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The matrix (M) gene of a measles virus (MV) variant passaged in IMR-32 human neuroblastoma cells
displays numerous uridine-to-cytosine transitions called biased hypermutation. Using an in vitro assay, we
show that IMR-32 cells contain high levels of an activity which unwinds and irreversibly alters the base pairing
of double-stranded RNA synthesized from the M gene of MV. This activity is found exclusively in the cellular
nucleus and is present at a lower level in African green monkey kidney Vero cells. Experiments with mixed cell
extracts suggest that the low activity in Vero cells is not due to inhibitory factors. These findings support the
hypothesis that this RNA-modifying and -unwinding activity is responsible for biased hypermutation of MV
strains that infect the central nervous system. Possible functions of this neural cell activity and implications for

central nervous system disorders are discussed.

Measles, the second most common cause of mortality in
infants and children in the world, is responsible for a million
or more deaths annually. The causative agent, measles virus
(MV), has also been implicated in various forms of central
nervous system (CNS) disorders. Acute and subacute infec-
tions of the CNS cause, respectively, acute measles inclu-
sion body encephalitis and subacute sclerosing panenceph-
alitis (SSPE) (15, 20, 27). In addition, host immune response
to MV can lead to measles allergic encephalitis (14).

MYV strains recovered from patients with CNS infections
are often genetically distinguishable from those that cause
acute measles, especially in the viral genes encoding matrix
(M), fusion (F), and hemagglutinin (H) proteins (1-3, 7, 9, 11,
17, 33). Some of the MV strains that cause CNS infections
show intriguing unidirectional uridine (U)-to-cytosine (C)
transitions known as biased hypermutation (8, 32). When the
M gene of an acute MV (Nagahata strain) is compared with
that of its likely descendant virus (Biken strain) isolated in
the same locale from a patient with SSPE, biased hypermu-
tation accounts for nearly all the missense mutations which
alter the structure and properties of the SSPE viral M protein
(1, 33). This suggests that biased hypermutation plays a
significant role in the evolution of SSPE virus.

An interesting hypothesis suggests that biased hypermu-
tation in MV RNA is a manifest of a cellular enzyme which
causes deamination of adenosine (A) residues in double-
stranded (ds) RNA (5, 16). This activity, which has been
found in a variety of eukaryotic cells, unwinds dsRNA by
changing A residues into inosines (I) (4, 19a, 29). Since an I
residue can base pair with C, an A-to-I substitution in the
minus-sense MV genome would be expressed as a U-to-C
transition in the plus-sense viral mRNA. However, except
for the similarly biased nature of hypermutation in MV RNA
and deamination by the cellular RNA-modifying and -un-
winding activity, there has been no evidence that causally
links together these two phenomena.

We previously observed that the M gene of an SSPE virus
(Yamagata strain) that was passaged in IMR-32 human
neuroblastoma cells displayed numerous additional U-to-C
transitions that were not found in the M gene of another
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stock of the same virus that was passaged in African green
monkey kidney Vero cells (32). The extra hypermutated
residues occurred within a well-defined 5’ region in the M
gene of the virus passaged in neuroblastoma cells. This
pattern of mutation cannot be easily explained by random
errors in viral RNA synthesis but is compatible with an
exogenous RNA-modifying activity acting locally on the
viral RNA. To elucidate the basis of this phenomenon, we
investigated whether an increased level of the putative
RNA-modifying and -unwinding activity was present in
IMR-32 neuroblastoma cells compared with that in Vero
cells.

Vero cells were grown in minimal essential medium with
10% newborn calf serum. IMR-32 cells were grown in the
same medium supplemented with 1% nonessential amino
acids. Since mammalian RNA-modifying and -unwinding
activities are cell cycle dependent (28), cells were synchro-
nized by maintaining them overnight in medium containing
2% newborn calf serum and stimulated by increasing the
serum concentration to 10% for 12 h before harvest. Whole-
cell extracts were prepared by a previously described pro-
cedure (18) modified for the RN A-unwinding assay (4). Cells
were swollen for 20 min on ice in 4 volumes of the packed
cells (PCV) of solution A (100 mM Tris-HCI [pH 7.9], 1 mM
EDTA, 5 mM dithiothreitol [DTT]) and homogenized with a
Dounce homogenizer. The whole-cell lysates were gently
mixed with 4 PCV of solution B (50 mM Tris-HCI [pH 7.9],
10 mM MgCl,, 2 mM DTT, 25% sucrose, 50% glycerol). One
PCV of saturated (NH,),SO, was added dropwise, and the
mixture was kept on ice for 30 min with gentle stirring. The
mixture was centrifuged at 40,000 rpm for 3 h in a Beckman
SWS5S rotor. To the collected supernatant, solid (NH,),SO,
was added to 0.33 g/ml. After the solid (NH,),SO, dissolved,
0.01 ml of 1 N NaOH per g of (NH,),SO, was added, and the
mixture was stirred for 30 min. The precipitated proteins
were pelleted at 15,000 x g for 20 min in a Beckman JA20
rotor and resuspended in 0.05 volume of TGKED (50 mM
Tris-HCI [pH 7.8], 0.5 mM MgCl,, 50 mM KCl, 0.1 mM
EDTA, 0.5 mM DTT, 25% glycerol). After dialyzing over-
night at 4°C against 50 volumes of TGKED with two changes
of buffer, the cell extracts were centrifuged at 10,000 X g for
10 min in a Beckman JA20 rotor. Aliquots of the supernatant
were quickly frozen in liquid nitrogen and stored at —80°C.
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FIG. 1. Unwinding of MV RNA in Vero and IMR-32 neuroblas-
toma cell extracts. 3?P-labeled dsRNA (A, lane a) formed between
the sense (A, lane b) and antisense (A, lane c¢) RNA synthesized
from the 5’ region of Edmonston strain MV M gene was incubated
in Vero (B) or IMR-32 (C) whole-cell extract for 0 to 180 min. The
RNA recovered from the extract was analyzed along with the
unreacted RNA (A) by electrophoresis in a nondenaturing 4%
polyacrylamide gel. ss, single stranded.

To facilitate future comparison with naturally occurring
hypermutation in MV, we chose a 5’ region of the Edmon-
ston strain MV M gene (up to the EcoRlI site at nucleotide
567 [34]) as a substrate for studying the RNA-modifying
activity in vitro. This region contains numerous U residues
that are potential targets for hypermutation in neuroblas-
toma cells (32). Sense and antisense 5 M RNAs were
synthesized in vitro from subclones of the pGEM-M2i plas-
mid (34) by use of the SP6 and T7 bacteriophage promoters
(19). The sense and antisense strands were labeled with
[>2P]JUTP at a 1:10 ratio in specific activity. After repeated
ethanol precipitation in 2.5 M NH, acetate to remove
unincorporated UTP, equal molar amounts of the two RNA
strands were hybridized at 45°C for 15 h in 40 mM PIPES
[piperazine-N,N’-bis(2-ethanesulfonic acid] buffer (pH 6.7)
containing 0.4 M NaCl, 1 mM EDTA, and 80% formamide.
Overhanging vector sequences in the RNA duplex were
trimmed by RNase treatment, and the duplex was recovered
by phenol-chloroform extraction and ethanol precipitation.
The annealed RNA duplex can be resolved from the sense
and antisense RNA strands by electrophoresis in a nonde-
naturing gel (Fig. 1A, lanes a, b, and c, respectively).

The RNA-unwinding assay was done in 15-pl reaction
mixtures containing 40 pg of Vero or IMR-32 cellular pro-
teins, 50 ng of 3?P-labeled dsRNA, 50 mM Tris-HCI (pH 7.8),
0.5 mM MgCl,, 50 mM KCl, 50 mM EDTA, 0.5 mM DTT,
25% glycerol, and 10 pg of tRNA. After the mixture was
incubated at 37°C for various times, the reaction was
stopped by the addition of 2 ul of 0.5 M EDTA. The RNA
samples were digested with proteinase K, precipitated with
ethanol, and electrophoresed in a 4% nondenaturing poly-
acrylamide gel.

When the dsRNA was incubated with whole Vero cell
extract, a very slight shift in electrophoretic mobility in the
RNA was detected after prolonged incubation (e.g., 120 to
180 min; Fig. 1B, lanes e to g). By contrast, a marked shift in
electrophoretic mobility of the dsSRNA was observed within
30 min of incubation with IMR-32 whole-cell extract (Fig.
1C, lanes a and b), and the mobility of the duplexes contin-
ued to decrease during 180 min of incubation (Fig. 1C, lanes
cto g).

To rule out the possibility that the mobility shift was due
to formation of RNA-protein complexes that were resistant
to proteinase, after incubation with IMR-32 whole-cell ex-
tract, the proteinase K-treated RNA was further purified by
phenol-chloroform extraction and analyzed by electrophore-
sis in a nondenaturing polyacrylamide gel. The phenol-
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FIG. 2. Irreversible modification of the unwound MV RNA.
32p_labeled dsSRNA was incubated with IMR-32 whole-cell extract
for 0 min (lanes a to c) or 180 min (lanes g to i). Parallel samples were
incubated for the same time with IMR-32 cell extract that had been
heated at 58°C for 10 min (lanes d to f). One of the samples in each
set was recovered by proteinase K treatment, phenol-chloroform
extraction, and ethanol precipitation (lanes a, d, and g, respective-
ly). The other samples were treated with proteinase K, ethanol
precipitated, and reannealed at 45°C for 15 h (lanes b, €, and h) or
denatured at 90°C for 3 min and then reannealed (lanes c, f, and i).
The samples were analyzed along with the antisense M RNA (lane j)
in a nondenaturing 4% polyacrylamide gel. Incompletely annealed
sense and antisense RNA was not removed by RNase treatment in
this experiment and is visible in the 0-min samples (lanes a to c). ss,
single stranded.

chloroform-purified RNA from the 180-min sample migrated
with retarded mobility compared with the 0-min sample (Fig.
2, lanes g and a, respectively). Phenol-chloroform extraction
did not change the pattern of mobility shift in the RNA.
Therefore, the mobility shift was not due to formation of
RNA-protein complexes but was due to unwinding of the
RNA substrate. To determine whether the unwound RNA
could reanneal, we recovered the RNA from the 0- and
180-min samples and either hybridized the RNA directly or
heat denatured the RNA and rehybridized it. The RNA
recovered from the 0-min sample reannealed completely into
dsRNA, regardless of whether the RNA was hybridized
directly or heat denatured before reannealing (Fig. 2, lanes b
and c, respectively). By contrast, neither the nondenatured
nor the heat-denatured RNA recovered from the 180-min
sample could reanneal completely into dsRNA (Fig. 2, lanes
h and i, respectively). This indicates that base pairing of the
dsRNA was irreversibly altered by the IMR-32 cell extract.
The heat-denatured RNA did not reanneal efficiently after
180 min of incubation in the IMR-32 cell extract (Fig. 2, lane
i), probably because the partially unwound RNA was ran-
domly nicked by cellular RNases and could not reassociate
into duplexes of the same size. The RNA-modifying and
-unwinding activity was completely inactivated by subject-
ing the IMR-32 cell extract to 58°C for 10 min (Fig. 2, lanes
d to f). The dsRNA recovered from the inactivated cell
extract was unmodified and could be denatured and rean-
nealed into fully ds form (Fig. 2, lanes e and f).

These results indicate that IMR-32 human neuroblastoma
cells contain significantly higher levels of an RN A-modifying
and -unwinding activity than Vero cells. This activity is heat
sensitive, and it irreversibly alters the base pairing of
dsRNA. A portion of the A residues in the unwound RNA
were converted into I residues, and this activity was titrat-
able with excess dsRNA (data not shown). These properties
are characteristic of RNA-modifying and -unwinding activi-
ties previously found in Xenopus oocytes and some mam-
malian cells (4, 29).

To test whether the low RNA-modifying and -unwinding
activity in Vero cells was due to the presence of nonspecific
inhibitors such as proteases, we attempted to block the
inhibitors with bovine serum albumin (BSA). However,
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FIG. 3. RNA-modifying and -unwinding activities in mixed cell
extracts. 32P-labeled dsRNA was incubated for 0, 90, or 180 min in
whole-cell extracts containing 40 pg of proteins from Vero cells
(lanes a to ¢), IMR-32 cells (lanes g to i), or a mixture containing 40
ng of proteins each from Vero and IMR-32 cells (lanes m to o).
Parallel reactions were done with the Vero or IMR-32 cell extracts
mixed with 40 ug of BSA (lanes d to f and j to I, respectively). RNA
was recovered and analyzed as described in the legend to Fig. 1.

addition of BSA to the Vero cell extract did not increase the
RNA-modifying and -unwinding activity (Fig. 3, lanes a to f).
We also tested whether Vero cells contained excess factors
that inhibited the RN A-modifying and -unwinding activity. A
mixed extract containing equal amounts of proteins from
IMR-32 and Vero cells was found to be as efficient in RNA
unwinding as IMR-32 cell extract alone (Fig. 3, lanes m to o
and g to i, respectively). BSA did not enhance the RNA-
modifying and -unwinding activity in the IMR-32 cell extract
(Fig. 3, lanes j to 1). These results show that Vero cells do not
contain excess factors that inhibit the RNA-modifying and
-unwinding activity. The high activity in IMR-32 cells likely
reflects an elevated level of the putative enzyme.

We further investigated the intracellular localization of the
RNA-modifying and -unwinding activity. Vero and IMR-32
cells were homogenized in 3 PCV of a hypotonic buffer (10
mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid] [pH 7.9], 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
DTT, 0.2 mM phenylmethylsulfonyl fluoride). The nuclei
were collected by centrifugation at 3,300 X g for 15 min and
resuspended in 0.5 volume of the packed nuclei of LSB (50
mM Tris-HCI [pH 7.9], 0.5 mM MgCl,, 20 mM KCl, 0.1 mM
EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 0.5 mM
DTT, 25% glycerol). An equal volume of HSB (same as LSB
except with 0.3 M KCl) was added dropwise, and the nuclear
materials were extracted by stirring for 30 min at 4°C. The
extracted nuclei were removed by centrifugation at 25,000 X
g for 30 min, and the supernatant was dialyzed against
several changes of 50 volumes of MSB (same as LSB except
with 50 mM KCIl) until the conductivity of the extract and
that of LSB were equal. The extract was centrifuged at
25,000 X g for 20 min, and the supernatant was aliquoted,
frozen in liquid nitrogen, and stored at —80°C.

Cytoplasmic extracts were prepared from the same cells
by adding 0.11 volume of a 10x buffer containing 0.3 M
HEPES (pH 7.9), 1.4 M KCl, and 30 mM MgCl, to the first
postnuclear fraction. The mixture was centrifuged at 100,000
X g for 60 min. The supernatant (S-100) was dialyzed against
50 volumes of MSB until the conductivity of the extract
equaled that of 50 mM KCI. The S-100 fraction was centri-
fuged at 25,000 X g for 20 min, and the supernatant was
aliquoted and tested for RNA-modifying and -unwinding
activity.

Both the nuclear and cytoplasmic fractions of Vero cells
lacked a significant level of RNA-modifying and -unwinding
activity (Fig. 4C and D, respectively). The dsRNA was
slowly unwound in the nuclear fraction from Vero cells after
a very long (120-min) incubation, as indicated by the degra-
dation of the partially unwound substrates by cellular
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FIG. 4. Nuclear localization of the RN A-modifying and -unwind-
ing activity in IMR-32 neuroblastoma cells. 3*P-labeled dsRNA was
incubated with nuclear or cytoplasmic extract containing 20 pg of
proteins from IMR-32 cells (A and B, respectively) or Vero cells (C
and D, respectively). At the times indicated, RNA was recovered
from the cell extracts and analyzed as described in the legend to
Fig. 1.

RNases (Fig. 4C, lanes e and f). Including excess amounts of
tRNA in the reaction preserved the partially unwound
substrates (Fig. 1B). More important, a high level of RNA-
modifying and -unwinding activity was found in the nuclear
extract of IMR-32 cells (Fig. 4A). The cytoplasmic fraction
of IMR-32 cells caused no shift in the mobility of the RNA
duplexes (Fig. 4B). Therefore, the RNA-modifying and
-unwinding activity is localized exclusively in the cellular
nucleus.

The finding of high RN A-modifying and -unwinding activ-
ity in IMR-32 cells provides further support for the hypoth-
esis that this activity is responsible for hypermutation of the
Yamagata strain SSPE virus propagated in that cell line (32).
However, the nuclear localization of this activity poses
intriguing questions about its mode of action in vivo. How
might the genomic RNA of MV, which replicates in the
cytoplasm, be subject to modification by a cellular nuclear
activity? In Xenopus oocytes, the RNA-modifying and -un-
winding activity which is normally confined to the nuclei is
released into the cytoplasm when the nuclear membrane
breaks down during meiosis (4). One would predict similar
leakage of this activity into the cytoplasm when mammalian
somatic cells undergo mitosis. It is also possible that integ-
rity of the cellular nuclear membrane is disrupted at a late
stage of MV infection.

If neurons in the CNS also contain RNA-modifying and
-unwinding activity predominantly in the nuclei, mitosis-
dependent release of the activity into the cytoplasm is not
expected, since neurons do not divide after maturation. How
might MV strains that infect the CNS be modified by this
activity? It has long been recognized that cellular nuclei may
play a role in MV infection (for a review, see reference 31).
MYV yield is reduced by almost 100-fold in enucleated cells
(12). All the nonglycosylated MV proteins are detected in the
nuclei (30), and MV RNA can be recovered from the nuclear
fraction of MV-infected cells (6, 25). Electron microscopy
studies demonstrated MV nucleocapsids not only in the
cytoplasm, but also in the nuclei, especially at a late stage of
infection (21, 24). It is particularly noteworthy that accumu-
lation of intranuclear viral nucleocapsids is a common char-
acteristic of chronic infections by MV and SSPE viruses in
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cultured cells (21, 22), explanted CNS tissues (23, 24), and
SSPE brains (10). However, it is not known whether the MV
nucleocapsids in the cellular nuclei are active in RNA
replication and can pass genetic changes on to the progeny
virus.

The RNA-modifying and -unwinding activity may modify
cellular RNA as well as viral RNA. In Xenopus oocytes,
mRNA encoding basic fibroblast growth factor is modified
by A-to-G substitutions in a region which can form a duplex
with an antisense RNA transcribed from the complementary
DNA strand (13). Recently, an interesting study suggests
that adenosine deamination controls glutamate-gated ion
channels in brain cells (26). Specifically, two mRNA classes
which encode different glutamate receptor subtypes are
found to be encoded by the same DNA sequences. The two
mRNA classes differ by an A versus G substitution corre-
sponding to a glutamine versus arginine difference in the
predicted channel-forming region of the protein, which in-
fluences the properties of the channel (26). Thus, a defect in
regulation of the RN A-editing process can potentially affect
ion transport and may lead to neuronal disorders. These
observations raise the possibility that adenosine-deaminat-
ing enzymes serve important regulatory functions in the
CNS. Understanding the action and control of the RNA-
modifying and -unwinding activity in neural cells may not
only shed light on CNS infection by MV but may also offer
insights into possible roles of this activity in neuronal
functions and dysfunctions.
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