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We previously reported the isolation of a mutant poliovirus lacking the entire genomic RNA 3� noncoding
region. Infection of HeLa cell monolayers with this deletion mutant revealed only a minor defect in the levels
of viral RNA replication. To further analyze the consequences of the genomic 3� noncoding region deletion, we
examined viral RNA replication in a neuroblastoma cell line, SK-N-SH cells. The minor genomic RNA
replication defect in HeLa cells was significantly exacerbated in the SK-N-SH cells, resulting in a decreased
capacity for mutant virus growth. Analysis of the nature of the RNA replication deficiency revealed that
deleting the poliovirus genomic 3� noncoding region resulted in a positive-strand RNA synthesis defect. The
RNA replication deficiency in SK-N-SH cells was not due to a major defect in viral translation or viral protein
processing. Neurovirulence of the mutant virus was determined in a transgenic mouse line expressing the
human poliovirus receptor. Greater than 1,000 times more mutant virus was required to paralyze 50% of
inoculated mice, compared to that with wild-type virus. These data suggest that, together with a cellular
factor(s) that is limiting in neuronal cells, the poliovirus 3� noncoding region is involved in positive-strand
synthesis during genome replication.

Paralytic poliomyelitis is the consequence of the destruction
of motor neurons during a poliovirus infection. Only 1 to 2%
of individuals infected with poliovirus develop poliomyelitis,
suggesting that factors affecting virus tropism and systemic
distribution play a significant role in the pathogenic outcome
of an infection (7). The cell- and tissue-specific tropism of
poliovirus during a systemic infection may be restricted by
tissue accessibility (i.e., the blood-brain barrier), cellular at-
tachment and entry, or intracellular interactions between the
virus and the cell. In the late 1950s, Holland and colleagues
demonstrated that purified poliovirus genomic RNA intro-
duced into nonprimate cells by transfection leads to a single
replicative cycle (21). Their data showed that cells which are
not normally susceptible to poliovirus infections can be pro-
ductively infected when receptor-mediated entry of the virus is
bypassed, suggesting that the poliovirus receptor (PVR) plays
a major role in virus tropism. These conclusions were further
supported by the finding that transgenic mice expressing the
human PVR (hPVR) are susceptible to poliovirus infection
(27, 44). Furthermore, the pathology in PVR transgenic mice
infected with attenuated or wild-type poliovirus resembles the
pathology observed in infected primates, the natural host of
poliovirus (22, 43). These observations suggested a strong cor-
relation between PVR-mediated tropism and poliovirus pa-
thology.

Although PVR expression may be a major determinant of
poliovirus tropism, it is clear that additional factors can influ-
ence virus tropism and disease pathology. Assays for virus
binding activity in tissue homogenates revealed that binding of
virus can occur in tissues where poliovirus replication does not
take place (20, 28). Indeed, whether assayed in an infected
primate or PVR transgenic mice, there is no absolute correla-
tion between susceptibility to virus infection and the expression
of PVR (15, 25, 35, 37, 40, 42). The inability of virus to spread
to tissues such as kidney, heart, and lung may be a consequence
of host range restrictions that are independent of receptor
binding. Determinants of the attenuation phenotypes for the
Sabin strains of poliovirus have been mapped to the 5�-proxi-
mal portion of genomic RNAs of all three strains (4, 8, 14, 18,
23, 24, 33, 39, 54). Shiroki et al. induced a host-range pheno-
type of poliovirus by introducing mutations in the internal
ribosomal entry site of the poliovirus genome (47). While the
mutations in the Sabin 5� noncoding regions (NCRs) have
been shown to affect translation efficiency of the viral genomes
(48–50) with the resulting loss of translation efficiency pro-
posed to contribute to the mechanism of attenuation (55), all
elements contributing to cell-specific attenuation have yet to
be fully elucidated.

Much of the effort to identify the molecular mechanism(s) of
attenuation following infections with the Sabin strains of po-
liovirus has focused on the 5� ends of the genomes. However,
mutations in the 3� NCR of poliovirus Sabin 1 may contribute
to the attenuation phenotype (2, 11, 16). Previously, Todd et al.
had shown that poliovirus genomic RNA lacking the entire
genomic 3� NCR is infectious in HeLa cells (51). The resulting
mutant virus (�3� NCR PV1) replicated surprisingly well in
HeLa cells, considering the nature of the lesion, although not
to wild-type virus levels. There is an apparent discrepancy

* Corresponding author. Mailing address: Department of Microbi-
ology and Molecular Genetics, College of Medicine, Med. Sci. B240,
University of California, Irvine, CA 92697-4025. Phone: (949) 824-
7573. Fax: (949) 824-2694. E-mail: blsemler@uci.edu.

† Present address: Department of Molecular Biology, Princeton
University, Princeton, NJ 08544.

‡ Present address: Department of Neuropharmacology, Scripps Re-
search Institute, La Jolla, CA 92037.

1344



between the selective pressures that have resulted in the con-
servation of the 3� NCR among the three serotypes of polio-
virus and the relatively efficient replication properties of the
deletion mutant in HeLa cells. The functions provided by the
3� NCR of poliovirus RNA may, in part, be duplicated by other
viral or cellular elements in HeLa cells, therefore rendering
the 3� NCR dispensable for virus replication in these cells.

To further understand the role of the poliovirus 3� NCR
during viral replication and to investigate a possible cell-spe-
cific role of this region of the genome, we examined the rep-
lication properties of the �3� NCR PV1 in a neuronal cell line
and in PVR transgenic mice. While deletion of the complete 3�
NCR impaired virus replication in HeLa cells, the replication
defect was much more pronounced in a neuroblastoma cell line
(SK-N-SH). The complete genomic 3� NCR deletion had little
or no effect on poliovirus genome translation; however, the
slight defect in genomic RNA synthesis previously observed in
HeLa cells was more severe in neuroblastoma cells. This cell-
specific replication defect resulted in a lower ratio of positive-
strand to negative-strand RNA accumulation following infec-
tion. Furthermore, the deletion mutation had a profound effect
on the ability of the virus to replicate and induce pathology in
PVR transgenic mice. These data suggest that removal of the
3� NCR of the poliovirus genome restricts positive-strand syn-
thesis in cells of neuronal origin.

MATERIALS AND METHODS

Virus stocks and plaque assay. The generation and characterization of the
plaque-isolated �3� NCR PV1 stock was described previously (51) and is re-
ferred to here as �3� NCR PV1. Plaque assays were performed as described
previously (9).

One-step growth cycle analysis. One-step growth analysis was performed on
HeLa (R19) or SK-N-SH monolayers in 60-mm plates at 37°C as described
previously (52). Briefly, HeLa (R19) or SK-N-SH monolayers were infected at a
multiplicity of infection (MOI) of 20 or 17. Virus was adsorbed for 30 min at
room temperature in 60-mm plates and then washed with phosphate-buffered
saline. Following the infection of HeLa (R19) cell monolayers, 3 ml of minimal
essential medium plus 8% newborn calf serum with 1% nonessential amino acids
was added. Infections of SK-N-SH monolayers were followed by the addition of
3 ml of Dulbecco’s modified Eagle medium plus 20% fetal bovine serum. In-
fected cell monolayers were harvested at the indicated times, virus was released
from the cells by five freeze-thaw cycles, cellular debris was pelleted, and the viral
titer of the clarified supernatant was determined by plaque assay on HeLa (R19)
cells.

Total cellular RNA extraction. Total cellular RNA was harvested using Tri-
Reagent (Molecular Research Center, Inc., Cincinnati, Ohio), developed from
methods described previously (10). Briefly, HeLa (R19) or SK-N-SH monolayers
were infected at an MOI of 17 or 20 at 37°C. At the indicated times postinfection,
600 �l of TriReagent was added to the cell monolayers and the cell lysates were
harvested. Total cellular RNA was extracted from the lysates by chloroform
extraction of the aqueous phase. The RNA was precipitated with ethanol, pel-
leted, dried, and resuspended in diethylpyrocarbonate-treated H2O.

RNA analysis. Northern blot analysis was performed with 5 or 10 �g of
glyoxal-treated total cellular RNAs (34). Hybridization and washing conditions
were as described previously (9). 32P-labeled probes were used to detect viral
genomic RNA.

RNase protection assays were performed as previously described (38) to mea-
sure positive-strand RNA accumulation. A 108-ng aliquot of total RNA from
infected or mock-infected cells was hybridized with 25 fmol of 32P-labeled RNA
probe, designated the (�) probe, containing nucleotides complementary to pos-
itive-sense sequences 5601 to 5809 of poliovirus viral RNA. In addition to virus-
specific sequences, the probe contained 49 nucleotides of vector sequence. Hy-
bridization reactions were denatured for 10 min at 85°C in hybridization buffer
(1 mM EDTA, 0.4 M NaCl, 80% formamide, 40 mM piperazine-N,N�-bis(2-
ethanesulfonic acid) [PIPES]; pH 6.4) and then incubated overnight at 60°C. The
mixture was then cooled to room temperature, 300 �l of RNase digestion cock-

tail (0.5 M NaCl, 5 mM EDTA, 4.5 �g of RNase A/ml, 350 U of T1/ml, 10 mM
Tris; pH 7.5) was added, and the reaction was incubated for 1 h at 7°C. Twenty
microliters of 10% sodium dodecyl sulfate (SDS) and 100 �g of proteinase K
were then added, and samples were incubated for 30 min at 37°C. Protected
RNAs were then phenol-chloroform extracted, ethanol precipitated in the pres-
ence of 20 �g of carrier tRNA, resuspended in 15 �l of formamide loading
buffer, and resolved on an 8% polyacrylamide gel containing 7 M urea.

Negative-strand RNA accumulation was detected in a two-cycle RNase pro-
tection assay also described by Novak and Kirkegaard (38). A 1.3-�g aliquot of
total RNA from infected or mock-infected cells was denatured for 10 min at 85°C
in hybridization buffer (1 mM EDTA, 0.4 M NaCl, 80% formamide, 40 mM
PIPES; pH 6.4) and then incubated overnight at 60°C in the absence of radio-
labeled probe. The samples were then subjected to RNase treatment, proteinase
K digestion, phenol-chloroform extraction, and ethanol precipitation as de-
scribed above. Samples were then hybridized to 75 fmol of 32P-labeled probe
complementary to nucleotides 5601 to 5809 of the negative-strand viral RNA and
subjected to the same procedure employed to detect plus-strand viral RNA.

Translation and immunoprecipitation of [35S]methionine-labeled viral pro-
teins. Immunoprecipitation utilizing extracts from [35S]methionine-labeled in-
fected cells was carried out as described previously (46). One hour prior to
harvesting of infected SK-N-SH cells, 50 �Ci of [35S]methionine was added to
cell monolayers in 60-mm plates. Cells were harvested in phosphate-buffered
saline and pelleted, and the supernatant was discarded. The cell pellets were
resuspended in 55 �l of Laemmli sample buffer (29) and boiled for 3 min. Twenty
microliters was removed and subjected to electrophoresis on an SDS–12.5%
polyacrylamide gel. The remaining volume of radiolabeled lysate was diluted to
400 �l in TENN buffer (5 mM EDTA, 0.5% Nonidet P-40, 150 mM NaCl, 50 mM
Tris; pH 7.4), and 20 �l of protein A-agarose (Roche) was added and incubated
on ice for 10 min. Nonspecific protein A complexes were cleared by centrifuga-
tion for 1 min. Ten microliters of anti-3C serum (E�3C) (45) was added to the
supernatant, vortexed, and placed on ice for 1 h. Forty microliters of protein
A-agarose was added, vortexed, and placed on ice for 10 min. Following this
incubation, the mixture was centrifuged and the protein A-agarose beads were
washed three times with 500 �l of SNNTE buffer (5% sucrose, 1% Nonidet P-40,
0.5 mM NaCl, 5 mM EDTA, 50 mM Tris; pH 7.4) and once with 500 �l of NTE
buffer (50 mM NaCl, 1 mM EDTA, 10 mM Tris; pH 7.4). The pellet was
resuspended in 50 �l of Laemmli sample buffer, boiled for 3 min, and pelleted for
1.5 min, and the supernatant was subjected to electrophoresis on a 12.5% poly-
acrylamide gel containing SDS.

PD50 determination in hPVR transgenic mice. The hPVR transgenic mouse
line hPVR1-17 has been described previously (44). Mice were given 50-�l intra-
cerebral (IC) inoculations of virus. The mice were observed once a day for signs
of paralysis or death. Paralyzed mice were sacrificed immediately, and any re-
maining mice were sacrificed at 14 days. Genotyping was performed as previously
described (44). PD50 values (viral titers that would paralyze 50% of the mice
inoculated) were calculated as previously described (8).

RESULTS

Cell-specific virus growth phenotype of a 3� NCR deletion
mutant poliovirus. The �3� NCR PV1 harbors a deletion of
the complete 3� NCR maintaining the first stop codon and the
U of the second stop codon and is followed by the genome-
encoded 3�-terminal poly(A) tract. We have shown that �3�
NCR PV1 replicates with slightly slower kinetics and grows to
a lower maximum titer than wild-type poliovirus in HeLa cells
(51). However, in a human host (or transgenic mouse), cervical
epithelial cells (the precursor of HeLa cells) are not infected
by poliovirus and are therefore not relevant to poliovirus
pathogenesis. To examine the phenotype of the deletion mu-
tant in a cell line that is more relevant to a poliovirus infection,
we compared the plaque morphology in infected SK-N-SH and
HeLa cell monolayers. In both cell lines, the deletion mutant
virus had a small-plaque phenotype compared to that of wild-
type poliovirus (Fig. 1A). Plaques produced by wild-type virus
were larger on SK-N-SH monolayers than on HeLa monolay-
ers, as were those produced by �3� NCR PV1. Interestingly,
equal-titer (assayed on HeLa cell monolayers) infections with
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�3� NCR PV1 produced approximately 1/10 the number of
plaques on SK-N-SH cells than on HeLa cells. These data
suggested that there is a difference in the ability of the deletion
mutant to infect SK-N-SH cells compared to HeLa cells.

To determine if the defect in the efficiency of plaque forma-
tion of the mutant virus was due to a replication deficiency, we
performed a single-cycle growth analysis in HeLa cells and
SK-N-SH cells. Figure 1B shows the single-cycle growth curves

of wild-type or deletion mutant virus in both cell lines. Wild-
type poliovirus accumulated at nearly the same rate and had a
similar total accumulation profile in both cell lines (Fig. 1B).
When compared to wild-type virus, the deletion mutant virus
was defective for growth in HeLa cells and in SK-N-SH cells
(Fig. 1B). The titer of the deletion mutant was lower than that
of wild-type virus in HeLa cells by approximately 1 log10 unit
but was reduced by approximately 2 log10 units compared to

FIG. 1. �3� NCR mutant virus plaque phenotype and growth. The generation and characterization of the plaque-isolated �3� NCR PV1 stock
was described previously (40). Plaque assays were performed as described in Materials and Methods. (A) Plaque assays were performed with virus
stocks diluted to yield isolated plaques on monolayers. HeLa cells and SK-N-SH cells were infected with wild-type or �3� NCR poliovirus and
incubated at 37°C for 3 days. (B) One-step growth analysis was performed on HeLa (R19) or SK-N-SH monolayers in 60-mm plates at 37°C as
described previously (52). Cells were infected at an MOI of �20 with either wild-type poliovirus (E or F) or �3� NCR PV1 (‚ or Œ). Infected
SK-N-SH cells (F or Œ) or HeLa cells (E or ‚) were harvested at the indicated times. Viruses were released from the cells by five freeze-thaw
cycles, and the accumulation of virus was determined by plaque assays on HeLa cells. Virus titer is reported as the log10 PFU per cell.
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wild-type virus titers in SK-N-SH cells. These data suggested
that the lower titer of the �3� NCR PV1 in infected neuro-
blastoma cells was likely due to a virus replication defect.

Cell-specific defect in genome replication of the �3� NCR
mutant. To investigate whether the cell-dependent defect in
virus growth was due to a deficiency in mutant virus genome
replication and accumulation, HeLa and SK-N-SH cells were
infected at a high MOI and total cellular RNA was subjected
to Northern blot analysis (Fig. 2). As observed previously (51),
�3� NCR virus genome accumulation was slower than that of
wild type following infection of HeLa cells (Fig. 2A, compare
lane 2 to lane 9). Although slightly reduced, the maximum level
of RNA accumulation in the deletion-mutant-infected cells
was comparable to that with wild-type virus (Fig. 2A, compare
lane 3 to lane 12). The defect in replication kinetics and accu-
mulation of mutant viral RNA was more pronounced in SK-
N-SH cells than in HeLa cells. The maximum RNA levels
achieved also demonstrated that the replication of the �3�
NCR genome in SK-N-SH cells was grossly defective com-
pared to that of the wild type (Fig. 2B, compare lane 5 to lane
12). These data show that the slight defect in mutant genome
replication in HeLa cells is significantly exacerbated in SK-

N-SH cells (compare Fig. 2A, lanes 7 to 12, with B, lanes 7 to
12). The maximum RNA levels, normalized to the �-actin
loading controls, were quantitated by phosphorimager analysis.
The maximum deletion mutant RNA level was �80% of the
maximum wild-type RNA level in infected HeLa cells. In con-
trast, the maximum deletion mutant RNA level in SK-N-SH
cells was only �15% of the maximum wild-type RNA level.
The differences in the ratios of deletion mutant to wild-type
RNA genome accumulation represented a �5-fold reduction
in the ability of the deletion mutant genome RNA to replicate
in infected SK-N-SH cells compared to infected HeLa cells.
Thus, the mutant virus growth impairment in SK-N-SH cells
appears to be due to a cell-specific defect in viral RNA repli-
cation.

Strand-specific replication defect of �3� NCR PV1. The de-
letion of the genomic 3� NCR may result in a defect in either
positive- or negative-strand RNA synthesis, or the mutation
may be equally deleterious to the synthesis of both strands of
RNA. To more clearly define the nature of the RNA replica-
tion defect, we determined the ratio of positive- to negative-
strand RNA accumulation during an infection. The ratio of
positive- to negative-strand RNAs that accumulate during an
infection with wild-type poliovirus has been reported to be
approximately 35:1 to 65:1 at peak replication times after in-
fection of HeLa cells (5, 17, 31, 38). The large molar excess of
positive-strand RNA effectively competes with probes de-
signed to detect negative-strand RNA accumulation in North-
ern blotting and RNase protection assays. In order to accu-
rately measure the accumulation of negative-strand RNA
following an infection, we used a two-cycle RNase protection
assay previously described by Novak and Kirkegaard (38). This
assay allows the sensitive detection of negative-strand RNAs
by removal of excess positive-strand RNAs prior to hybridiza-
tion with labeled RNA probes designed to detect viral negative
strands. Using this assay (and a standard RNase protection
assay to detect positive-stand viral RNAs), we determined the
levels of positive-strand and negative-strand RNAs at different
times after infection of HeLa cells or SK-N-SH cells (Fig. 3A
and B). Molar amounts of RNA were determined by phospho-
rimager analysis, comparing each band intensity to that of a
probe of known concentration. The data presented here are
the result of two independent experiments, but only one set of
data are displayed in Fig. 3. In HeLa cells, the maximum level
of positive-strand RNA detected after infection with the dele-
tion mutant virus was �25% of the maximum level found after
wild-type poliovirus infection (Fig. 3A, compare lane 4 to lane
8). In contrast, the maximum level of negative-strand deletion
mutant RNA was nearly identical to that of negative-strand
wild-type RNA (Fig. 3B, compare lane 4 to lane 8). In HeLa
cells infected with wild-type virus, the molar ratio of positive-
to negative-strand RNA was found to be �35:1 at 5 h postin-
fection (compare Fig. 3A, lane 4, to B, lane 4). Following HeLa
cell infections with �3� NCR PV1, the ratio of positive-strand
to negative-strand RNA was �10:1 at the peak of infection
(compare Fig. 3A, lane 8, to B, lane 8).

The profile of viral RNA accumulation in infected SK-N-SH
cells was very different from that observed in infected HeLa
cells. In infected SK-N-SH cells, the maximum level of deletion
mutant positive-strand RNA was only �10% of the level of
wild-type RNA (Fig. 3A, compare lane 11 to lane 15). How-

FIG. 2. Northern blot analysis of viral genome accumulation in
infected cells. (A) HeLa cell monolayers were mock infected (lane 13)
or infected at an MOI of 20 with either wild-type poliovirus (lanes 1 to
6) or �3� NCR PV1 (lanes 7 to 12). Total cellular RNA was harvested
at the indicated times following infection using TriReagent (Molecular
Research Center, Inc.), as developed from methods described previ-
ously (10). Northern blot analysis was performed with 5 �g of glyoxal-
treated total cellular RNA (34). Hybridization and washing conditions
were as described previously (9). Two 32P-labeled labeled probes,
L391*(-) and PV7350(-) (complementary to the positive-strand RNA
genomes at positions 253 to 272 and 7350 to 7369, respectively) were
used to detect viral genomic RNA. Cellular �-actin mRNA was probed
as an equal RNA loading control using random-primed 32P-labeled
DNA probes. (B) Northern blot analysis was performed using total
cellular RNA from infected SK-N-SH cells as described for panel A.
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ever, the maximum level of deletion mutant negative-strand
RNA was �80% of wild-type negative-strand RNA in infected
SK-N-SH cells (Fig. 3B, compare lane 12 to lane 15). In SK-
N-SH cells infected with wild-type virus, the ratio of positive-
to negative-strand viral RNA was reduced slightly compared to
that of infected HeLa cells. We calculated the ratio of positive-
to negative-strand viral RNA to be �30:1 (compare Fig. 3A,
lane 12, to B, lane 12) in infected neuroblastoma cells. Signif-
icantly, the ratio of positive- to negative-strand viral RNA
produced following infection with the 3� NCR deletion mutant
was only �5:1 in infected SK-N-SH cells, suggesting a defect in
positive-strand viral RNA synthesis in the absence of a 3�
NCR. However, our RNase protection assay does not account
for possible differences in stability between positive-strand
RNAs harboring a 3� NCR and those that have this region
deleted. To address this possibility, we infected SK-N-SH cell
monolayers with wild-type PV1 or the �3� NCR mutant virus
in the presence of guanidine-HCl (an inhibitor of poliovirus
RNA synthesis). At the times indicated in Fig. 3C, total RNA
was harvested and subjected to Northern blot analysis follow-
ing electrophoretic separation on an agarose gel. The data
displayed in Fig. 3C demonstrate that there were no significant
differences in stability between wild-type and �3� NCR RNAs
in the absence of viral RNA replication, ruling out differential
turnover of positive-strand RNAs as a possible cause for the
differences observed in our RNase protection experiments.
Overall, these data allow us to conclude that the viral replica-
tion defect observed in the absence of the poliovirus genomic
3� NCR is primarily due to a strand-specific defect in RNA
synthesis which is more pronounced in infected SK-N-SH cells
than in infected HeLa cells.

Viral translation and protein processing in �3� NCR PV1-
infected cells. We had previously shown that genomes of the 3�
NCR deletion mutant and wild-type virus were translated with
equal efficiency in infected HeLa cells and in S-10 extracts
derived from HeLa cells (51). To determine if the reduced
mutant genome replication in SK-N-SH cells was due to a
defect in viral translation (leading to a secondary effect on
RNA synthesis), we examined the translation and processing
efficiencies of wild-type and �3� NCR mutant genomes. SK-
N-SH cells were infected with either wild-type or deletion
mutant virus at a high MOI, and an hour before cells were
harvested translation products were labeled by incubation with
[35S]methionine. During a poliovirus infection, host cell cap-
dependent translation is shut down by the activity of a viral
proteinase. Total host cell translation shutoff was not observed
in �3� NCR PV1-infected SK-N-SH cell cultures, resulting in a
high background of cellular translation products (Fig. 4A,
lanes 9 to 15). To increase the signal-to-noise ratio for viral
translation products, viral proteins were immunoprecipitated
with a polyclonal antibody that recognizes the viral protein 3C
(45). Figure 4B shows viral translation and processing products
immunoprecipitated by the anti-3C serum. These products in-
clude the polypeptide precursors P3 and 3CD, the alternative

FIG. 3. Analysis of positive- and negative-strand viral RNA accu-
mulation and positive-strand RNA stability in wild-type- or �3� NCR-
infected cells. For the RNase protection analysis shown in panels A
and B, RNA samples were derived from the experiment displayed in
Fig. 2. (A) Positive-strand viral RNA accumulation was determined in
a standard RNase protection assay as described in Materials and
Methods. Marker RNAs (with sizes indicated in nucleotides on the left
side of the panel) are shown in lane 1. A 5.3-fmol aliquot of undigested
probe was used for comparison to quantitate the molar amounts of
RNA loaded in each lane by phosphorimager analysis (lane 2). Equal
amounts (108 ng) of total cellular RNA were protected by 25 fmol of
probe complementary to positive-sense poliovirus RNA sequences
5601 to 5809 (lanes 3 to 16). HeLa cells (lane 3 to lane 9) or SK-N-SH
cells (lane 10 to lane 16) were infected with either wild-type poliovirus
(lanes 3 to 5 and 10 to 12) or �3� NCR PV1 (lanes 6 to 8 and 13 to 15).
The RNA harvest times (hours postinfection) are indicated at the top
of each lane. Mock-infected cells were harvested at 8 h postinfection
(lanes 9 and 16). (B) Negative-strand RNA levels were determined by
subjecting 1.3 �g of total cellular RNA to a two-cycle RNase protec-
tion assay as described in Materials and Methods. RNA samples were
separated on 7 M urea–8% polyacrylamide gels. (C) RNA stability of
positive-strand RNAs derived from infection of monolayers of SK-
N-SH cells with wild-type or �3� NCR mutant virus. Cells were in-
fected at an MOI of �20 in the presence of 2 mM guanidine-HCl, and
total RNA was isolated at the times indicated as described in Materials
and Methods. Glyoxal-treated RNA (10 �g) was subjected to Northern
blot analysis following electrophoresis on a 1.0% agarose gel in the
presence of 10 mM sodium phosphate. Poliovirus and �-actin RNAs

were detected by hybridization to 32P-labeled random hexamer-primed
DNA probes. Hybridization and washing conditions were as described
elsewhere (9).
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processing product 3C�, and the mature product, 3C. Com-
pared to infection by wild-type virus, there was a delay in
achieving maximum levels of translation and protein process-
ing products in �3� NCR PV1-infected cells (Fig. 4B, compare
lanes 4 and 5 to lane 11). Although the translation efficiency of
the mutant virus did not result in wild-type levels of polypep-
tides in infected SK-N-SH cells (Fig. 4B, compare lanes 4 to 10
with lanes 11 to 17), the deficiency was minor compared to the
RNA synthesis defect (Fig. 2B) or the virus production defect
(Fig. 1B) in the same cell line.

�3� NCR virus replication in PVR transgenic mice. SK-
N-SH and HeLa cells are immortalized, both having been
derived from human tumors. In addition, these cells have un-
dergone selection pressures to survive in cell culture. There-
fore, the cell line-specific replication phenotype of �3� NCR
PV1 may not represent a pathologically relevant observation.
To examine whether the deletion mutation has an attenuation
phenotype in vivo and to measure the degree of any such
attenuation, we employed a transgenic mouse model express-
ing the hPVR. The PVR transgenic mouse has been estab-
lished as an excellent model for poliovirus infection and po-
liovirus-induced pathology (1, 22, 26, 27, 42–44). To analyze
the ability of the deletion mutant virus to cause disease, we
determined the viral titer (in PFU) that would paralyze ap-
proximately 50% of the mice inoculated (PD50) (41). Trans-

genic mice were given IC inoculations with dilutions of �3�
NCR PV1 stocks and observed for signs of paralysis. The PD50

of wild-type poliovirus was 6 � 103 PFU, while �3� NCR PV1
had a PD50 of 2.7 � 107 PFU. When nontransgenic mice were
inoculated IC with 9 � 106 or 9 � 107 PFU of the mutant virus,
none of the mice developed signs of paralysis, nor did they
display any signs of infection. These data suggest that the
paralysis induced by �3� NCR PV1 in PVR transgenic mice
was due to receptor-mediated infections in the central nervous
system. Furthermore, the titer of deletion mutant virus per
gram of brain tissue from a paralyzed PVR transgenic mouse
was approximately 3 log10 units lower than that in a PVR
transgenic mouse infected with wild-type poliovirus (data not
shown). These data demonstrate a significant attenuation phe-
notype of the �3� NCR virus in PVR transgenic mice com-
pared to that of wild-type virus.

DISCUSSION

Based upon the assumption that the 3� NCR of poliovirus
acts as a cis-acting signal, Todd et al. had previously attempted
to define the minimal element necessary for viral genome rep-
lication (51). We deleted the entire genomic 3� NCR and
found that this mutant virus replicated to within 1 log10 unit of
wild-type virus levels in HeLa cells (51). This finding was sur-

FIG. 4. Viral translation and processing kinetics in cell culture. SK-N-SH monolayers in 60-mm dishes were infected at an MOI of 25 with either
wild-type poliovirus (lanes 2 to 8) or �3� NCR virus (lanes 9 to 15). An hour prior to cell harvest, the products of translation were labeled by the
addition of 50 �Ci of [35S]methionine. At the indicated times, cells were harvested and boiled in Laemmli sample buffer (29) for 3 min. (A) Portions
(one-third of the total) of the radiolabeled translation products were analyzed on an SDS–12.5% polyacrylamide gel, which was subsequently
subjected to phosphorimager analysis (Personal Molecular Imager FX; Bio-Rad). (B) Immunoprecipitation of poliovirus 3C-containing translation
products from the remainder of the cellular lysates was carried out as described previously (46) using 10 �l of anti-3C serum (E�3C) (45) and
protein A-agarose (Roche). These protein products included precursor polyproteins P3 and 3CD, the mature cleavage product 3C, and the
alternatively processed product 3C�. The positions of these proteins on the gel are indicated on the left side of the figure. Labeled proteins were
analyzed on an SDS–12.5% polyacrylamide gel, and the gel was subjected to phosphorimager analysis.
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prising, because the 3� NCR of the three poliovirus serotypes
is well conserved despite the fact that the viral RNA-depen-
dent RNA polymerase has a high error rate (12, 13, 53). To
define a biologically relevant role for the 3� NCR, we examined
the growth of the �3� NCR virus in different cell types. It has
been demonstrated that a point mutation in the poliovirus 5�
NCR reduces neurovirulence in mice and causes a replication
defect in neuroblastoma tissue culture cells (3, 30). In this
report, we showed that �3� NCR PV1 accumulates more slowly
and to a lower titer in a neuroblastoma cell line (SK-N-SH)
than in HeLa cells as a result of an exacerbated RNA replica-
tion defect. The phenotype is not likely due to a cell-dependent
translation deficiency, because the virus translation efficiency
was decreased only moderately. It is likely that the decrease in
translation efficiency in SK-N-SH cells is a by-product of the
reduced number of RNA genomes caused by the defect in viral
genome replication, although we cannot rule out the contribu-
tion of a slight defect in translation to reduced levels of non-
structural proteins available for viral RNA replication func-
tions.

Neurovirulence of the deletion mutant virus was markedly
attenuated in PVR transgenic mice. Compared to wild-type
virus, greater than 1,000 times more mutant virus was required
to induce paralysis following IC inoculations. The level of
attenuation of the deletion mutant was comparable to that of
the Sabin type 1 vaccine strain. The PD50 of �3� NCR PV1 was
�3 � 107 PFU, and the PD50 of Sabin 1 in the same PVR
transgenic mouse line has been reported to be �5 � 107 (8).
Although it is possible that the attenuation phenotype seen in
the PVR transgenic mice is the result of a species-specific
requirement for the 3� NCR, the PD50 was in good agreement
with the growth characteristics of the mutant virus in the hu-
man SK-N-SH cell line. None of the nontransgenic mice
showed symptoms of infection when inoculated with high-titer
�3� NCR PV1 stocks, allowing us to conclude that the symp-
toms induced in PVR transgenic mice infected with mutant
virus were due to the ability of the transgenic mice to support
mutant virus replication. It will be interesting to determine
whether deletion mutant virus recovered from the transgenic
mice has accumulated any additional mutations that allow
higher levels of replication compared to those of input �3�
NCR virus. In a related study, Merkle and colleagues recently
observed that a mutant coxsackievirus B3 harboring a partial
deletion within the 3� NCR of genomic RNA was attenuated
for induction of myocarditis in infected mice, suggesting a role
for the coxsackievirus 3� NCR in viral pathogenesis (36).

It has been reported that the ratio of positive- to negative-
strand RNA accumulation is lower in leukocytic and nerve
cells following infections with wild-type poliovirus (31). We
report a similar finding here, where the ratio of positive- to
negative-strand RNA was lower in neuronal cells infected with
wild-type virus than in infected HeLa cells. These data suggest
that there is a cell-specific contribution to positive-strand RNA
synthesis and that a cellular factor(s) involved in positive-
strand RNA synthesis is limiting in cells of neuronal origin.
After initiation of negative-strand RNA synthesis occurs, the
mutant virus faces an exacerbated strand-specific defect in
positive-strand RNA synthesis. This was evidenced by the
lower ratio of positive-strand to negative-strand viral RNA
during an infection with the mutant virus compared to the ratio

detected during a wild-type poliovirus infection. In order to
observe such a phenotype, the mutant virus would either have
to synthesize higher levels of negative-strand RNAs or lower
levels of positive-strand RNAs during genome replication. The
data shown in Fig. 3B do not reveal significant differences in
the levels of negative-strand RNAs found in cells infected with
wild-type or �3� NCR PV1. In addition, the results shown in
Fig. 3C indicate that we did not detect any differences in
stability of positive-strand viral RNAs during infection of neu-
ronal cells by wild-type or mutant virus in the absence of viral
RNA synthesis. Therefore, it is likely that the lower ratio of
positive- to negative-strand RNA is due to reduced levels of
positive-strand RNA synthesis.

We found that the strand-specific defect in �3� NCR mutant
RNA synthesis was exacerbated in neuronal cells, suggesting
that a cellular factor(s) involved in positive-strand RNA syn-
thesis interacts with the poliovirus 3� NCR during genomic
replication. The differences in phenotypic growth patterns may
be the result of a lower concentration, posttranslational mod-
ification, alternative splicing patterns, or alternative patterns of
subcellular sequestering of a host factor(s). Alternatively, the
mutant virus growth defect could be due to differences in
cellular processes, such as intracellular motility, membranous
vesicle trafficking, or differences in cell morphology that could
exacerbate a defect caused by a lack of genomic tethering to
the replication complexes.

The observation that an RNA structure located at one ter-
minus of the poliovirus genome functions in initiation of RNA
synthesis at the opposite terminus is not without precedent.
There is evidence that the 5�-terminal cloverleaf structure (also
known as stem-loop I) located on the positive strand of polio-
virus genomic RNA is involved in initiation of negative-strand
RNA synthesis (6, 19, 32). Thus, it is possible that a similar
mechanism of 5�-3� termini interaction or communication is
required for positive-strand RNA synthesis and that this puta-
tive interaction is provided, in part, by the genomic 3� NCR.
We have not yet determined whether these RNA sequences or
secondary structures that are necessary for the initiation of
positive-strand synthesis function in the context of the 3� ends
of the positive strands, acting in trans, or in the 5� ends of
negative-strand intermediates, acting in cis. Independent of the
precise mechanism of attenuation caused by the strand-specific
defect in RNA synthesis, the cell-dependent replication phe-
notype of the deletion mutant virus reveals a previously un-
known property of the poliovirus 3� NCR.
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