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Cytoplasmic and polyribosomal RNAs from Rous sarcoma virus-transformed
and phenotypically reverted field vole cells were fractionated by rate-zonal
sedimentation and hybridized with a 3H-labeled complementary DNA viral probe
to determine the size classes of virus-specific RNA present in these cell types. In
contrast to Rous sarcoma virus-infected permissive avian cells, only two of three
discrete species of virus-specific RNA were detected in the cytoplasm of these
vole cells. These included genome-length 35S RNA and a 21S RNA. However,
viral 28S RNA, routinely detected in the cytoplasm of productively infected avian
cells, could not be found in cytoplasmic RNA from vole cells. In addition, a low-
molecular-weight viral RNA sedimenting less than 16S was detected in both
infected avian and vole cells. Because of its heterogeneity this latter species is
most likely generated from the intracellular degradation of the larger viral RNAs.
Both the viral 35S and 21S RNA were also found to be associated with total
polyribosomes from these vole cells. Studies were also performed to determine
the distribution of both total viral genomic and sarcoma-specific RNA sequences
among the size classes of fractionated total polyribosomes. In both vole cell types
the majority of cytoplasmic viral RNA sequences were also associated with
polyribosomes and were similarly distributed among the size classes of total
polyribosomes. Sarcoma-specific sequences were present on both the 35S and 21S
RNA species. These data suggest that the expression of the viral transforming
gene in revertant field vole cells may be controlled at some stage subsequent to
translation of the viral RNA.

Initiation and maintenance of neoplastic
transformation in avian sarcoma virus-infected
cells are dependent upon the continuous expres-
sion of the viral transforming gene designated
src (1, 16, 23, 31). The mechanism(s) by which
the genetic expression of this viral gene is regu-
lated has been the subject of several recent
investigations (3, 9, 10, 18, 20), but for the most
part remains unknown. In one report a consid-
erable reduction in the amount of sarcoma-spe-
cific RNA was observed in reverted avian sar-
coma virus-infected hamster cells compared to
transforned cells (10). It was concluded that the
expression of the viral transforming gene is reg-
ulated, at least in part, at the transcriptional
level. In contrast to these studies, we have re-
cently obtained evidence suggesting that the
genetic expression of the viral transforming gene
might also be controlled at some stage subse-
quent to the transcription of viral sarcoma-spe-
cific RNA (18). This conclusion was derived
from a comparative analysis of the transcrip-
tional expression of the Rous sarcoma virus
(RSV) genome in transformed field vole (Micro-

tus agrestis) cells and their phenotypically re-
verted subclones. To date, we have shown that
the entire biologically functional viral genome
(one to two viral equivalents per diploid cell
genome) is present in revertant and transforned
vole cells (8). Furthermore, these sequences are
at least transcriptionally active, since similar
concentrations of virus-specific RNA can be
found in both cell types (20). More importantly,
we have not been able to detect any significant
differences in either the extent or the amount of
transcription of virus-transforming gene se-
quences in revertant and transformed vole cells,
suggesting that the mechanism of viral sarcoma
gene regulation must be occurring at some level
beyond that of transcription (18). Moreover, nei-
ther transport nor polyadenylation is responsible
for reversion, since no detectable differences in
either the subcellular distribution of these RNA
sequences or their content of polyadenylic acid
can be found in these cells (18, 20). However, it
is nevertheless conceivable that the reversion
phenomenon is a reflection of either differences
in the structure of viral RNAs or their ability to
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associate with polyribosome and participate as
mRNA.

In an effort to distinguish between these pos-
sibilities and ultimately elucidate the mecha-
nism of reversion, we have continued our anal-
ysis of the nature of RSV-specific RNA in these
revertant and transformed vole cells. Further
impetus for these studies was provided by the
recent characterization of several species of vi-
rus-specific RNA in productively infected avian
cells (6, 15, 31). Three predominant species have
been identified: a genome-length 35 to 39S RNA,
which contains all four of the known viral genes
(gag, core structure proteins; pol, reverse tran-
scriptase; env, envelope glycoproteins; and src,
required for neoplastic transformation), and two
smaller viral RNAs sedimenting at 28S and 21S.
The 28S RNA encodes for the env and src genes,
whereas only the src gene sequences are present
on the 21S RNA. Since the gag and pol gene
sequences are present only on genome-length
RNA, it appears most likely that this viral RNA
functions as mRNA for the translation of these
viral genes while the 28S and 21S species serve
asmRNA for the env and src genes, respectively
(7, 24-26, 31).

In this study we have examined the size of
RNA present in the cytoplasm and associated
with polyribosomes from transformed and re-
vertant vole cells that contain viral genomic and
sarcoma-specific gene sequences. These studies
were performed by fractionating cytoplasmic
and polyribosomal RNAs by rate-zonal centrif-
ugation and determining the profiles of virus-
specific RNA by hybridizing gradient fractions
with either a viral 3H-labeled complementary
DNA (cDNA) probe or a probe specific for the
viral transforming gene sequences (cDNAsr). To
further characterize the association of these vi-
rus-specific RNA sequences with polyribosomes,
their distribution among the size classes of total
polyribosomes was also investigated.

MATERUILS AND METHODS
Reagents, cells, and virus. The sources and prep-

aration of most of the pertinent materials have been
previously described (13, 17, 20). Various strains of
RSV (B77, Prague, subgroup C; Schmidt-Ruppin, sub-
group D) were either propagated in avian embryo
fibroblasts in our laboratory and purified as previously
described (2, 12), or obtained through the Office of
Logistics and Resources, National Cancer Institute.
Virus obtained from the latter source was banded
several times in 25 to 55% sucrose before use. The
infection of an established cell line from the European
field vole, M. agrestis, with Schmidt-Ruppin strain of
RSV and the isolation of transformed and revertant
clones were as previously described (18). Compared to
the transformed clones, the revertant clones closely

resembled uninfected vole cells in many biological and
biochemical properties. These include morphology,
ordered pattern of growth, efficiency of plating, basal
level of cyclic AMP, the degree of stimulation of
adenylate cyclase with (-)isoproterenol, the amount of
fibronectin, and the organization of microfilaments
comprising the cytoskeleton (A. Lau et al., manuscript
in preparation). Field vole cells were grown in Eagle
modified minimum essential medium supplemented
with 10% calf serum, 10% tryptose phosphate broth,
0.12% sodium bicarbonate, 2 mM glutamine, 20 U of
penicillin per ml, and 20 jig of streptomycin per ml.

Purification of radiolabeled viral RNA. 32P-la-
beled RSV (B77 strain) was prepared by labeling
freshly transformed cultures of avian embryo fibro-
blasts with 1 mCi of carrier-free [32P]orthophosphate
(New England Nuclear Corp.) per ml in phosphate-
free medium containing dialyzed calf serum. RNA was
then extracted from purified virus with Pro-
nase-sodium dodecyl sulfate (SDS)-phenol and sub-
sequently fractionated into 70S RNA and free, low-
molecular-weight RNA by rate-zonal sedimentation
(13). 35S RNA, free of any 70S-associated low-molec-
ular-weight RNA, was prepared as described (13).

Preparation of cytoplasmic RNA from avian
and field vole cells. Cells used as a source of cyto-
plasmic RNA were harvested from roller bottles by
scraping and then washed three times with phosphate-
buffered saline and once with RSB buffer (0.01 M
Tris-hydrochloride [pH 8.3]-0.01 M NaCl-0.0015 M
MgCl2). The cell pellets were suspended in RSB buffer
containing 5 mM N-ethylmaleimide at approximately
5 x 107 cells per ml, incubated at 4°C for 10 min, and
then disrupted by 20 strokes of a Dounce homogenizer.
The nuclei and cell debris were removed by successive
centrifugations at 700 x g for 10 min and 10,000 x g
for 5 min. The cytoplasmic fraction was adjusted to
0.05 M sodium acetate (pH 5.1), 0.01 M EDTA, and
1% SDS, and then extracted three times at 56°C with
an equal volume of phenol saturated with 0.05 M
sodium acetate (pH 5.1) and 0.01 M EDTA. The
cytopasmic RNA was precipitated twice in the pres-
ence of 0.2 M sodium acetate with 2 volumes of
ethanol, collected by centrifugation at 13,000 x g for
30 min, and suspended in TE buffer (0.01 M Tris-
hydrochloride [pH 7.4]-0.01 M EDTA). The extent of
nuclear breakage and leakage ofRNA into cytoplasmic
fractions during the fractionation procedure was de-
termined by previously published procedures (30).
This entailed pulse-labeling cells for short periods of
time (45 min) and analyzing the pulse-labeled nuclear
and cytoplasmic RNA by polyacrylamide gel electro-
phoresis (data not shown). Under these conditions of
labeling, the predominantly labeled RNA species is
the 45S RNA precursor of 28S and 18S ribosomal
RNA. Less than 1% of this species could be detected
in the cytoplasm after fractionation.

Preparation of polyribosome-associated RNA
from transformed and revertant field vole cells.
Total polyribosome-associated RNA was isolated as
described by Gielkins et al. (14) from cells grown in
roller bottles. To maximize yields of polyribosomes,
medium was changed 2 to 3 h before harvest and
cycloheximide was added to all buffers used in har-
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vesting and disruption of cells. Cells were scraped,
washed three times with phosphate-buffered saline
containing cycloheximide (200 ,ug/ml), and disrupted
by suspension in buffer containing 0.05 M Tris-hydro-
chloride (pH 8.5), 0.225 M KCl, 0.008 M MgCl2, 0.002
M dithiothreitol, and 2% Nonidet P-40 with 50 U of
heparin and 200 ,tg of cycloheximide per ml. Nuclei
and cell debris were removed by centrifugation, and
the 13,000 x g postnuclear supernatant was layered
onto a discontinuous sucrose gradient consisting of 8
ml of 1 M sucrose and 4 ml of 2 M sucrose in TMKH
buffer (0.05 M Tris-hydrochloride [pH 7.8]-0.005 M
MgClr-0.080 M KCl with 10 U of heparin per ml).
Polyribosomes were pelleted in an SW27 rotor at
25,000 rpm for 21 h at 40C, suspended in buffer con-

taining 0.05 M sodium acetate (pH 5.1), 0.010 M
EDTA, and 1% SDS, and then extracted with phenol
as described above. In control experiments, treatment
of the postnuclear supernatant with 0.03 M EDTA for
15 min at room temperature before centrifugation
resulted in the release of 90% of the virus-specific
RNA sequences from cellular polyribosomes.

Fractionation of total polyribosomes by rate-zonal
sedimentation was performed by layering 2.5 to 3.0 ml
of the postnuclear supernatant material onto a 35-ml
10 to 40% (wt/vol) sucrose gradient in TMKH buffer.
Gradients were centrifuged in an SW27 rotor at 25,000
rpm for 140 min at 40C, fractions were collected, and
the optical density at 254 nm was determined by using
a recording spectrophotometer. Gradient fractions
were then pooled as indicated in Fig. 3, polyribosomes
were precipitated with ethanol, and RNA was ex-
tracted with phenol as described above. The final
RNA preparations were suspended in 200 pl of TE
buffer.

Rate-zonal sedimentation analysis ofcytoplas-
mic and polyribosome-associated RNA from
avian and field vole cells. The conditions employed
for rate-zonal centrifugation were essentially those
described by McKnight and Schimke (22). Approxi-
mately 100 to 200 ,ug of RNA from avian and field vole
cells in 300 IlI of TE buffer containing 1% SDS was

heat denatured by incubation at 65°C for 10 min and
then cooled rapidly to 40C. The RNA was layered
directly onto a 15 to 30% (wt/vol) linear sucrose gra-
dient made in a buffer containing 0.01 M Tris-hydro-
chloride (pH 7.4), 0.005 M EDTA, and 1% SDS, and
centrifuged in an SW41 rotor at 25,000 rpm for 16 h at
250C. The gradients were collected from the bottom,
and RNA in each fraction was precipitated in the
presence of 0.2 M sodium acetate and 100 ,ug of yeast
tRNA with 2 volumes of ethanol, collected by centrif-
ugation, and suspended in 60 ptl of TE buffer. A con-

stant volume of each fraction (10 to 25 pl) was dried
down in a vacuum desiccator and hybridized with
radiolabeled viral cDNA as described below.

Synthesis of viral cDNA probes. Conditions for
the synthesis of virus-specific DNA in vitro with de-
tergent-activated RSV (B77 strain) were described by
Stehelin et al. (29). The specific activity of the
[3H]cDNA probe prepared under these conditions was
approximately 2.4 x 107 cpm/,ug. In addition, a repre-
sentative [3H]cDNA probe (cDNAr.p) that protected
at least 70% of radiolabeled RSV 70S RNA from

RNase hydrolysis at DNA/RNA ratios of 4:1 was
prepared as previously described (20). The [3H]cDNA
probe specific for the transforming gene sequences
(cDNA.,) ofRSV (Prague C strain) was also prepared
as described (18). The transformation-specific nature
of this probe was confirmed by demonstrating that
cDNA, hybridizes to transforming sarcoma virus
RNA but not to nontransforming leukosis virus RNA
(19).
Hybridization analy8i8. Hybridization of virus-

specific [3H]cDNA with cellular RNA from avian and
field vole cells was performed in 10-pi reaction mix-
tures containing 0.01 M Tris-hydrochloride (pH 7.4),
0.6 M NaCl, 0.001 M EDTA, single-strand [3H]cDNA
(1,500 cpm, 0.06 ng), 1.0 mg of yeast tRNA per ml, and
the indicated amount ofRNA. Reaction mixtures were
sealed in 30-pl microcaps and incubated for 24 to 70 h
at 680C. The fraction of cDNA hybridized was deter-
mined by treatment of samples with single-strand
specific Si nuclease (Aspergillus oryzae) (21) in buffer
containing 0.03 M sodium acetate (pH 4.5), 0.3 M
NaCl, 0.003 M ZnCl2, and 10 ag of denatured calf
thymus DNA. In some instances results of hybridiza-
tion were expressed as a function of Crt (concentration
of RNA in moles per liter x time of incubation in
seconds) (21).

RESULTS
Size of virus-specific RNA present in the

cytoplasm of RSV-infected avian and vole
celils. To determine the size classes of virus-
specific RNA present in the cytoplasm of
Schmidt-Ruppin RSV-infected avian cells and
revertant and transformed vole cells, cytoplas-
mic RNA was extracted from confluent cell cul-
tures and fractionated by rate-zonal centrifuga-
tion. Virus-specific RNA was identified by an-
nealing each fraction with a constant amount of
labeled RSV cDNA, and the percentage of
cDNA hybridized was measured. Four species of
virus-specific RNA were detected in the cyto-
plasm of productively infected avian cells (Fig.
1A). These included genome-length 35S RNA
and two smaller species of virus-specific RNA
sedimenting at 28S and 21S, which have also
recently been identified by others (15, 31). In
addition, we also observed a viral RNA, sedi-
menting between 10 and 13S, that is similar in
size to the low-molecular-weight viral RNA re-
ported by Brugge et al. (6). The relative amounts
of 35S, 21S, and 10 to 13S RNAs were similar to
each other but were greater than that observed
for the 28S RNA.

Cytoplasmic RNA extracted from two trans-
formed (Fig. 1B and C) and two revertant clones
of vole cells (Fig. 1D and E) revealed species of
virus-specific RNA similar to that observed in
infected avian cells with the exception that no
discrete class of viral 28S RNA could be de-
tected. The 21S RNA was generally the predom-
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FIG. 1. Size of virus-specific RNA in the cytoplasm ofRSV-infected avian and vole cells. Cytoplasmic RNA
was extracted from Schmidt-Ruppin RSV-infected chicken embryo fibroblasts and clones of transformed and
revertant vole cells as described in the text. Approximately 100 to 200 pg of heat-denatured cytoplasmic RNA
(65°C, 10 min) was centrifuged in a 15 to 30% (wt/vol) linear sucrose gradient containing 0.01 M Tris-
hydrochloride (pH 7.4), 0.005 M EDTA, and 1% SDS in an SW41 rotor at 25,000 rpm for 16 h at 25°C.
Radiolabeled RSV 35S RNA and field vole 28S and 18S RNAs were sedimented in a parallel gradient to
provide markers. Gradients were collected from the bottom, and RNA in each fraction was precipitated with
ethanol and suspended in TE buffer. An equal volume from each fraction (10 to 25 gil) was hybridized with an
RSV[31HcDNA probe (1,500 cpm) at 68°C for 24 to 70 h as described in the text. Hybridization was measured
by resistance of the [3H]cDNA probe to hydrolysis with Sl nuclease. The percent hybridization was corrected
for the intrinsic Sl nuclease resistance of the viral probe (7%). (A) Productively infected chicken embryo
fibroblasts; (B) transformed vole clone 1; (C) transformed vole clone 22; (D) revertant vole clone 4; (E)
revertant vole clone 866.

inant size class of viral RNA, whereas the con-

centration of 35S RNA was either greatly dimin-
ished compared to infected avian cells (Fig. 1A)
or, in one instance, barely discernible (Fig. 10).
Since we have previously shown that the entire
RSV proviral genome is transcribed in all four
vole cell clones (20), the inability to detect a

discrete viral 35S RNA in transformed clone 22
(Fig. 1C) could possibly result from the substan-
tially lower amount of virus-specific RNA pres-
ent in this clone compared to the others (20).
Nevertheless, in contrast to all other RSV-in-
fected mammalian cells to date (5, 10), the vole
cells are unique in that genome-length viral
RNA is found in the cytoplasm.
A heterogeneous low-molecular-weight viral

RNA was present in varying amounts in all four
vole cell clones, with the greatest relative con-
centration found in revertant clone 866 (Fig. 1E)
and the least in transformed clone 22 (Fig. 10).
This RNA was somewhat larger (16S compared
to 10 to 13S) and less heterogeneous in trans-
formed clone 1 (Fig. 1B) than that found in other

vole cell clones (Fig. 1C, D, and E) and produc-
tively infected avian cells (Fig. 1A). A similar 12
to 15S viral RNA has also been identified in
RSV-infected hamster cells (10). Since it is con-
ceivable that low-molecular-weight viral RNA
represents breakdown of the higher-molecular-
weight viral RNA during extraction, we have
performed experiments to examine the effect of
our isolation procedure on the integrity of viral
RNA. Immediately after disruption of either
Schmidt-Ruppin RSV-infected avian cells or
transformed vole cells by Dounce homogeniza-
tion, 32P-labeled viral 35S RNA was added to
each cell homogenate, which was then subjected
to the manipulations performed during isolation
of cytoplasmic RNA. Figure 2 shows the analysis
of these RNAs by rate-zonal centrifugation.
Identical profiles were obtained with both the
control RNA, which was not subjected to this
treatment, and the RNA samples that were proc-
essed by the above procedure. These results
suggested that the small viral RNA was not
generated during extraction of RNA from cells.
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Since substantially lower amounts of this RNA
are found on polyribosomes from vole cells (see
below, Fig. 4), and because of its heterogenous
size distribution, it appears most likely that this
RNA is the product of viral RNA degradation
that is normally occurring within the cell. How-
ever, these results do not rule out the possibility
that a portion of this RNA may represent the
transcription product from a unique portion of
the proviral genome.
Distribution of virus- and sarcoma-spe-

cific RNA sequences among the size classes
of total polyribosomes. We have previously
demonstrated that as much, or slightly more,
virus-specific RNA and, more importantly, sar-
coma-specific RNA sequences are associated
with total cellular polyribosomes of revertant
than with transformed vole cells (18, 20). These
results suggested that virus-specific RNA pres-
ent in revertant vole cells had a similar capacity
to direct the synthesis ofviral proteins, including
the product of the viral sarcoma gene. However,
since this RNA was isolated from pelleted total
polyribosomes, it was not possible to determine
if there were any differences in the size of the
polyribosomes that contained virus-specific
RNA. It was conceivable that virus-specific
RNA present in revertant cells is preferentially
associated with smaller size classes of polyribo-
somes than in transformed cells, which would
suggest that viral gene expression might be con-
trolled at some stage during the initiation of
translation. To investigate this possibility, total
cellular polyribosomes from both cell types were
fractionated by rate-zonal sedimentation, and
RNA was extracted from pooled regions of the
gradient. The distribution of total virus- and
sarcoma-specific RNA sequences among the size
classes of polyribosomes was determined by an-
nealing a constant amount of RNA from each
gradient fraction with either a [3H]cDNA viral
probe (Fig. 3A) or a [3H]cDNA probe specific
for the viral transforming gene sequences
(cDNAsrc) (Fig. 3B), respectively. The results
indicated that the majority of virus- (Fig. 3A)
and sarcoma-specific (Fig. 3B) RNA sequences
present in the cytoplasm of revertant and trans-
formed vole cells were associated with all size
classes of total polyribosomes. A similar distri-
bution of these sequences among the size classes
of polyribosomes was observed for both cell
types. Furthermore, the larger polyribosomes
contained the bulk of polyribosome-associated
total virus- and sarcoma-specific RNA. Addition
of EDTA to polyribosome preparations from
both vole cell types, prior to sedimentation, re-
sulted in both polyribosome dissociation and the
displacement of virus-specific RNA from the
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FIG. 2. Effect ofextraction procedure on the integ-
rity of viral RNA. Approximately 50,000 cpm of 32P-
labeled RSV 35S RNA was added to suspensions of
either productively infected chicken embryo fibro-
blasts or cells oftransformed vole clone 1 immediately
after disruption by Dounce homogenization; cells
were then subjected to theprocedure for the isolation
of cytoplasmic RNA as described in the text. Radio-
labeled viral RNA processed in this manner was then
heat denatured prior to rate-zonal sedimentation,
and gradients were collected as described in Fig. 1.
To determine the profiles of labeled viral RNA, gra-
dient fractions were precipitated with 10% trichloro-
acetic acid in the presence of 40 pg of calf thymus
DNA, and the precipitates were collected on glass
fiber filters and counted in a liquid scintillation
spectrometer. As a control, labeled viral RNA that
was not exposed to the extraction procedure was
sedimented in a parallel gradient. Symbols: (0) con-
trol 3P-labeled RSV RNA; (0, 0) 3P-labeled RSV
RNA added to disrupted suspensions ofproductively
infected chicken embryo fibroblasts and cells oftrans-
formed vole clone 1. respectively.

polyribosomes (Fig. 3C), a requisite for RNA
functioning as mRNA (28).

Size of virus-specific RNA associated
with total polyribosomes from transformed
and revertant voles. To determine which size
classes of virus-specific RNA present in the cy-
toplasm of vole cells are associated with total
polyribosomes, cytoplasmic extracts from trans-
formed and revertant vole cells were prepared
by detergent lysis with Nonidet P-40, and poly-
ribosomes were isolated by pelleting through a
discontinuous sucrose gradient. The extracted
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FIG. 3. Distribution o, virus-specific RNA se-

quences among fractionated totalpolyribosomes from
transformed and revertant vole cells. (A) and (B)
Cytoplasmic extracts were prepared from trans-
formed and revertant vole cells by detergent treat-
ment, and total polyribosomes were fractionated by
rate-zonal sedimentation in a 10 to 40% (wt/vol)
sucrose gradient as described in the text. The frac-
tions were collected, their optical density at 254 nm
was determined, and the RNA was pooled as indi-
cated by the vertical lines. After extraction with
phenol, an equal concentration of RNA from each
pooled region was hybridized with either an RSV
[3H]cDNA or a RSV [3H]cDNA8,r probe at Crt'5 of
0.7 x 103 and 0.35 x 103, respectively. Hybridization
was measured by resistance of the RSV [3H]cDNA
probes to Si nuclease and corrected for the intrinsic
Sl nuclease resistance of the viral probes (7 to 10%).
(A) RSV[3HJcDNA; (B) RSV[3H]cDNA,rc. Symbols:
(), absorbance at 254 nm; El and 14 percent

hybridization obtained with RNA from transformed
clone 1 and revertant clone 866R, respectively. (C)
Cytoplasmic extractsprepared from transformed and
revertant vole cells were divided into two equal por-
tions. To one portion EDTA was added to 25 mM,
and the preparation was incubated at room temper-
ature for 15 min. Both samples were then subjected to
rate-zonal sedimentation andprocessed as described
above. After ethanol precipitation, extracted RNA
from each pooled region was suspended in 200 ,ul of
TE buffer, and an equal volume of sample was hy-

polyriboso-nal RNA was then fractionated by
rate-zonal sedimentation, and profiles of virus-
specific RNA were determined by hybridizing
each fraction with either a [3H]cDNA viral
probe (Fig. 4A and C) or a [3H]cDNAsrc probe
(Fig. 4B and D). Hybridizations performed with
the [3H]cDNA8rc probe indicated that both the
viral 21S and 35S RNAs were associated with
total polyribosomal RNA from transformed
(Fig. 4A) and revertant vole clones (Fig. 40). As
observed for cytoplasmic RNA extracted from
these vole cell types (Fig. 1), the predominant
species of virus-specific RNA associated with
polyribosomes was the 21S RNA. The relative
concentration of these viral RNAs was similar
in both cell types. Hybridization analysis per-
formed with [3H]cDNA8rc revealed that viral
sarcoma-specific RNA sequences, were present
on both 35S and 21S RNAs. The relative con-
centration of the low-molecular-weight virus-
specific RNA that comprised a large portion of
viral cytoplasmic RNA (Fig. 1) was greatly re-
duced in preparations of polyribosomal RNA.
Analysis of virus-specific RNA present in

retransformed revertant vole cells. We have
recently been able to obtain spontaneous re-
transformants of revertant vole cells. This was
accomplished by maintaining the revertant vole
clones at high saturation densities for extended
periods of time, which allowed the selection of a
population of cells that now exhibited the mor-
phological and growth features of the trans-
formed vole cells. Since we have previously dem-
onstrated that reversion of transformed vole
cells to the normal cell phenotype is not accom-
panied by any significant differences in either
the extent and amount of transcription of the
viral genome or the association of these RNA
sequences with polyribosomes (18, 20), it was of
interest to examine whether any differences in
these properties could be detected between re-
vertant vole cells and their derived retrans-
formed subclones. To quantitate the amount of
total virus- and sarcoma-specific RNA se-
quences that are present in the cytoplasm anu
associated with total polyribosomes from revert-
ant and retransformed vole cells, cytoplasmic

bridized with an RSV [3H]cDNA probe. Values for
percent hybridization were normalized to 100% (max-
imum hybridization observed ranged from 35 to
40%). Symbols: (- -) and (--- ), absorbance at 254
nm of untreated and EDTA-treated preparations,
respectively; I and I, percent hybridization obtained
with EDTA-treated preparations from revertant vole
clone 866 and transformed vole clone 1, respectively;
O, percent hybridization obtained with untreated
preparations from either transformed vole clone 1 or
revertant vole clone 866.
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FIG. 4. Size of virus-specific RNA associated with
cellular polyribosomes of tr'ansformed and revertant
vole cells. Polyribosome-associated RNA was ex-
tracted from transformed and revertant vole cells as
described in the text. Approximately 200 pg of heat-
denatured RNA was fractionated by rate-zonal sed-
imentation as described in Fig. 1. Samples of 15 ,ul
from each gradient fraction of transformed and re-
vertant cells were hybridized with 1,500 cpm ofeither
an RSV [3H]cDNA probe (A and C) or an RSV
[3H]cDNA., probe (B and D) at 680C for 70 h as
described in the text. Hybridization was measured by
resistance ofthe [3H]cDNA probes to hydrolysis with
Sl nuclease and corrected for the intrinsic S nu-
clease resistance of the viral probes (7 to 10%). (A)
and (B), transformed vole clone 1; (C) and (D), re-
vertant vole clone 866.

and polyribosomal RNAs were hybridized with
either a [3H]cDNArep probe or a [3H]cDNAsrc
probe, and the kinetics of hybridization were
determined. Both the rates and extents of hy-
bridization of the [3H]cDNArep probe were iden-
tical for the corresponding fractions of cytoplas-
mic (Fig. 5A) and polyribosomal RNAs (Fig. 5C)
prepared from these vole cell types. Moreover,
when cytoplasmic (Fig. 5B) and polyribosomal
RNAs (Fig. 5D) were hybridized with the [3H]-
cDNAsrc probe, identical rates and extents of
hybridization were also obtained. Similar results
were observed when these analyses were per-
formed with RNAs extracted from a retrans-

formed subclone of revertant clone 4 and also
another retransformed subclone of revertant
clone 866 (data not shown). Furthermore, the
same size classes of virus-specific RNA were
detected in the cytoplasm and associated with
total polyribosomes from both cell types (com-
pare Fig. 1E and 4C with Fig. 6A and B). Thus,
it appears that neither reversion of transformed
vole cells to the normal cell phenotype nor re-
transformation of revertant vole cells is accom-
panied by any significant changes in either the
amount and extent of viral genome transcription
or the size of the transcribed RNAs and their
association with cellular polyribosomes.

Crt ( mole xsc /Iiter)

FIG. 5. Quantitation of virus-specific RNA se-
quencespresent in the cytoplasm and associated with
polyribosomes ofa revertant vole clone and a derived
retransformed subclone. Cytoplasmic and polyribo-
some-associated RNAs wereprepared from revertant
vole clone 866 and retransformed subclone 866-1 as
described in the text and hybridized with 1,500 cpm
of either [3H]cDNA,-p (A and C) or [3H]cDNA,, (B
and D). The fraction of [3H]cDNA hybridized is
presented as a function of Crt (concentration ofRNA
in moles per liter x time of incubation in seconds)
(22). Values forpercent hybridized were corrected for
the intrinsic Sl nuclease resistance ofthe viralprobes
(7 to 10%) and were then normalized to 100% (actual
hybridization averaged 80 to 85% and 65 to 70% for
the viral [3HJcDNA,p and [3H]cDNA8, probes, re-
spectively). (A) and (B) cytoplasmic RNA; (B) and (D)
polyribosome-associated RNA. Symbols: (0) revert-
ant vole clone 866; (0) retransformed vole subclone
866-1.
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FIG. 6. Size of virus-specific RNA present in the
cytoplasm and associated with polyribosomes of re-
transformed vole cells. Cytoplasmic and polyribo-
some-associated RNAs were extracted from retrans-
formed vole clone 866-1 as described in the text.
Approximately 200 pg of each RNA preparation was
heat denatured and resolved by rate-zonal sedimen-
tation as described in Fig. 1. Samples of 15 ,ul were
removed from each gradient fraction and hybridized
with an RSV [3H]cDNA probe at 68°C for 70 h as

described in the text. (A) Cytoplasmic RNA; (B)
polyribosome-associated RNA.

DISCUSSION
We have previously reported that reversion of

transformed vole cells to the normal cell phe-
notype cannot be attributed to differences in the
transcriptional expression of the RSV proviral
genome and, more importantly, the viral trans-
forming gene sequences, since the genetic com-

plexity and concentration of these RNA se-

quences are similar in both transformed and
revertant vole cells (18, 20). In both vole cell
types, equivalent amounts of these viral RNA
sequences are also polyadenylated and trans-
ported to the cytoplasm (18, 20). Moreover, re-
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transformation of revertant vole cells is not ac-
companied by an increase in viral gene transcrip-
tion. Collectively these data suggest that the
expression of the viral transforming gene is reg-
ulated in vole cells at some level beyond that of
transcription. One likely possibility would be at
the level of viral RNA processing, whereby dif-
ferences in the size and/or structure of viral
RNA might be revealed. In an effort to shed
light on this issue the present study was under-
taken to analyze the structure of viral RNA
present in transforned and revertant vole cells.
The data presented in this communication sug-
gest that both the transcription of the proviral
genome and the processing of viral RNA in
revertant and transformed vole cells occur by a
similar mechanism, since identical species of cy-
toplasmic RNA can be identified in both vole
cell types. The largest viral RNA species is ge-
nome length in size (35S RNA) and is generally
found in similar concentrations in both vole cell
types. Although the 35S RNA is present in the
lowest amount ofthe viral RNA species detected
in vole cells, its presence nevertheless consti-
tutes the first direct demonstration of genome-
length viral RNA in the cytoplasm of RSV-in-
fected mammalian cells. In similar studies per-
formed with RSV-infected hamster cells, 35S
RNA was either absent or confined to the nu-
cleus (5, 10). However, indirect evidence for cy-
toplasmic 35S RNA was provided by the detec-
tion of gag gene-coded precursor polypeptides
in RSV-infected mammalian cells (11, 27). The
35S RNA species has been shown to be respon-
sible for the gag-pol gene precursor protein
products in cell-free translation systems in vitro
(25, 26).
A 21S RNA containing sarcoma gene se-

quences has been detected in the cytoplasm of
both revertant and transformed vole cells, sug-
gesting that the viral transforming gene se-
quences are present on RNA species similar to
that identified in permissively infected avian
cells (15, 31). In most cases, the 21S RNA is the
predominant species of viral RNA identified in
vole cells. The detection of 21S and 35S RNAs
associated with polyribosomes and their release
from polyribosomes with EDTA suggests that
these viral RNAs are functioning as mRNA in
both vole cell types. Furthernore, since no sig-
nificant differences were observed for either the
qualitative or quantitative distribution of viral
RNA sequences corresponding to these viral
RNAs among the size classes of total polyribo-
somes, the functional capacity of these viral
RNAs as mRNA appears to be identical in these
vole cells. Preliminary radioimmunoassay stud-
ies of RSV structural proteins in transformed
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and revertant vole cells substantiate this sup-
position for at least 35S RNA (A. Lau, R. A.
Krzyzek, and A. J. Faras, unpublished data).
Thus, these data are consistent with the control
of viral gene expression in revertant vole cells at
some stage subsequent to the translation of viral
RNA.
This may also be true for the sarcoma gene

sequences if they also are translated in the re-
vertant vole cells. It is conceivable that reversion
could result from an alteration in a host cell
factor(s) which either can no longer participate
in some essential post-translation modification
(phosphorylation, methylation, glycosylation,
etc.) of the viral sarcoma gene protein or, alter-
natively, cannot interact with this protein to
induce cellular transfornation. However, it is
also possible that slight alterations either in the
structure (methylation, capping, polyadenyla-
tion, splicing, etc.) or the sequence organization
of 21S RNA, which would not appreciably affect
the size ofRNA but may affect its translation, is
responsible for phenotypic reversion. Experi-
ments are currently in progress to distinguish
between these possibilities by directly determin-
ing the translational capacity of 21S RNA in
transformed and revertant vole cells by quanti-
tating the amount of viral sarcoma gene protein
(4, 26) present in these cells.

In addition to the 21S and 35S RNAs, a het-
erogeneous low-molecular-weight viral RNA
generally sedimenting between lOS and 13S is
present in varying amounts of the cytoplasm of
both infected avian and vole cells. Low-molecu-
lar-weight viral RNAs similar to the lOS to 13S
species identified in vole cells have been re-
ported in some studies ofRSV-infected avian (6)
and hamster cells (10) but not in others (5, 15,
31). The significance of this viral RNA species is
presently unknown. Since we have shown that
this viral RNA appears not to be generated by
breakdown of larger viral RNA during extrac-
tion, and that its relative concentration is greatly
reduced in polyribosomal RNA from vole cells,
it may represent the products of viral RNA
degradation or processing that is normally oc-
curring within the cell.

In contrast to vole cells, infected avian cells
also contain a cytoplasmic 28S RNA, which
contains the genomic sequences of the env and
src genes but apparently only functions as
mRNA for the translation of the env gene (15,
31). The inability to detect 28S viral RNA both
in the cytoplasm and nucleus of vole cells (R.
Krzyzek, unpublished data) is not unique to this
cell type but appears to be characteristic of all
RSV-infected mammalian cells examined to
date (5, 10). Apparently, either this viral RNA

is not transcribed in detectable amounts or it is
either rapidly degraded or abnormally processed
in nonpermissive cells. We have previously re-
ported evidence for the transposition of 5' ter-
minal genomic sequences onto the viral 28S and
21S RNAs in infected avian cells (19). Since we
also observe these sequences on 21S RNA in
vole cells (R. Krzyzek, unpublished data), it is
conceivable that the processing of 28S RNA
requires additional factors not present in mam-
malian celLs. The restriction in the synthesis and
processing of viral RNA is even more severe in
other RSV-infected mammalian cells, since, un-
like vole cells which in most cases contain cyto-
plasmic 35S RNA, this viral RNA is either ab-
sent or present only in the nucleus in other
mammalian cells (5, 10). Of all the viral RNAs
identified in infected avian cells, 21S RNA is the
only viral RNA consistently detected in mam-
malian cells (5, 10). However the nonpermissive-
ness of RSV-infected mammalian cells is related
not only to the synthesis of viral RNA but also
to the improper processing of viral proteins (11,
27).
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ADDENDUM IN PROOF
Recent data from our laboratory employing immu-

noprecipitation and SDS-polyacrylamide gel electro-
phoresis demonstrate the presence of the src gene
product (pp60') in both transformed and revertant
vole cells, indicating that the 21S RNA representing
the src gene sequences is being translated in both cell
types.
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