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Hybridization analysis ofRNA from transformed clones of Rous sarcoma virus
(RSV)-infected field vole cells and revertant subclones indicated the presence of
similar amounts of viral-specific RNA in both cell types. Employing both a

relatively uniform and representative complementary DNA probe and genome-

length complementary DNA, we have demonstrated that the majority of RSV
proviral DNA is transcribed into viral-specific RNA in both transformed and
revertant clones. The viral-specific RNA is present in several size classes, the
largest of which is genome-length 35S RNA. Studies on the intracellular distri-
bution of viral-specific RNA indicate that both transformed and revertant cells

contain viral RNA in their cytoplasm. Furthermore, the bulk of viral-specific
nucleotide sequences are also associated with polyribosomes in both cell types.
These data indicate that, contrary to previously reported studies with other
retrovirus-revertant cell systems, the entire RSV provirus DNA is transcribed
into viral RNA similarly in both transformed and revertant vole cells. Since we

have previously demonstrated similarities in sarcoma-specific viral RNA in both
revertant and transformed vole cells, these data collectively indicate that the
loss of the transformed phenotype does not reflect changes in transcription of
all or part of the RSV provirus, or the processing, transport, or polyribosome
association of viral-specific RNA representing the entire RSV genome.

Transformation of mammalian cells by RNA
tumor viruses in vitro leads to the establishment
of stably transformed cell lines. In some in-
stances, clones of these transformed cell lines
have reverted at relatively high frequencies to
the morphologically normal phenotype (3, 11,
20). Several laboratories have initiated studies
on the mechanism(s) by which the genetic
expression of the viral genome is regulated in
revertant cells. To date, these studies suggest
that several different mechanisms, rather than
one specific mechanism, may be responsible for
the phenomenon of reversion in these various
cell systems. For example, in several instances
a modification of cellular genes was suggested
to be responsible for reversion (21, 24, 28),
whereas in other instances the loss of the trans-
formed phenotype in the revertant cell type was
attributed to the specific loss ofthe transforming
viral genome (12). In yet another study, control
of viral gene expression in revertant cells was
apparently regulated, at least in part, at the
transcriptional level, since considerable differ-
ences in the amount of virus-specific RNA could
be detected between the transformed and re-

vertant phenotype in most of the clones studied
(3, 6, 7, 22).
We have recently initiated studies on an avian

retrovirus-transformed field vole cell line and
revertant subclones obtained from these trans-
formed cells. On the basis of all available evi-
dence to date, it appears that the entire biolog-
ically active avian retrovirus genome is pres-
ent in both transformed and revertant subclones
of field vole cells, indicating that the loss of the
transformed phenotype is not a result of a dele-
tion of part, or all, of the viral genome from
these cells (5, 17). Furthermore, we have re-
cently demonstrated that at least a portion of
the Rous sarcoma virus (RSV) provirus is tran-
scribed into RNA in both transformed and re-
vertant cells, since sarcoma gene-specific RNA
can be identified in both cell types (17). Since
it is entirely conceivable that coordinate expres-
sion ofmore than one viral gene may be required
for transformation of cells by RSV, we have
extended our initial studies to determine
whether the entire RSV genome is expressed in
both transformed and revertant cells. Contrary
to other RSV-transformed/revertant cell sys-
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tems studied to date (6, 7), we demonstrate in
this report that not only do revertant and trans-
formed vole cells contain similar amounts of
viral-specific RNA, but, more importantly, the
total viral genome is present as 35S RNA in
both cell types. We further report that no signif-
icant differences in the amount of viral-specific
RNA can be detected either in the nucleus or
cytoplasm or associated with polyribosomes in
transformed and revertant field vole cells, sug-
gesting that the regulatory phenomenon proba-
bly does not involve either selectivity of viral
RNA transport from the nucleus to the cyto-
plasm or formation of viral-specific polyribo-
somes. Thus, it appears that in RSV-trans-
formed vole cells the genetic expression of the
viral genome is controlled at some stage, either
during or subsequent to translation of viral-spe-
cific mRNA. This level of regulation may be
responsible for both phenotypic transformation
and nonpermissiveness of viral replication in
these vole cell cultures.

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

aration of most of the pertinent materials have been
previously described (10, 16). Various strains of RSV
(B77, Prague C of subgroup C and subgroup D) were
either propagated in our laboratory and purified as
previously described (2, 9), or obtained through the
Office of Logistics and Resources, National Cancer
Institute. The latter was obtained as virus pellets
which were banded several times in 25 to 55% sucrose
before use. The infection of an established cell line
from the European field vole, Microtus agrestis, with
RSV and the isolation of transformed and revertant
clones were as previously described (17). Reverted
subclones not only exhibited morphological properties
similar to normal cells but grew with similar plating
efficiencies both on plastic and in agar (R. A. Krzyzek,
et al., submitted for publication). All clones of trans-
formed cells and subclones of revertant cells employed
in these studies contained the complete viral genome,
since the entire infectious RSV genome could be res-
cued from transformed and revertant cells by fusion
with permissive cells and transfection of avian celLs
with DNA obtained from both cell types (17). Hybrid-
ization analysis of transformed and revertant vole-cell
DNA with RSV RNA or complementary DNA
(cDNA) probes indicated that both cell types con-
tained similar genome equivalents of viral-specific
DNA (one to two viral equivalents per diploid genome)
(5). As is the case for all mammalian cells studied to
date, no RSV-specific DNA was detected in uninfected
field vole cells (1, 30). Field vole cells were grown in
Eagle modified minimum essential medium supple-
mented with 10% calf serum, 10% tryptose phosphate
broth, 0.12% sodium bicarbonate, 2 mM glutamine, 20
U of penicillin per ml, and 20 ug of streptomycin per
ml.

Purification of viral RNA. RNA was extracted
from virus with sodium dodecyl sulfate (SDS)/phenol

at room temperature and subsequently fractionated
into 70S RNA and free, low-molecular-weight RNA
by rate-zonal sedimentation (10).

Isolation of total, nuclear, cytoplasmic, poly-
ribosome-associated, and poly(A)-containing
RNA from field vole and avian cells. The proce-
dures for the isolation of total, nuclear, cytoplasmic,
and polyribosome-associated RNA from field vole and
avian cells have been previously described (17). The
extent of nuclear breakage and leakage of RNA into
cytoplasmic fractions during the fractionation proce-
dure was determined by previously published proce-
dures (31). This entailed pulse-labeling cells for short
periods of time (45 min) and analyzing the pulse-
labeled nuclear and cytoplasmic RNA by polyacryl-
amide gel electrophoresis (data not shown). Under
these conditions oflabeling, the predominantly labeled
RNA species was the 45S RNA precursor of 28S and
18S ribosomal RNA. Less than 1% of this species
could be detected in the cytoplasm after fractionation.
Nuclei were also tested for cytoplasmic contamination.
No obvious cytoplasmic material was present in the
nuclei preparation, as determined by phase-contrast
microscopy. Furthermore, nuclear RNA preparations
contained less than 5% of 18S ribosomal RNA, which
is indicative of cytoplasmic contamination (23).

Polyadenylic acid [poly(A)]-containing RNA was
isolated from total cellular RNA by affinity chroma-
tography on polyuridylic acid [poly(U)]-Sepharose as
previously described (26). Approximately 4 to 8 mg
of RNA was applied to the column (0.5 by 60 cm) in
loading buffer (0.1 M NaCl-0.01 M EDTA-0.01 M
Tris-hydrochloride [pH 7.4]-0.2% SDS at room tem-
perature. The column was washed with 10 ml of this
buffer, and poly(A)-containing RNA was eluted with
formamide buffer (90% formamide-0.01 M EDTA-0.01
M Tris-hydrochloride [pH 7.4]-0.2% SDS) and sub-
sequently concentrated by ethanol precipitation. Of
the total RNA applied to the column, approximately
1 to 2% attached to poly(U)-Sepharose and, therefore,
contained poly(A) sequences.

Preparation of cytoplasmic RNA from trans-
formed and revertant field vole cells for rate-
zonal sedimentation. Cells used as a source of cy-
toplasmic RNA were harvested from roller bottles by
scraping and 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 resuspended in RSB
buffer containing 5 mM N-ethylmaleimide at approx-
imately 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 satu-
rated with 0.05 M sodium acetate (pH 5.1) and 0.01
M EDTA. The cytoplasmic RNA was precipitated
twice in the presence of 0.2 M sodium acetate with 2
volumes of ethanol, collected by centrifugation at
13,000 x g for 30 min, and dissolved in TE buffer
(0.01 M Tns-hydrochloride [pH 7.4]-0.01 M EDTA).
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The extent of nuclear RNA contamination of the
cytoplasmic fraction during the isolation procedure
was determined as described above and was found to
be insignificant.
The conditions employed for rate-zonal centrifuga-

tion were essentially those described by McKnight
and Schimke (19). Approximately 200 pLg of cytoplas-
mic RNA from transformed and revertant field vole
cells in 300 pl of TE buffer containing 1% SDS was
heat denatured by incubation at 650C for 10 min and
then cooled rapidly to 00C. The RNA was layered
directly onto a 15 to 30% (wt/vol) linear sucrose gra-
dient made in 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, then collected by
centrifugation and resuspended in 60 pl of TE buffer.
A constant volume of each fraction, generally 10 to
25 pl, was dried down in a vacuum desiccator, sus-
pended in 10 p1 of buffer containing 0.01 M Tris-
hydrochloride (pH 7.4), 0.6 M NaCl, 0.001 M EDTA,
single-strand [3H]cDNA (0.06 ng, 1,500 cpm), and 1.0
mg of yeast tRNA per ml, sealed in 30-p1 microcaps,
and incubated for 70 h at 680C. Hybrid formation was
detected by incubation with Si nuclease as described
below.

Synthesis of viral cDNA probes. The conditions
for the synthesis of virus-specific DNA in vitro with
detergent-activated RSV (B77, Prague C) were de-
scribed by Stehelin et al. (27). The specific activity of
the [3H]cDNA probe prepared under these conditions
was approximately 2.4 x 107 cpm/,ug.
The representative [3H]cDNA probe was prepared

by a procedure yielding cDNA that protected at least
70% of radiolabeled 70S RNA from RNase hydrolysis
at DNA/RNA ratios of 4:1. In this procedure, cDNA
was synthesized with detergent-disrupted virus in the
presence of calf thymus primer as described by Taylor
et al. (29) and purified by selective hybridization to
viral RNA. This enrichment step consisted of hybrid-
izing cDNA to viral RNA at the specific ratio of
DNA/RNA required to give maximum protection.
The DNA/RNA hybrids were separated from unhy-
bridized, single-stranded DNA by fractionation on hy-
droxyapatite, and the RNA moiety was removed by
alkaline hydrolysis. Radiolabeled, genome-length
DNA transcripts were prepared from endogenous re-
actions containing detergent-disrupted RSV and pur-
ified by rate-zonal sedimentation in alkaline sucrose
as previously described (15, 29).
The [3H]cDNA probe specific for the transforming

gene sequences (cDNAr) of RSV (Prague C strain)
was also prepared as previously described (17, 27).

Hybridization analysis. Hybridization of viral-
specific [3H]cDNA probe to viral RNA was performed
in a 10-1il reaction mixture containing 0.01 M Tris-
hydrochloride (pH 7.4), 0.6 M NaCl, 0.001 M EDTA,
single-strand [3H]cDNA (1,500 cpm), 1.0 mg of yeast
tRNA per ml, and the indicated amount of RNA. The
reaction mixtures were sealed in 30-ul microcaps and
incubated for either 24 or 70 h at 680C. Hybrid for-
mation was detected by treatment of samples with
single-strand specific Sl nuclease (Aspergillus oryzae)

(18) in buffer containing 0.03 M sodium acetate (pH
4.5), 0.3M NaCl, 0.003M ZnCl2, and lO,ug of denatured
calf thymus DNA per ml. Digestions were performed
for 2 h at 500C, followed by the addition of 40 ,ug of
calf thymus DNA and precipitation with 10% trichlo-
roacetic acid. The results of hybridization analysis
were expressed as a function of Crt (concentration of
RNA in moles per liter x time of incubation in sec-
onds) (18).

RESULTS

Extent ofRSV proviral DNA transcribed
into RNA in transformed and revertant
vole celils. The identification of the total infec-
tious RSV genome in both revertant and trans-
formed field vole cells indicated that neither
phenotypic reversion nor nonpermissiveness of
virus replication was due to a deletion or point
mutation affecting the activity of RSV genes in
either cell type (17). Furthermore, previous stud-
ies employing a cDNA probe specific for the
RSV transforming gene sequences (cDNA,,) in-
dicated that sarcoma-specific RNA was present
in similar amounts in transformed and revertant
vole cells, indicating that reversion was not the
result of any major change in transcription of
the viral sarcoma gene (17). Because it was
conceivable that viral genes, in addition to the
sarcoma gene, may also have some function in
transformation of vole cells by RSV, we pro-
ceeded to determine whether similar extents of
transcription of RSV proviral DNA occurred in
both transforned and revertant vole cells.
Measurement of the proportion of the viral

genome transcribed into RNA in transformed
and revertant field vole cells was accomplished
by hybridization analysis, which involved an-
nealing radiolabeled, single-stranded cDNA,
synthesized by the DNA polymerase of RSV,
to RNA extracted from several clones of trans-
formed and revertant field vole cells. The ma-
jority of the cDNA probe prepared by standard
procedures (13) from disrupted virions of RSV
was not uniform with respect to representation
of viral sequences (4), and thus would not pro-
vide a very sensitive means of determining the
extent of RSV proviral DNA transcription. We
have therefore developed techniques that allow
for either the enrichment of a representative
cDNA probe (cDNArep) or the synthesis of ge-
nome-length cDNA. These cDNA probes were
employed to determine the proportion of the
viral genome transcribed into viral RNA in
transformed and revertant field vole cells. From
the data presented in Table 1, identical extents
of hybridization were observed with RNA from
both transformed and revertant cells under con-
ditions employed to achieve maximum hybridi-
zation. Although the extent of hybridization of
viral-specific RNA to the cDNArep probe was
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TABLE 1. Genetic complexity of viral-specific RNA
from RSV-transformed and revertant field vole

celSa
cDNA,. b (%)

Cell type Total Poly- cDNAl .elllahcRNA
cellular somal total cellular RNA
RNA RNA

Transformed 74.9 73.7 94.7
clone 1

Transformed 71.8 81.2 85.2
clone 22

Revertant clone 75.9 74.3 97.2
4

Revertant clone 72.6 96.6
866 72.6

Transformed
clone 1 + re-
vertant clone
866

Normal vole cells 10.3 11.6
Vole liver 10.7 10.0
RSV-infected 77.8 96.9
duck cells
a Total cellular and polysomal RNA were isolated

from normal, transformed, and revertant field vole
cells and RSV-infected duck embryo fibroblasts, as
described in the text. Hybridization to total cellular
and polysomal RNA was performed at a Crt of 2 x
104 in 0.6 M NaCl with 1,200 cpm of cDNA (0.13 ng).
Hybridization to the combination of transformed
(clone 1) and revertant (clone 866) RNA was con-
ducted at a Crt of 4 x 104. Hybrid formation was
determined using the single-strand specific S1 nuclease
(18). Values represent the mean of duplicate determi-
nations.

b The representative cDNA probe (cDNArep) was
prepared in an endogenous reaction that was supple-
mented with calf thymus primer DNA (29; A. Lau,
R. A. Krzyzek, and A. Faras, submitted for publica-
tion). The cDNA protected at least 70% of 32P-labeled
70S RSV RNA against digestion by RNase at a molar
ratio of DNA to RNA of <4:1. Approximately 75% of
the cDNA hybridized to RSV 70S RNA at a C,t of 1.
Self-hybridization of the cDNAep probe was 7%.

c cDNA, the length of the viral genome, was synthe-
sized in an endogenous reaction and purified by rate-
zonal sedimentation in alkaline sucrose (15). Intrinsic
resistance of the cDNAgenome length probe was 9.9%.

not 100%, no additional hybridization was ob-
served when RNAs from both transformed and
revertant field vole cells were included together
in the hybridization mixture, indicating that sim-
ilar regions of the viral genome were transcribed
in both cell types. Furthermore, these values
were similar to those obtained from an RSV-
infected permissive avian cell or purified viral
70S RNA, indicating that the amount of hybrid-
ization observed with transformed or revertant
field vole cell RNA was the maximum that could
be achieved with this particular viral-specific
cDNA probe. Even greater extents of hybridi-

zation were obtained with the genome-length
cDNA probe, substantiating the presence of
most, if not all, of the viral genomic sequences
in both cell types (Table 1).
Size of viral-specific RNA in transformed

and revertant vole cells. Since hybridization
analysis with both the representative cDNA
probe and genome-length cDNA suggested that
the bulk of the viral genomic sequences were
present in both transformed and revertant vole
cells, we performed studies to determine
whether the entire 35S viral RNA genome could
be detected in both cell types. Cytoplasmic RNA
was isolated from confluent vole cell cultures
and fractionated by rate-zonal centrifugation.
The viral-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. Profiles of
viral-specific RNA from both transformed and
revertant cells are presented in Fig. 1. Both cell

A 35S 28S 8S B 35S 28S M85

20- 40
0

jr 15-30

w 20

10 20 '0 20

FRACTION NUMBER

FIG. 1. Rate-zonal sedimentation of viral-specific
RNA present in the cytoplasm of transformed and
revertant field vole cells. Cytoplasmic RNA was ex-
tracted from cells of transforned clone 1 and revert-
ant subclone 4 as described in the text. Approximately
200 pg ofcytoplasmic RNA was heat denatured (65°C,
10 min) and centrifuged in a 15 to 30% (wt/vol) linear
sucrose gradient containing 0.01 M Tris-hydrochlo-
ride (pH 7.4), 0.005 M EDTA, and 1% SDS in an
SW41 rotor at 25,000 rpm for 16 h at 25°C. Labeled
RSV 35S RNA and field vole 28S and 18S RNAs
were sedimented in a parallel gradient to provide
markers. The gradients were collected from the bot-
tom, and RNA in each fraction was precipitated and
resuspended in 60 ,ul of TE buffer. Samples of 10 and
25 ji from each gradient fraction oftransformed and
revertant cells, respectively, were removed and hy-
bridized with either an RSV f3H]cDNA probe or an
RSVf3H]cDNA, probe at 68°Cfor 70h, as described
in the text. Hybridization was measured by resistance
of the [3HJcDNA probes to hydrolysis with SI nu-
clease. (A) Transformed clone 1; (B) revertant sub-
clone 4. Symbols: 0, RSV cDNA; 0, RSV cDNA,r.
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types exhibited several size classes of viral-spe-
cific RNA, including genome-length 35S RNA.
A predominant 21S RNA was found as well as
material sedimenting at 12S to 15S. These size
classes of viral RNA have also been identified
recently in transformed hamster cells; however,
no 35S RNA could be detected in the revertant
hamster cell lines tested (7). Since the 12S to
15S viral RNA in the hamster trans-
formed/revertant cell system was thought to
represent the breakdown of higher-molecular-
weight viral-specific RNA, it is conceivable that
this size class of viral RNA in the vole cell
system also reflects some breakdown of viral
RNA during extraction. Nevertheless, the dem-
onstration of 35S RNA in both transformed and
revertant vole cells suggests that the entire virus
genome is transcribed in both cell types. Other
studies from our laboratory have demonstrated
that sarcoma virus-specific RNA is present in
similar quantities in transformed and revertant
vole cells (17). Hybridization of a cDNA probe
specific for the RSV transforming gene se-
quences (cDNAsrc) indicates that sarcoma-spe-
cific sequences can be demonstrated in both 35S
and 21S viral RNA. Thus, sarcoma-specific se-
quences are contained within identical size
classes of viral-specific RNA in both trans-
formed and revertant vole cells.
Quantitation of total and poly(A)-con-

taining RSV-specific RNA in transformed

J. VIROL.

and revertant field vole celis. Although the
bulk of RSV nucleotide sequences were present
in both transformed and revertant vole cells, it
was conceivable that viral-specific RNA was
present in different amounts in these cell types,
as in the RSV-transformed/revertant hamster
cell system (7). Furthermore, although we have
previously shown that transformed and revert-
ant vole cells contain similar amounts of sar-
coma-specific RNA (17), it was also conceivable
that, since several size classes of viral-specific
RNA are present in these cells, the amount of
sarcoma-specific RNA differs from the amount
of other viral RNAs present in transformed and
revertant cells. To determine whether the
amount of viral-specific RNA was the same or
different in transformed and revertant cells,
RSV cDNA was annealed to increasing quanti-
ties of total RNA extracted from both cell types
(Fig. 2). The Crtl/2 was determined for the viral-
specific RNA from transformed and revertant
cells, and the quantity of virus-specific RNA per
cell was computed relative to the Crt1/2 for RSV
70S RNA (Table 2) (18). Appreciable viral-spe-
cific RNA was observed in both subclones of
revertant field vole cells (Fig. 2, Table 2). Inter-
estingly, revertant subclone 866 contained
amounts of viral-specific RNA similar to those
in transformed clone 1, while revertant subclone
4 contained only slightly less viral-specific RNA
than this transformed clone. However, both re-
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FIG. 2. Total RSV-specific RNA in transformed and revertant field vole cells. Viral 70S RNA and total
cellular RNA wereprepared and hybridized with single-strandedf3HJcDNA (0.06 ng, 1,500 cpm), as described
in the text. Hybridization reactions containing viral 70S RNA and avian cell RNA were carried out for 24 h
at 68°C, and those containing field vole RNA were carried out for 70 h. The percentage of hybridization
was corrected for the intrinsic Sl nuclease resistance ofcDNA (7%). The fraction off3HJcDNA hybridized is
presented as a function of C,t (product of RNA concentration and length of hybridization). Each point
represents the average of three separate determinations. Symbols: 0, viral 70S RNA; , RSV-infected duck
cells; 0, RSV-transformed field vole clone 1; A, RSV-transformed field vole clone 22; A, revertant field vole
subclone 4; *, revertant field vole subclone 866; V, uninfected field vole.
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TABLE 2. Quantitation ofRSVRNA in transformed
and revertant field vole cellsa

Mor- Genome

RNA source phol- Crtl/2 equivalents
ogyb ~~per 2.5 x i0-'

ogy .tg of RNA'
70S RNA - 5 x10-2 -
RSV-infected duck cells T 1.2 7.75 x 104
Normal field vole cells NT - -

Vole liver -

Transformed vole cells T 5 x 102 4.80 x 102
(clone 1)

Revertantvolecells (clone NT 5 x 102 4.80 x 102
866)

Transformed vole cells T 3 x 10:3 0.80 x 102
(clone 22)

Revertantvole cells (clone NT 1 x 103 2.35 x 102
4)

aTotal cellular RNA was isolated from normal, trans-
formed, and revertant field vole cells and RSV-infected duck
embryo fibroblasts as described in the text.

bT, Transformed phenotype; NT, nontransformed pheno-
type.

CCt,/2 and maximum hybridization values were derived
from the data shown in Fig. 1. The CAt,/2 is the value at
which 50% of the cDNA is hybridized to RNA.

d Genome equivalents were derived from the relationship:
viral 35S RNA equivalent per cell = (CWt412 of RSV RNA/
Crt,/2 of total cell RNA) x (weight of RNA per cell/5 x 10-12),
where 5 x 10-'2 is the weight of one molecule of RSV 35S
RNA, as described by Deng et al. (6). The data are presented
as the concentration of viral RNA per 2.5 x 10-5 jg, which is
the amount of total RNA present per transformed cell.

vertant subclones 866 and 4 contained more
viral-specific RNA than transformed clone 22.
Therefore, in contrast to revertant RSV-infected
hamster cells (6, 7), it appears that revertant
vole cells do not contain significantly reduced
levels of viral-specific RNA as compared with
transforned cells. As expected, no RSV-specific
RNA can be detected in normal field vole cells
(Fig. 2).

Since transformed and revertant cells exhibit
different growth properties, it was conceivable
that hybridization analysis of total RNA from
these cell types may not reveal differences in
the amount of viral-specific RNA, because of
differences in the amount of ribosomal RNA
present in transformed and revertant cells. For
instance, ribosomal RNA constitutes the bulk
of the cell RNA present in eucaryotic cells, and,
therefore, slight differences in the concentration
of ribosomal RNA in transformed and revertant
cells would affect the Crtl/2 values computed for
the hybridization of viral-specific RNA to the
cDNA probes. To address this problem, we per-
forned similar hybridization analysis on the
poly(A)-containing fraction of cellularRNA pur-
ified by affinity chromatography on poly(U)-
Sepharose (26). Removal of ribosomal RNA
from the RNA preparations did not affect the
rates ofhybridization of viral-specific RNA from

the transformed field vole cells relative to the
revertant cells (Fig. 3B). Although the overall
Crtl/2 of poly(A)-containing viral-specific RNA
was lower than that of total cell RNA because
of the substantial reduction of ribosomal RNA
in the RNA preparation, the overall rates of
hybridization of poly(A)-containing viral RNA
from revertant and transformed cells exhibited
patterns similar to total RNA from these cell
types.
Quantitation of nuclear, cytoplasmic,

and polyribosome-associated viral-specific
RNA in transformed and revertant field
vole cells. Similar hybridization analyses were
also performed on various fractions of trans-
formed and revertant field vole cell RNA to
determine the intracellular distribution of viral-
specific RNA sequences. Preparations of both
cell types were separated into cytoplasmic and
nuclear fractions, and the RNA extracted from
both fractions was analyzed for viral-specific
RNA (Fig. 3C, D). On the basis of the Crtl2
analysis, it appeared that no significant differ-
ences in the amount of viral-specific RNA could
be detected in the cytoplasm of transformed and
revertant field vole cells (Fig. 3). As with total
RNA from these cells, revertant subclone 866
contained equivalent amounts of cytoplasmic
and nuclear viral-specific RNA as in trans-
formed clone 1, whereas both revertant sub-
clones contained more viral RNA than trans-
formed clone 22. A similar distribution of viral-
specific RNA between revertant and trans-
formed cells was observed when RNA isolated
from polyribosomes was tested for the amount
of viral-specific RNA (Fig. 3A).

DISCUSSION
We have previously demonstrated that revert-

ant subclones of RSV-infected field vole cells
contain amounts of sarcoma-specific RNA sim-
ilar to transfonned cells (17). In this communi-
cation, we demonstrate that the entire RSV
proviral DNA is actively transcribed into viral-
specific RNA in both transformed and revertant
field vole cells. This conclusion is based upon
several observations obtained from our analysis
of the structural features of viral-specific RNA
from these cell types. First, genetic complexity
analysis of viral RNA indicated that similar
extents of the viral genome were transcribed in
both transformed and revertant vole cells. Ac-
cording to our hybridization analyses with either
a relatively representative cDNA probe or ge-
nome-length cDNA transcripts, it appears that
most, if not all, of the viral-genomic nucleotide
sequences can be identified in both cell types.
Second, size analysis of viral RNA obtained from
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FIG. 3. Quantitation ofpoly(A)-containing, polyribosome-associated, cytoplasmic, and nuclear viral-spe-
cific RNA in transformed and revertant field vole cells. Poly(A)-containing, polyribosome-associated, cyto-
plasmic, and nuclear RNAs were prepared as described in the text and hybridized with single-stranded
/PH]cDNA (0.06 ng, 1,500 cpm). Hybridizations were performed for 70 h at 68°C. Each point represents an
average of three separate determinations. (A) Polyribosome-associated RNA; (B) poly(A)-containing RNA;
(C) cytoplasmic RNA; (D) nuclear RNA. Symbols: 0, RSV-transformed field vole clone 1; A, RSV-transformed
field vole clone 22; A, revertant field vole subclone 4; *, revertant field vole subclone 866.

transformed and revertant cell types indicated
that genome-length 35S viral RNA was present
in both cell types. In addition to data on the
size and genetic complexity of viral RNA, we
have also demonstrated that similar concentra-
tions of viral-specific RNA were present in trans-
formed and revertant cells. Since the bulk of
RSV genomic sequences can be detected in
transformed and revertant vole cells, phenotypic
reversion does not appear to result from a re-
duction in the expression of other viral genes
that may be important in addition to the sar-
coma gene for transformation. Thus, since no
differences in either the amount, the genetic
complexity, or the size of viral RNA can be
detected between transformed and revertant
vole cells, reversion cannot be attributed to a
change in either the extent of transcription of
RSV proviral DNA or the amount of viral-spe-
cific RNA in these cells.

Since transformation of nonpermissive cells
with RSV depends upon the continuous pres-
ence of some viral gene product(s) (14), it ap-
pears that the regulation of expression of the
viral gene sequences in the revertant cell type
must be occurring post-transcriptionally. The
studies reported in this communication on the
structure and intracellular location of viral-spe-
cific RNA suggest that neither the lack of poly-
adenylation nor transport of viral RNA from
the nucleus to the cytoplasm is responsible for
the loss of the transformed phenotype in revert-
ant subclones. Studies of the intracellular distri-
bution of RSV RNA indicate that both trans-
formed and revertant vole cells contain viral-
specific RNA in the cytoplasm at concentrations
similar to those observed with total cell RNA.
Furthermore, no differences in the amount of
poly(A)-containing viral RNA could be detected
in these cell types. Since no major size differ-
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ences in virus-specific RNA could be detected
in revertant and transformed vole cells, these
data suggest that processing of viral RNA is
probably completed in both cell types. However,
further work on the structure (polyadenylation,
methylation, capping, splicing, etc.) and se-
quence organization of the individual viral
mRNA species will be required before this con-
clusion can be rigorously substantiated and the
precise nature of the post-transcriptional regu-
latory mechanisms can be elucidated.

Since we can detect viral-specific RNA asso-
ciated with polyribosomes in revertant sub-
clones, it is likely that viral RNA is translated
in these cells. Preliminary radioimmunoassay
studies of RSV-specific proteins in transformed
and revertant vole cells substantiate this sup-
position (A. Lau, unpublished data). Studies are
currently in progress to determine the propor-
tion of viral RNA that is translated into viral-
specific proteins in both transformed and revert-
ant field vole cells. It is conceivable that both
the nonpermissiveness of virus replication in
RSV-infected vole cells and the loss of the trans-
formed phenotype during reversion reflect the
absence or reduced rate of processing of poly-
proteins (8, 25) or the lack of modification of
viral proteins subsequent to cleavage.
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