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Infection of mouse myeloma cells (MPC-11) with vesicular stomatitis (VS)
virus resulted in rapid and marked reduction in cellular RNA synthesis consid-
erably before cell viability was compromised. Mouse myeloma cells responded
maximally to viral infection at a multiplicity of 1 and were considerably more
sensitive to shut-off of RNA synthesis than were mouse L cells or BHK-21 cells.
This inhibition of cellular RNA synthesis was shown not to be caused by
differential membrane permeability of infected and uninfected MPC-1l cells to
[3H]uridine, nor was it due to greater degradation of previously synthesized
RNA. VS viral infection appeared not to impede transport of newly synthesized
nuclear RNA to the cytoplasm; moreover, infected cells accumulated polyaden-
ylated mRNA at the same rate as did uninfected cells. Polyacrylamide gel
electrophoresis of newly synthesized nuclear RNA demonstrated that the poly-
disperse nature and size distribution were not affected by VS viral infection.
Isolated nuclei of infected MPC-il cells also exhibited greatly impaired capacity
to synthesize RNA despite the absence of cytoplasmic factors. Infected-cell
cytosol did not inhibit transcription by uninfected-cell nuclei, nor did uninfected-
cell cytosol reverse viral inhibition of nuclear transcription. Studies with a-
amanitin revealed that VS viral infection inhibited the activity of polymerases I,
II, and III, but only polymerase II was affected progressively throughout infection
and to a much greater extent. These data suggest that, even at low multiplicities
of infection, VS virus rapidly shuts off cellular RNA synthesis at the level of
nuclear transcription.

Infection of various cell types with infectious
vesicular stomatitis (VS) virus, or possibly de-
fective interfering particles, leads to a relatively
rapid and extensive inhibition of host macro-
molecular synthesis (3, 32, 38) and eventually
to cell death (18, 19). This disruption of normal
cellular functions can affect synthesis of RNA
(13, 37), DNA (39), and protein (17, 23) in the
infected cell. Although it is well documented
that viral infection shuts off overall cellular
RNA synthesis, it remains to be determined
which of the multiple steps involved in RNA
production are altered during VS viral infection.
The production of functional RNA molecules

in the eukaryotic cell involves a number of com-
plex processes that include post-transcriptional
events as well as the primary event of transcrip-
tion (7). Thus, it seems possible that VS viral
infection could alter any one or all of the proc-
esses that take place during the metabolism of
RNA. Viral infection could cause alterations in
the rates of synthesis, turnover, processing,
and/or transport of RNA from the nucleus to
the cytoplasm. Slight alterations in all of these
steps of RNA synthesis could result in a signifi-

cant reduction in the overall production of cel-
lular RNA. Alternatively, shut-off at the level
of transcription not only would reduce synthesis
of RNA but also could cause concomitant and
similar degrees of inhibition of the events that
occur after transcription. Studies involving var-
ious types of virus and host cell systems have
demonstrated that the rate of degradation of
RNA remains unaltered after viral infection (6,
15) and that the inhibition of RNA synthesis in
vivo possibly occurs at the level of transcription
initiation or RNA polymerase activity (1, 22,
27).
Most research on viral switch-off of cellular

RNA synthesis has been done with positive-
strand picornaviruses (6, 15, 22, 27), the tran-
scriptional and translational strategy of which
is quite different from that of negative-strand
RNA viruses (31). The studies reported here are
the first in a series designed to examine in detail
the effect of VS viral infection on the cellular
processes involved in RNA synthesis. Mouse
myeloma cells were chosen for these studies
because they provided a well-characterized
model system for analyzing specific RNAs and
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proteins (20, 21) and because of exquisite suscep-
tibility to the effects of VS virus (23); different
cell types vary considerably in their response to
the effects of VS virus on cellular macromolec-
ular synthesis (3, 32). Since VS virus can un-
dergo complete replication and maturation cy-
cles in enucleated cells (9), it was also essential
to measure RNA synthesis in isolated nuclei of
infected cells in both the presence and absence
of cytoplasmic components.

MATERIALS AND METHODS
Chemicals and radioisotopes. [3H]GTP (13.2

Ci/mol) was purchased from New England Nuclear
Corp., Boston, Mass. [3H]uridine (26 Ci/mmol) and
Nuclear-Chicago solubilizer were obtained from Amer-
sham/Searle, Arlington Heights, Ill. ATP, CTP, UTP,
and dithiothreitol were purchased from Calbiochem,
San Diego, Calif. Electrophoresis-grade agarose, acryl-
amide, N,N'-methylenebisacrylamide, and sodium do-
decyl sulfate (SDS) were provided by Bio-Rad Labo-
ratories, Richmond, Calif. Nonidet-40 (NP-40) is a
product of Shell Oil Co. N,N,N',N'-tetramethyleth-
ylenediamine was purchased from Eastman Kodak,
Rochester, N.Y.

Cells, media, and virus. Mouse myeloma cells,
MPC-l1, were obtained by W. M. Kuehl of our de-
partment from the American Type Culture Collection,
Rockville, Md. These myeloma cells secrete immuno-
globulin heavy and light chains. The cells were grown
in Dulbecco modified Eagle medium, 10% heat-inac-
tivated horse serum, and nonessential amino acids, all
obtained from Grand Wsland Biological Co., Grand
Island, N.Y. Comparative studies were done with L
cells and BHK-21 cells, as previously described (17).
Antibiotics were routinely omitted from all media
since these might alter normal cellular RNA synthesis.
The VS virus, strain San Juan (Indiana serotype),

used in these experiments was originally obtained from
the U.S. Agricultural Research Center, Beltsville, Md.
(33). Clones of this virus were selected from plaques
picked from L-cell monolayers, and virus stocks were
prepared by growth on BHK-21 cells. The resulting
virus preparations were titrated by assay of PFU on
monolayers of L cells.
Procedure for isotopic labeling of RNA in in-

fected and uninfected cells. MPC-11 cells main-
tained at 37°C in spinner cultures suspended in Dul-
becco modified Eagle medium (without serum) were
used in most experiments; several comparative studies
with L cells and BHK-21 cells were performed under
comparable conditions. Cells were infected with VS
virus (or mock infected) by exposing 1-ml volumes of
1 X 107 to 5 x 107 cells to virus at various multiplicities
of infection (MOI), but usually at an MOI of 1
PFU/cell. The virus was allowed to adsorb for 30 min
at room temperature, after which the cells were
washed and maintained at 37°C in 10-ml suspension
cultures by agitation with small magnetic stirring bars.
The pulse-labeling of myeloma cells was achieved

by removing 0.5-ml portions of cells from spinner
cultures and adding these to 0.5 ml of warm medium
containing 4 tCi of [3H]uridine (specific activity, 26
Ci/mmol) per ml. Preliminary experiments demon-

strated that this final concentration of uridine (2
,uCi/ml) was saturating under the conditions used in
these experiments. In those experiments requiring
continuous labeling, cells were pelleted by centrifuga-
tion, resuspended in media containing 2 yCi of [3H]
uridine per ml, and returned to suspension cultures.
After incorporation of [3H]uridine, cells were washed
once in 2 ml of ice-cold medium, resuspended in 0.5
ml of ice-cold reticulocyte standard buffer (RSB), and
precipitated by the addition of 0.5 ml of 10% trichlo-
roacetic acid. After at least 10 min on ice, the acid-
insoluble material was pelleted by centrifugation at
800 x g for 5 min. When acid-soluble radioactivity
was measured, 0.2-ml samples of the supernatant so-
lution were withdrawn for measurement of radioactiv-
ity. The resulting precipitate was washed twice with
0.5 ml of ice-cold 5% trichloroacetic acid and solubi-
lized in 0.5 ml of Nuclear-Chicago tissue solubilizer,
and 0.2-ml samples were taken for the determination
of radioactivity. All samples were counted in a Beck-
man LS-230 liquid scintillation system with an effi-
ciency of 40% for tritium.

Cell fractionation and RNA extraction. The
fractionation of cells into nuclear and cytoplasmic
components was achieved by NP-40 lysis (25). After
incubation, cells were resuspended in 3 ml of ice-cold
RSB, to which were added 0.1 ml of sodium heparin
(1,000 U/ml), 0.1 ml of 10 mM spermidine, and 1 ml
of 1% NP-40. Cells were lysed by gently shaking the
test tubes, and nuclei were pelleted by centrifugation
at 800 x g for 5 min at 4°C. The resulting supernatant
was carefully decanted and either precipitated by the
addition of an equal volume of cold 10% trichloroacetic
acid or extracted with phenol and chloroform. The
resulting nuclear pellet was resuspended in RSB and
precipitated with 10% trichloroacetic acid or subjected
to phenol-chloroform extraction after the nuclear pel-
let was resuspended in 4 ml of extraction buffer con-
taining 10 mM sodium acetate (pH 5.1) and 30 mM
NaCl. Ten percent SDS was added to each solution
to give a final concentration of 1%, and the RNA was
isolated by two extractions with phenol and chloro-
form at 60°C, followed by two additional extractions
at 22°C as described by Penman (25). After extraction,
the aqueous phase was removed, NaCl was added to
a final concentration of 0.5 M, and the RNA was
precipitated in 2 volumes of 95% ethanol in the pres-
ence of rRNA as carrier at -20'C overnight. After
LiCl treatment, as described by Baltimore and Girard
(2), to remove DNA, the RNA was precipitated an
additional time in ethanol before its analysis by poly-
acrylamide gel electrophoresis. Protein concentrations
were determined by the method of Lowry et al. (16)
and DNA by the colorimetric assay described by Bur-
ton (4).

Polyacrylamide gel electrophoresis was used to an-
alyze cellular RNA solubilized in sample buffer con-
taining 35 mM Tris (pH 7.6), 30 mM sodium phos-
phate, 0.2% SDS, 1 mM EDTA, and 10% sucrose.
Bromophenol blue tracking dye and ['4C]rRNA
markers were added, and the sample wSas heated for
30 s at 100°C. The RNA was cooled quickly in an ice
bath and analyzed on 10-cm cylindrical gels containing
2% acrylamide, 0.1% N,N'-methylenebisacrylamide,
1% agarose, 35 mM Tris (pH 7.6), 30 mM sodium
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phosphate, 1 mM EDTA, 0.075% ammonium persul-
fate, and 0.075% N,N,N',N'-tetramethylethylenedia-
mine. Electrophoresis was performed at 5 mA/gel for
3 h until the tracking dye was at the bottom of the
gel. Gels were sectioned into 1-mm slices on a Mickle
gel slicer and solubilized in 0.5 ml of Nuclear-Chicago
tissue solubilizer, and radioactivity was measured in
10 ml of toluene-based liquid scintillation fluid.
Measurement ofRNA synthesis in isolated nu-

clei and nucleoli. Nuclei were isolated from infected
or uninfected MPC-11 cells according to the technique
of Schwartz et al. (27), resulting in a yield of 80 to
90% intact nuclei as measured with a hemocytometer.
Nuclei were prepared freshly for each experiment and
were used immediately after isolation. Nuclear peilets
were gently resuspended in ice-cold 25% glycerol con-
taining 5 mM magnesium acetate, 50 mM Tris (pH
8), 5 mM dithiothreitol, and 0.1 mM EDTA. The
conditions used for RNA synthesis were those de-
scribed by Marzluff et al. (20) for isolated myeloma
cell nuclei. RNA synthesis was measured in reaction
mixtures (100 il) containing 12.5% glycerol, 25 mM
Tris (pH 8), 0.05 mM EDTA, 5 mM magnesium ace-
tate, 1 mM MnCl2, 0.15 M KCI, 2.5 mM dithiothreitol,
0.4 mM each of ATP, CTP, and UTP, and 1 uCi of
[3H]GTP (13.2 Ci/mmol). The reaction mixtures rou-
tinely contained 60 to 80 pg of DNA and were incu-
bated in a water bath at 25°C. After incubation, 0.1
ml of ice-cold RSB was added to the reactions along
with 1 to 2 mg of bovine serum albumin as carrier,
and the entire reaction was precipitated with an equal
volume of 10% trichloroacetic acid. The measurement
of the amount of radioactive precursor incorporated
into acid-insoluble material was determined as de-
scribed above. When the amount of a-amanitin-sensi-
tive polymerase activity in isolated nuclei was mea-

sured, the toxin was added at a concentration of 10
ug per ml ofreaction mixture. Preliminary experiments
demonstrated that this concentration inhibited 40 to
50% of total nuclear activity, and polymerase II activ-
ity was calculated as [(nuclear activity without a-

amanitin) - (nuclear activity with a-amanitin)].
Nucleoli were prepared from isolated nuclei accord-

ing to the procedure of Schwartz et al. (28). After the
isolation of nuclei, as described above, the nuclear
pellet was resuspended in 1 ml of 0.34 M sucrose and
sonically treated for 15-s periods with a Branson Son-
icator model W140D with a microtip at a setting of 4.
A total sonic treatment time of 30 s resulted in a
complete disruption of nuclei. The resulting solution
was underlaid with 4 ml of 0.9 M sucrose and centri-
fuged at 2,000 x g for 10 min. The resulting nucleolar
pellet was resuspended in ice-cold 25% glycerol con-
taining 5 mM magnesium acetate, 50 mM Tris (pH
8), 5 mM dithiothreitol, and 0.1 mM EDTA. Nucleolar
polymerase activity was assayed as described above
for isolated nuclei and was found to be completely
insensitive to ac-amanitin at a concentration of 10
pg/ml.
Preparation of cytosol. Cytosol from MPC-11

celLs was prepared as previously described by Weck
and Johnson (34). Cells were removed from growth
media by centrifugation at 800 x g, resuspended in 5
ml of ice-cold RSB, and homogenized in a tight-fitting
Dounce homogenizer. The homogenate was centri-
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fuged at 2,000 x g for 15 min, and the resulting
supernatant was subjected to centrifugation at 100,000
x g for 60 min at 40C. The soluble cytoplasm was
dialyzed overnight against a solution containing 10
mM This-hydrochloride (pH 7.4), 10mM KCl, 1.5mM
MgC12, and 2 mM 2-mercaptoethanol. When cytosol
was tested for its effect on isolated nuclei, it was
routinely added at a concentration of 100 jg of protein
per ml of reaction mixture.

RESULTS
Parameters of VS viral inhibition of cel-

lular RNA synthesis. Initial experiments were
performed to determine the optimal conditions
under which VS virus shuts off cellular RNA
synthesis. MPC-11 cells were found to be most
susceptible to viral infection and were used as
the model system for most experiments. To
characterize the rate and extent ofRNA synthe-
sis inhibition, spinner cultures of MPC-11 cells
infected with VS virus (MOI = 1) were compared
with uninfected MPC-11 cells by labeling with
[3H]uridine for 15 min at hourly intervals. Sim-
ilar experiments were performed with suspen-
sion cultures of L cells and BHK-21 cells. Total
amounts of [3H]uridine incorporated into tri-
chloroacetic acid-precipitable RNA were mea-
sured as described in Materials and Methods.

Infection of myeloma cells with VS virus re-
sulted in progressive diminution in capacity to
synthesize RNA; by 4 h after infection, the RNA-
synthesizing level of infected cells was <10%
that of uninfected cells (Fig. 1A). The exact
amount of viral RNA synthesized at this time
was not determined, but represents only a lim-
ited portion ofthe total intracellular RNA; much
of the newly synthesized viral RNA was released
from infected cells in the form of virions. This
rapid reduction in host cell RNA synthesis cor-
related well with production of infectious VS
virions, which also reached a mimal level in
the MPC-11 cell system at 4 h after infection
(data not shown).
Figure 1B compares the effects of VS virus

on inhibition of RNA synthesis in MPC-11, L,
and BHK-21 cells. As noted, infection of L cells
and BHK cells resulted in shut-off ofRNA syn-
thesis that was much less rapid and less exten-
sive than the effect on MPC-11 cells; maximal
reductions in RNA synthesis were 75% for BHK
cells and 63% for L cells, compared with >90%
for MPC-11 cells. Differential susceptibility
among cell types to the effect of VS virus on
cellular macromolecular synthesis has been re-
ported by Baxt and Bablanian (3). Subsequent
experiments in this series were carried out with
the more susceptible MPC-11 cells.
MOI is another factor that has been shown

to influence the degree to which cell macromo-
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FIG. 1. Effect of VS viral infection on RNA syn-

the8is in MPC-11 cells, mouse L cells~, and BHK-21

infection, 8amples of uninfected and infected cells

were pulse-labeled for 15 min with pHiuridine (2

yCi/ml) at hourly intervals after incubation at 37°C.
Cells were harvested after labeling, and trichloroa-

cetic acid-precipitable radioactivity was determined

as described in Materials and Methods. (A) Average

RNA synthesis in duplicate cultures of uninfected

and infected MPC-11 cells (vertical bars represent

range of values). (B) Comparative effect of VS viral

infection on 3HJuridine incorporation by MPC-11,

L, and BHK-21 cells plotted as the percentage of

incorporation of 3HJuridine by control uninfected

cultures of each cell type.

lecular synthesis is shut off (13, 37). To examine

the relationship between input multiplicity and

inhibition of cellular RNA synthesis, MPC-ll
cells were infected with different amounts of

virus and pulse-labeled with [3Hjuridine at

hourly intervaLs after infection. Figure 2A shows

no significant difference in inhibition of RNA

synthesis in cells infected at multiplicities of 1

or 50. On the other hand, an MOI of 0.1 resulted

in no significant reduction in cellular RNA syn-

thesis; this result is not surprising, because not

more than 10% of host cells could be infected
at this multiplicity. However, it is necessary to
assume that VS virus particles unable to form
plaques can also shut off cellular RNA synthesis
in order to account for the similar effects at
multiplicities of 1 and 50. If only plaque-forming
VS virus is effective, the Poisson distribution
would dictate that RNA synthesis can be in-
hibited in only 63% of cells exposed at MOI
1.
A possible explanation for rapid shut-off of

cellular RNA synthesis is early death of cells
after exposure to VS virus. The cell-killing po-
tential of VS virus and its relationship to viral
functions and compromised cell functions have
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FIG. 2. Comparative effect of VS virus on (A) RNA
synthesis in MPC-11 cells infected at different MOI
and (B) viability of uninfected MPC-11 cells and
infected MPC-11 cels (MOI 1) as determined by
trypan blue dye exclusion at intervals after incuba-
tion at 37C. RNA synthesis was measured by pulse-
labeling ceUs for 15 min at hourly intervals and was
plotted as the percentage of incorporation of pHl-
uridine into trichloroacetic acid-precipitable mate-
rial in ceUs infected at MOI of -0.1, -1.0, and -50
as compared with comparable uninfected cells. Cell
viability was determined by exclusion of trypan blue
by cells examined in a hemocytometer and scored as
percentage of viable cells; the data represent the
average of two independent experiments in which
each determination was made in triplicate.
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been extensively investigated by Marcus (18,
19). To rule out the possibility that inhibition
of RNA synthesis was only secondary to cell
killing, the viability of cells infected with VS
virus (MOI = 1) was tested by their capacity to
exclude the vital dye trypan blue at various
times after infection. Figure 2B demonstrates
that -95% of infected cells retained their ability
to exclude trypan blue up to 4 h postinfection,
a time at which >90% of cell RNA synthesis
was already shut off. At later times after infec-
tion the number of viable cells was drastically
reduced, and almost total cell destruction was
evident by 24 h. In contrast, most (90%) unin-
fected control MPC-11 cells survived. These
data suggest that RNA synthesis is not shut off
simply as a secondary consequence of cell killing
by VS virus.

Effect of VS viral infection on cellular
uptake of [3Huridine. The question arose of
whether the decreased rates of cellular RNA
synthesis after VS viral infection could be due
to altered permeability of cells to [3H]uridine,
as was reported by Genty (10). To determine
whether VS viral infection interfered with [3H]-
uridine transport across the cell membrane,
acid-soluble and acid-insoluble radioactivity was
measured in MPC-11 cells at various times after
infection, as well as in uninfected cells. The
amounts of acid-soluble radioactivity found in
infected cells was actually slightly higher than
that in uninfected cells, despite a two- to three-

TABLE 1. Comparative uptake and incorporation
into RNA of[3H]uridine in uninfected MPC-11 cells
and MPC-11 cells 2/h after infection with VS virusa

Acid-sol- Acid-in-
Time after uble ra- soluble Acid-in-

MPC-ll ['H]uri- dioactiv- radioac- soluble/
cells dine[purie ity tivity total ra-
ce(imdine)~ (pmol/ (pmol/ dioactiv-(min) mg of mg of ityb

protein) protein)

Uninfected 10 8.1 3.9 0.32
20 11.7 7.6 0.39
40 13.6 12.4 0.48

Infected 10 9.2 1.3 0.12
20 14.9 2.8 0.16
40 19.2 4.8 0.20

a After mock infection or infection with VS virus
(MOIT 1) for 2 h at 37°C, cells were labeled contin-
uously for 40 min with [3H]uridine. Suspended celi
samples removed at intervals after the [3H]uridine
pulse were assayed for their content of trichloroacetic
acid-soluble and TCA-insoluble radioactivity as de-
scribed in Materials and Methods.

b Corrected values to demonstrate the proportions
of [3H]uridine incorporated into RNA based on the
total level of radioactivity present in the celLs at each
time.

fold reduction in acid-insoluble radioactivity in
the infected cells (Table 1). More significantly,
when calculation of the amount of [3H]uridine
in acid-insoluble RNA products was corrected
for total cellular radioactivity (soluble plus in-
soluble), the activity present in uninfected cells
remained at least twofold greater than that in
infected cells at 2 h postinfection (Table 1).
These results provide assurance that reduced
incorporation of [3H]uridine in infected MPC-
11 cells was due to a decrease in the actual rate
of RNA synthesis and was not the result of
decrease in membrane transport of uridine.
Comparable results were also obtained when
endogenous UTP pools were first depleted by
incubating cells in glucosamine, as described
below, before being labeled with [3H]uridine
(data not shown).
RNA stability in MPC-11 cells infected

with VS virus. Measurements of RNA synthe-
sis really represent the net rates of RNA tran-
scription and degradation. If VS viral infection
enhances degradation of rapidly synthesized cel-
lular RNA, normal rates of [3H]uridine incor-
poration would appear to be reduced. Rates of
[3H]RNA degradation in prelabeled infected and
uninfected MPC-11 cells were measured by de-
pleting the endogenous uridine pool to halt fur-
ther incorporation of [3H]uridine (36). Such a
technique circumvents any adverse effects that
an inhibitor of RNA synthesis, such as actino-
mycin D, might have on RNA processing (11,
24). Under the conditions used, measured rates
of RNA degradation should not be influenced
by promoters or inhibitors of RNA synthesis.
To study degradation of RNA, the technique

described by Wertz (36) was used to deplete
MPC-11 cells of endogenous unlabeled UTP be-
fore pulse-labeling with [3H]uridine. After infec-
tion, cells were incubated in complete medium
containing 20 mM glucosamine for 1 h before
pulse-labeling. The cells were pelleted by cen-
trifugation and resuspended in medium contain-
ing [3H]uridine (2 ,uCi/ml) and incubated at
37°C. After pulse-labeling, the cells were washed
and resuspended in medium containing 20 mM
glucosamine and 100 ,ug of unlabeled uridine per
ml. At various times, portions of cells were re-
moved and the amount of radioactivity in acid-
precipitable material was determined.
As expected, MPC-11 cells previously infected

with VS virus incorporated less [3H]uridine than
did uninfected cells (Fig. 3). After the chase
period and [3H]uridine depletion with glucosa-
mine (time zero), the levels of acid-precipitable
RNA plateaued and then declined in both un-
infected and infected cells. Degradation of RNA
was somewhat greater in infected cells; 74% of
the RNA remained at 60 min after chase, com-

J. VIROL.
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FIG. 3. Degradation ofRNA in uninfected (O) and
VS virus-infected (0) MPC-11 cells. At 1 h after
infection (MOI = 1), cells were pelleted by centrifu-
gation at 8(X x g, resuspended in medium containing
20 mM glucosamine, and reincubated for an addi-
tional hour. After this incubation period, the cells
were labeled for 30 min with rH]uridine (2 iCi/mi),
washed, and resuspended in fresh medium contain-
ing 20 mM glucosamine and unlabeled uridine (ar-
row, time zero); incubation was continued for an

additional hour. The amount ofacid-insoluble radio-
activity was determined at intervals after labeling
and before the chase (-30 to 0 min) and after the
chase (0 to 60 min).

pared with 52% of uninfected cells. However,
this slight difference in degree of degradation is
insufficient to account for the markedly reduced
rate of RNA synthesis in infected cells.

Effect ofVS virus on transport ofnuclear
RNA to cytoplasm. Although transcription is
the primary event in the production of RNA, it
has become evident that post-transcriptional
events such as processing, polyadenylation, and
transport of RNA across the nuclear membrane
also play an important role (7). To determine
whether infection with VS virus alters such
events, uninfected and infected cells (2 h post-
infection) were incubated in medium containing

[3H]uridine; at various intervals thereafter, sam-
ples of cells were removed and fractionated, and
the amount of acid-insoluble radioactivity in the
cytoplasm was determined. If viral infection in-
hibits RNA transport, then one would expect
to find lesser amounts of [3H]RNA appearing
in the cytoplasm of infected cells than the dif-
ferences detected in the total incorporation of
the radioactive precursor (see Table 1).

The data recorded in Table 2 reveal rapid
accumulation of RNA in the cytoplasm of un-
infected cells and a two- to threefold decrease
in the amounts of RNA in the cytoplasm of
infected cells. This decrease was quite similar
to that measured for the total incorporation of
[3H]uridine into unfractionated cells infected
with VS virus. This experiment indicates that
the rate of transport of RNA from the nucleus
to the cytoplasm in infected cells is not altered
by viral infection. Therefore, the observed re-
duction in the amounts of [3H]RNA accumulat-
ing in the cytoplasm must be due to the inhibi-
tion of cellular RNA synthesis. No significant
difference could be detected in the proportions
of cytoplasmic mRNA that was polyadenylated
in infected compared with uninfected cells (Ta-
ble 2). This observation agrees with the data
obtained in other virus-cell systems in which
viral infection did not enhance the degradation
or size of host polyadenylic acid-containing
mRNA (6, 14).
Characterization of RNA products syn-

thesized in infected and uninfected cells.
Since VS virus shuts off RNA synthesis so rap-
idly, it was of interest to compare the nature
and size distribution of the RNA products made
in the two cell populations. Electrophoresis on
polyacrylamide-agarose gels was used to exam-
ine the rapidly synthesized nuclear RNA of VS
virus-infected and uninfected cells at 2 h post-
infection. [3H]RNA was extracted from nuclei
isolated after a 15-min [3H]uridine pulse ofintact

TABLE 2. Cytoplasmic accumulation of total and
polyadenylated RNA in uninfected MPC-11 ceUs
and MPC-11 cells 2 h after infection with VS virus"

Total cytoplasmic Poly(A)b RNA in cy-
Time after [3H]RNA (pmol/mg toplasm (% of total
[3H]uridine of protein RNA)
addition
(mm) Unin- Infected Unifected Infected

fected

15 0.6 0.2 6.2 6.0
30 4.5 2.2 11.7 12.0
60 10.1 3.4 10.4 13.0
120 23.8 12.0 9.7 8.8

aAfter mock infection or infection with VS virus
(MOI = 1) for 2 h at 37°C, MPC-11 cells were incu-
bated for 120 min in medium containing 2 plCi of
[3H]uridine per ml. At times indicated, samples of
celLs were removed and separated into cytoplasmic
and nuclear fractions. The resulting cytoplasmic frac-
tions were divided and either precipitated with 10%
trichloroacetic acid to measure total radioactivity or
extracted with phenol and chromatographed on an
oligodeoxythymidine column to determine the propor-
tion of RNA that was polyadenylated (see Materials
and Methods and reference 17).

b Polyadenylic acid.
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myeloma cells, a pulse time during which pri-
marily heterogeneous nuclear RNA is labeled
(30). Analysis of the RNA from the two different
celi populations revealed that there was no dif-
ference in the polydisperse nature of the nuclear
RNA (Fig. 4).

Linear sucrose-SDS gradient analysis and the
exmination ofRNA synthesized by cells at later
times postinfection yielded similar results (data
not shown). Thus, the observed shut-off ofRNA
synthesis by VS virus is not accompanied by a
shift in the size distribution or heterogeneous
nature of the nuclear RNA products.
RNA synthesis in isolated nuclei and the

effect of cytoplasm from infected and un-
infected MPC-11 cells. A more direct mea-
surement of nuclear polymerase activity can be
achieved by assaying the activity of isolated
nuclei (21, 29). When nuclei were isolated from
MPC-11 cells at 2 h postinfection and tested in
vitro for incorporation of [3H]GTP, there was
an approximate 50% decline in the rate of RNA
synthesis by nuclei from infected cells (Fig. 5B)
compared with that of uninfected cells (Fig. 5A).
This measured decrease in the RNA polymerase
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chloroform extracted as described in Materials and
Methods. After ethanol and LiCl precipitation, the
RNA samples were heated for 30 s at 100°, coold
in cn ice bath, and subjected to polyacrylamide gel
electrophoresis.e 4CrrRNA mscrkers were inclu-ed
i theisamples; bromophenol blue was used as a dye
marker. The samples contained 16,650 and 18,950
cpm in uninfected- and infected-ceU nuclear RNA,
respectively.
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FIG. 5. Effect ofcytosolfrom infected or uninfected

MPC-11 cells on synthesis ofRNA by isolated nuclei
of (A) uninfected MPC-11 cells and (B) MPC-11 cells
infected with VS virus (MOI = 10). Two hours post-
infection, nuclei were isolated, and RNA synthesis
was measured by incorporation of pHJGTP as de-
scribed in Materials and Methods. Cytosol from
either infected (0) or uninfected (A) MPC-11 cells
was prepared at 2 h after infection and was added
to a final concentration of 100 ug ofprotein per ml
of reaction mixture at 10 min (arrow). Control reac-
tions (0) received a comparable volume of the buffer
in which the cytosol was prepared. The amounts of
p3H]GTP incorporated into acid-insoluble material
were determined at the times indicated.

activity of nuclei was quite similar to that de-
tected for total incorporation of [3H]uridine by
intact cells (see Table 1). These results demon-
strate that isolated nuclei reflect what is occur-
ring in intact myeloma cells during viral infec-
tion.

Factors in the cytoplasm of the eukaryotic
cell may cause significant alterations in the ac-
tivity of isolated nuclei (34), and a cellular inhib-
itor of host RNA synthesis has been isolated
from cells after poliovirus infection (12). To de-
termine whether such a factor exists in the cy-
toplasm of MPC-11 cells infected with VS virus,
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soluble cytoplasmic preparations were added to
isolated nuclei from either infected or uninfected
MPC-11 celLs (Fig. 5). Cytosol from these two
cell populations had no significant effect on in-
corporation of [3H]GTP when added to isolated
nuclei. Although uninfected cell cytosol may
have slightly enhanced incorporation, there was
definitely no inhibition of RNA synthesis in
nuclei incubated in the presence of infected-cell
cytosol (Fig. 5). Varying the amount of cytoplas-
mic protein added to the reaction mixtures also
had no effect on nuclear activity. It appears that
although VS virus replicates in the cytoplasm
of the cell, no cytoplasmic inhibitor of nuclear
transcription can be detected.
Loss of nuclear and nucleolar polymer-

ase activities after VS viral infection. The
toxin a-amanitin, which specifically inhibits
RNA polymerase II (35), has been used exten-
sively to demonstrate the existence of various
RNA polymerases in the nuclei of eukaryotic
cells. As reported by Weinmann and Roeder
(35), approximately 40 to 50% of the endogenous
polymerase activity in myeloma cell nuclei is

100
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FIG. 6. a-Amanitin-sensitivepolymerase activities

in isolated nuclei and nucleoli from MPC-11 cells
infected with VS virus (MOI 1). At hourly intervals
postinfection, nuclei or nucleoli were isolated from
uninfected and infected cells, andRNA synthesis was
measured for 15 min in standard reaction mixtures
with or without a-amanitin (10 pg/ml), as described
in Materials and Methods. The amounts ofpHJGTP
incorporated into acid-insoluble material were deter-
mined, and the results are depicted as thepercentage
of uninfected-ceU nuclear polymerase activities that
are sensitive (0, polymerase II) or insensitive (0,
polymerase I and III) to the toxin. Nucleolar activity
(A) is expressed as the percentage of activity of nu-
cleoli isolated from uninfected cells at the various
times indicated. Total nuclear activity before infec-
tion (time zero) was 4.4 x 105 dpm per mg ofDNA
in the absence ofa-amanitin and 2.4 x 10o dpmper
mg ofDNA in its presence. fHJGTP incorporation
by isolated nucleoli at time zero was 4.16 x 1i5 dpm
per mg of DNA and was totally insensitive to a-

amanitin.

sensitive to a-amanitin at a concentration of 10
,ug/ml (see legend to Fig. 6). This concentration
of a-amanitin inhibits only polymerase II and
therefore allows the determination of the activ-
ity of different polymerases at various times
after infection.

Figure 6 compares the effect of VS viral infec-
tion on the individual polymerase activities of
MPC-11 cells as determined by relative sensitiv-
ity to a-amanitin. As noted, there was a rapid
loss of about 30% of combined activities of po-
lymerases I and Im by 1 h postinfection. How-
ever, inhibition of enzymatic activity by viral
infection did not progress further after this ini-
tial loss. In contrast, the activity of polymerase
II declined steadily over a period of 4 h to a
level approximately 20% that of the uninfected
control cells (Fig. 6). This finding clearly indi-
cates that VS viral infection exerts a more dras-
tic reduction in the synthesis of RNA catalyzed
by polymerase II than by polymerases I and III.
Another means of assaying polymerase I ac-

tivity is by isolating nucleoli from cells at various
times after infection and testing their activity
in vitro. Since isolated nucleoli contain only
polymerase I (35), this procedure provides a
means of measuring a specific enzyme activity
in the absence of nucleoplasmic influences. Sim-
ilar to the results obtained with a-amanitin and
intact nuclei, the polymerase I activity dropped
sharply at first and then plateaued for the re-
mainder of the infection (Fig. 6). Even when
examined at 5 h postinfection, <50% of nucleolar
polymerase I activity was inhibited.
This differential inhibition of the nuclear and

nucleolar polymerases still supports the evi-
dence that VS virus shuts off cellular RNA
synthesis primarily at the level of transcription.

DISCUSSION
Attempts to elucidate the mechanism(s) re-

sponsible for viral shut-off of host nucleic acid
synthesis have resulted in numerous reports on
the subject, but there still remains little agree-
ment on how such a shut-off might occur. Since
cellular RNA metabolism involves a number of
complex events (7), it has been difficult to deter-
mine whether one particular step or all steps
involved in the production of RNA are inhibited
by viral infection. The question has also been
complicated by the fact that the outcome of
virus-cell interactions is dependent on the type
of virus-host system studied (3). Similar differ-
ences in susceptibility to viral infection are
shown for MPC-11, mouse L, and BHK-21 cells
described in this report.
One possible effect of viral infection is an

alteration in the permeability of the cell mem-
brane (5). In chicken embryo cells, VS virus can
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inhibit the permeability of the cells to uridine,
resulting in a decreased uptake of the RNA
precursor and, consequently, significant reduc-
tion in the apparent rate of synthesis of RNA
(10). This loss of the ability to transport uridine
was reported to increase exponentially after in-
fection, and therefore it was deemed to be the
primary cause for the reduced incorporation of
uridine into RNA in these infected cells. In
contrast to these findings, infection of myeloma
cells with VS virus did not result in a decline in
the ability of cells to take up [3H]uridine, but
rather caused a slight increase in the amounts
of intracellular soluble radioactivity (see Table
1). Although it is possible that viral infection
might alter the specific activity of the soluble
precursor pool, this was most likely not the case
in myeloma cells, since experiments in which
glucosamine was used to deplete the endogenous
pools ofUTP yielded results essentially identical
to those shown in Table 1. Even though uridine
transport was not altered in myeloma cells, it
still remains possible that VS viral infection can
distort the concentration of monovalent ions
inside the cell as suggested by Carrasco (5).
Recent evidence from quite different virus-

cell systems has demonstrated that viral infec-
tion does not alter either the stability of nuclear
RNA (27) or the rate of degradation of cellular
polyadenylated mRNA (6). The present data
agree with these observations. When RNA sta-
bility was measured in VS virus-infected and
uninfected myeloma cells, there was only a small
difference in the degree of degradation of previ-
ously synthesized RNA in the two cell popula-
tions. Thus, the liberation of lysosomal enzymes
causing increased degradation of nucleic acids
(15) does not appear to be the principal expla-
nation for the decreased synthesis of RNA in
myeloma cells infected with VS virus. In addi-
tion to these small differences in the rates of
degradation (Fig. 3), polyacrylamide gel electro-
phoresis of nuclear RNA demonstrated that the
size distribution of the RNA products remained
unaltered (Fig. 4). These results indicate that
viral infection does not cause a shift in size to
lower-molecular-weight RNA products, which
would be expected if RNA degradation were
enhanced. These observations with VS virus are
in close agreement with those of Colby et al.
(6), who showed that the integrity of host
mRNA was maintained after infection ofL cells
with mengovirus.
A number of important post-transcriptional

events take place before the exit of RNA mole-
cules from the nucleus to the cytoplasm of the
cell (7, 30). If shut-off by virus of cellular RNA
synthesis also resulted in a change in the proc-
essing of RNA, this alteration should be re-
flected by a change in the rate of accumulation

of RNA in the cytoplasm of the cell. However,
when such measurements were made in VS vi-
rus-infected and uninfected mouse myeloma
cells, there was no significant decrease in the
relative proportions of RNA transported from
the nucleus to the cytoplasm (Table 2). In ad-
dition, oligodeoxythymidine-cellulose separa-
tion ofcytoplasmic RNA extracted from infected
and uninfected cells revealed that the proportion
of polyadenylated RNA was the same in both
cell populations (Table 2). This observation re-
veals that the post-transcriptional polyadenyla-
tion of RNA is not disturbed for, at least 3 h
after infection, a result which is similar to that
obtained in other virus-cell systems (6, 14). The
fact that transport and polyadenylation of nu-
clearRNA products are unaffected does not rule
out the possibility that other key events, such
as methylation and capping of the 5' end of the
RNA molecule (7, 8), may be disturbed after
viral infection.
The use of nuclei isolated from cells after

infection with VS virus allowed a direct mea-
surement of nuclear RNA polymerase activities
in either the presence or absence of cytoplasmic
factors. Isolated nuclei have been shown to tran-
scribe r- and tRNA genes and have provided a
means for studying the major polymerases of
the eukaryotic cell (26, 35). The use of such a
system circumvents the problems associated
with intracellular soluble precursor pools and
allows the addition or deletion of cytoplasmic
components that can alter nuclear activity. Un-
der conditions that allow faithful transcription
in myeloma cell nuclei (20, 29), there was a two-
to threefold inhibition of nuclear RNA synthesis
(Fig. 5). This measured decrease was similar to
the amount of inhibition detected in intact cells
and indicates that the primary effect ofVS viral
infection on myeloma cell RNA synthesis is at
the level of transcription. The restoration of
cytoplasmic influences had little if any effect on
in vitro nuclear activity, and no inhibition of
RNA synthesis by isolated nuclei could be at-
tributed to cytosol (Fig. 5). Although it is appar-
ent that no soluble cytoplasmic constituent is
responsible for inhibition of cellular RNA syn-
thesis, it remains to be determined which viral
component or function is required to induce this
switch-off of nuclear transcription.

Infection of MPC-11 cells with VS virus re-
sulted in considerable inhibition of all three
DNA-dependent RNA polymerases; however,
the activity of polymerase II was compromised
to a greater extent and progressively declined
throughout infection. The interesting aspect of
these results is the fact that the a-amanitin-
resistant polymerase I and II activities did not
continue to decline throughout the infection,
but rather dropped to a level of about 65% of
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control activity fairly early in the infection (Fig.
6). The 10% greater effect of viral infection on
loss of polymerase I activity, as measured in
isolated nucleoli compared with the a-amanitin-
resistant activity in intact nuclei, is probably
due to the loss of polymerase m during the
isolation of nucleoli. Thus, polymerase I appears
to be somewhat more sensitive to viral infection
than polymerase m. Nevertheless, isolated nu-
cleolar activity also declined rapidly at first, but
did not fall below a level of about 55% of unin-
fected-celi nucleoli as late as 5 h postinfection
(Fig. 6). This loss of nuclear polymerase activi-
ties in MPC-11 cells infected with VS virus is
quite different from that reported for L cells
after infection with mengovirus, where activity
of both of these major polymerases declined
steadily after infection, similar to the very rapid
decline in activity of polymerase 11 (1, 22).
The data presented here indicate that VS

virus exerts its effect on host RNA synthesis
primarily through a differential inhibition of the
various RNA polymerases and that this inhibi-
tion cannot be attributed to a cytoplasmic com-
ponent. In addition, a number of the other mul-
tiple steps involved in cellular RNA metabolism
evidently remain unaltered.
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