after pL compared to pEV transfection. PI-positive,
annexin V-positive cells (upper right quadrant) are considered
necrotic because of the potential exposure of phosphoserine
on the inner leaflet of membrane fragments during necrosis.
Use of only cells remaining on the monolayer for FACS (Fig.
6A) explains the marked difference in the percent necrotic cells
compared to the WST-1 assay (Fig. 4A and 5B). In cells trans-
fected with the pL mutant, the percent apoptotic cells was the
same as that after pEV transfection, indicating that a func-
tional Zn finger is necessary for L-induced apoptosis. The
percent apoptotic cells for pEV, pL, and the pL mutant was
2.6 � 0.62, 13.9 � 2.74, and 5.9 � 2.15 (mean � standard

FIG. 4. Cytotoxicity determined by the WST-1 assay at 24 and 48 h
after transfection of plasmid BeAn virus nonstructural gene constructs
in BHK-21 cells. *, P � 0.05; **, P � 0.01. (A) Cell death after
IRES-dependent expression of virus nonstructural genes (mean �
standard error; n 	 3 to 6). (B) Cell death after cap-dependent ex-
pression of L (mean � standard error; n 	 3). (C) Comparison of
cytotoxicity after cap-dependent expression of L and the L CHCC
mutant (mean � standard error; n 	 3). (D) Time course of cap-
dependent expression of L up to 20 h posttransfection.

FIG. 5. Digital confocal microscopic images of nuclei of cells
loaded with the marker protein GFP (GFPNLS) (A to C) and Flag-
tagged BeAn virus L (D and E) in BHK-21 cells 24 h posttransfection.
Cells transfected with pL showed efflux of GFP from the nucleus to the
cytoplasm (A), whereas cells transfected with pEV (B) and the pL
mutant plasmid DNA (C) retained GFP in the nucleus. Indirect im-
munofluorescent antibody staining of L in the cytoplasm of BHK-21
cells 24 h after pL transfection showed DAPI-stained nuclei (D) and L
stained with rabbit anti-Flag M2 and anti-rabbit IgG-Alexa Fluor 568
and nuclei stained with DAPI (E). Bars 	 10 �m.
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deviation for five experiments; P � 0.001 for differences be-
tween pEV and pL and between pL and the pL mutant).
Immunoblot analysis revealed cleavage of PARP and caspases
3 and 9 to respective 17- and 37-kDa activated forms at 16 to
24 h after pL transfection (Fig. 6B). The less intense bands of
the activated forms of caspases 3 and 9 after transfection of
pEV and the pL mutant were probably due to the stress
of transfection. The band reflecting cleavage of caspase 8 to its
active 18-kDa form was inconsistently seen (Fig. 6B). Incuba-
tion of pL-transfected cells with the pan-caspase inhibitor
qVD-OPh protected against apoptosis (Fig. 6C) and prevented
cleavage of PARP and caspase 3 (Fig. 6D). Electron micro-

scopic examination of cells at 24 h after transfection of pL
revealed necrotic debris, probably as the result of transfection
and normal-appearing cells and some cells undergoing apop-
tosis (Fig. 6E, top), whereas only normal-appearing cells were
observed after transfection with the pL mutant (Fig. 6E, bot-
tom). Together, these results indicate that the transfected L
gene induced apoptosis through the intrinsic apoptotic path-
way and that removal of the Zn finger significantly reduced
L-induced apoptosis.

In BeAn virus infection of M1-D cells, intrinsic apoptosis is
mediated by Bcl-2 multidomain proapoptotic Bax and not Bak
(37). However, expression of Bak was increased at 16 to 24 h,

FIG. 6. Effect of pL and the pL Zn finger mutant in transfected BHK-21 cells. (A) FACS analysis of PI- and annexin V-stained cells at 24 h
reveals increased numbers of apoptotic cells (right lower quadrant) after pL transfection but not after transfection with the pL mutant.
(B) Immunoblots revealing PARP cleavage and caspase 3 and caspase 9 cleavage to their active forms, p17 and p37, respectively, but no caspase
8 cleavage to the active p18 form. (C) Effect of treatment of pL-transfected cells with the pancaspase inhibitor qVD-OPh, showing a significant
reduction (P � 0.01) in cell death compared to treatment with PBS at 24 and 48 h. (D) Immunoblot of pL-transfected cells treated with qVD-OPh,
revealing a lack of PARP and caspase 3 cleavages at 20 to 24 h. (E) Electron photomicrographs of pL (top)- and pEV (bottom)-transfected cells
at 24 h showing an apoptotic cell with condensed nuclear chromatin, two cells in the early stages of apoptosis, one with loss of marginated nuclear
chromatin, and necrotic cell fragments. Cells in the lower frame appear normal except for ruffling of the cell membrane. The photomicrographs
are at the same magnification. Bar 	 5 �m.
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suggesting that Bak is activated, whereas levels of Bax de-
creased at 20 to 24 h during L-induced apoptosis in BHK-21
cells (Fig. 7). Although the apical pathway leading to activation
of these Bcl-1 multi-BH-domain proapoptotic proteins, which
permeabilize the outer mitochondrial membrane, appears to
differ in BeAn virus infection versus L transfection, this could
merely reflect a difference in cell type.

BeAn virus L induces apoptosis in macrophages. TMEV
persists in the CNS of mice, primarily in macrophages, and
infected macrophages provide an in vitro model for BeAn
virus-induced apoptosis (37). FACS analysis of PI- and annexin
V-stained M1-D macrophages electroporated with pL or the
pL mutant revealed an increased percent apoptotic cells only
in the pL-transfected cells 20 h (Fig. 8A). The percent apop-
totic cells for pEV, pL, and the pL mutant was 12.06 � 5.29,
34.7 � 13.41, and 13.38 � 3.28 (mean � SD for three exper-
iments; P � 0.01 for differences between pEV and pL and
between pL and the pL mutant). At this time, PARP cleavage
was observed on immunoblots (Fig. 8B), whereas cleavage of
caspases 9 and 3 to their active forms was not observed, pos-
sibly due to a lower transient-transfection efficiency (
55%) of
this macrophage cell line. Nonetheless, these results suggest
that L induces apoptosis in M1-D cells through a pathway that
also requires an intact Zn finger.

DISCUSSION

Our analysis of the ability of the TMEV nonstructural genes
except that encoding 3B to induce apoptosis in transiently
transfected BHK-21 cells showed that only L, which was first
detected on immunoblots at 12 h posttransfection, induced
progressive cell death between 24 and 48 h. Apoptosis oc-
curred through the intrinsic apoptotic pathway, as demon-
strated by FACS analysis of PI- and annexin V-stained trans-
fected cells, immunoblot analysis of PARP and caspase
cleavages, and the protection against apoptosis by the pan-
caspase inhibitor qVD-OPh.

The cardioviruses EMCV and TMEV regulate nuclear traf-
ficking of cellular proteins and RNA through the L protein,
which contains a Zn finger motif near the N terminus, an acidic
domain with potential Thr and Tyr phosphorylation sites, and,
only in TMEV, a C-terminal Ser/Thr domain (7, 43). Unlike
the L of aphthoviruses, the cardiovirus L does not have a
proteolytic function. Recently, studies have shown that cardio-
virus L binds Ran-GTPase and phosphorylates nucleoporins,
leading to disruption of the nuclear pore complex that spans
the nuclear envelope and the Ran gradient (27, 28, 30). The

inhibition of nuclear import allows measurement of the efflux
of nuclear proteins into the cytoplasm after loading the nucleus
with a marker protein (pGFPNLS). We detected efflux of GFP
from the nucleus to the cytoplasm after transfection of BeAn
virus pL, confirming the functionality of its Zn finger, but not
after transfection of the pL Zn finger mutant.

L-induced apoptosis was also dependent on a functional Zn
finger, since mutation to remove the Zn finger abrogated
apoptosis. Apoptosis following expression of L was associated
with activation of caspases 9 and 3 but not caspase 8, indicating
engagement of the intrinsic apoptotic pathway; however, a role
for the extrinsic pathway has not been totally excluded. The
increased expression of proapoptotic Bak but not Bax after
transfection suggests differences between L-induced apoptosis
in BHK-21 cells and BeAn virus infection in M1-D cells, where
apoptosis is Bax dependent (37), or inherent differences in the
apoptotic machinery in the two cell types. In L-induced apop-
tosis, the exact signaling events upstream of Bak, which is held
in check by Bcl-2 antiapoptotic family proteins, remain to be
determined.

Although inducible expression of poliovirus 2A and 3Cpro

FIG. 7. Bak and Bax expression in BHK-21 cells transfected with
pL. The immunoblot reveals increased Bak expression at 12 to 24 h but
decreased Bax over the same period.

FIG. 8. Effect of pL and the pL Zn finger mutant in transfected
M1-D macrophages. (A) FACS analysis of PI- and annexin V-stained
cells at 24 h revealed increased numbers of apoptotic cells (right lower
quadrant) after pL transfection but not after transfection of the pL
mutant. (B) Immunoblot revealing PARP cleavage at 24 h.
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leads to apoptosis in mammalian cells (3, 10), we found that
their TMEV counterparts did not induce progressive cytotox-
icity. For cardiovirus 2A, this finding might stem from its lack
of protease activity, in contrast to that of poliovirus 2A. Re-
garding TMEV 3Cpro, the mature form has a 26S proteasomal
degradation signal near the N terminus which is not present in
poliovirus 3Cpro, so that any 3Cpro diffusing away from repli-
cation complexes would likely be rapidly degraded and unavail-
able for induction of apoptosis. Finally, while the avian en-
cephalomyocarditis virus 2C has been shown to be apoptotic
(25), BeAn virus 2C did not induce progressive cytotoxicity
(Fig. 4A).

Preliminary studies in our laboratory indicate that BeAn
virus infection in M1-D cells leads to phosphorylation of p53 at
Ser15. In turn, Noxa, a Bcl-2 family BH3-only proapoptotic
protein that binds to Mcl-1, a Bcl-2 antiapoptotic family mem-
ber, is transcriptionally activated, releasing Bax, which then
permeabilizes the outer mitochondrial membrane to activate
caspase 9 (unpublished data). There is evidence that mitogen-
activated protein kinases (MAPK) are involved in EMCV L-
induced phosphorylation of nucleoporins (A. C. Palmenberg,
personal communication); therefore, it is conceivable that p53,
a downstream target of MAPK, might be activated by L. In
addition, since poliovirus 3Cpro cleaves transcription factors
(TFIIIC, TFIID, Oct-1, and CREB) to inhibit cellular RNA
synthesis (5, 36, 40–42), it is reasonable to consider whether
TMEV 3Cpro may also activate p53. 3D proteins cardioviruses
as well as other picornaviruses contain a basic NLS near the N
terminus, enabling 3Cpro to enter the nucleus in the form of its
precursors 3BCD and 3CD, which then generates 3Cpro by
autoproteolysis (1, 2, 35). Moreover, Lawson et al. (22) showed
in in vitro translation reactions that the EMCV 3Cpro protea-
somal ubiquitination signal is masked in 3CD rendering 3Cpro

stable. Our RRL experiments indicated the analogous finding.
However, we did not observe 3CD expression in BHK-21 cells
transfected with our pIRES-3CD construct, possibly because
of RNA splicing, although 3Cpro and 3D individually were not
subject to RNA splicing. Expression of BeAn virus 3CD in the
cytoplasm of BHK-21 cells stably expressing T7 RNA polymer-
ase might help enable 3CD expression and elucidate a poten-
tial role of 3CD in inducing apoptosis (4). Expression of 3Cpro

in the presence of MG132 as shown here indicates that BeAn
virus 3Cpro is cytotoxic. Therefore, 3CD in addition to L are
potential inducers of apoptosis during TMEV infection.

Finally, in contrast to L-induced apoptosis, BeAn virus in-
fection of BHK-21 cells leads primarily to necrosis, with ap-
proximately only 
20% of cell undergoing apoptosis (8; also
unpublished data), the apparent default cell death pathway
from infection of this mammalian cell line by TMEV. Ro-
manova et al. (31) have shown that the cell death pathway in
poliovirus infection varies in different cell lines and that a
rhabdomyosarcoma cell line did not have the “necessary ma-
chinery” to undergo apoptosis. BHK-21 cells are able to un-
dergo apoptosis based on both nonviral (puromycin and acti-
nomycin D) and viral stimuli in this study. Clearly, a balance
between pro- and antiapoptotic virus genes determines the
outcome of apoptosis. Since the TMEV out-of-frame L* pro-
tein has been reported to be antiapoptotic (9, 15), it is possible
that apoptosis is held in check by L* during infection in
BHK-21 cells. Insight into the potential antiapoptotic role of

other BeAn virus nonstructural proteins in addition to L*
awaits analysis in transfected M1-D cells.
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