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Cells producing type C (avian sarcoma virus) or type B (mouse mammary
tumor virus) RNA tumor viruses contain small amounts of RNA complementary
to the viral genomes. The negative strands are complementary to at least 30 to
45% of the viral genomes and are found as RNA-RNA duplexes in the nucleus
and cytoplasm of infected cells and in mature virions.

RNA tumor viruses replicate by transcrip-
tion of a DNA provirus integrated into the host
genome (6, 27); the transcripts serve as viral
genomes and mRNA’s (9) and are designated
“positive strands” (3). Consequently, there ap-
pears to be no requirement for RNA comple-
mentary to the viral genome (negative strands)
in the replicative cycle. In a previous report
(10), negative strands of murine sarcoma-leu-
kemia virus RNA were detected in infected rat
cells by hybridizing nuclear RNA to radioactive
positive strands (viral genome). However, us-
ing similar techniques, attempts to detect viral
negative strands in cells infected by avian sar-
coma virus (ASV) have been unsuccessful (4, 6,
11; Table 1, line 1). We have noted previously
(6) that the experimental approach used in
these experiments may be compromised by
competition between viral positive strands in
the cellular RNAs and the radioactive positive
strands used to detect negative strands by mo-
lecular hybridization. The extent of competi-
tion can approach 100% if, as shown below (see
Fig. 3), negative strands comprise a small frac-
tion of cellular virus-specific RNAs. To obviate
this difficulty, we devised a protocol that elim-
inates surplus positive strands before the test
for negative strands. Cellular or virion RNA
was self-annealed to allow endogenous positive
strands to form RNA-RNA duplexes with any
negative strands. The annealed RNA was
treated with RNase at high ionic strength to
digest single strands, including excess viral
positive strands, while preserving duplex RNA.
The surviving duplex RNA was extracted to
remove RNase, denatured, and assayed for
viral negative strands by testing its ability to
hybridize radioactive viral positive-strand
RNA.

Using the protocol outlined above, we de-
tected viral negative strands in nuclear and
cytoplasmic RNAs from cells producing avian
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type C (B77 strain of ASV [B77 ASV]; Fig. 1a)
or mammalian type B (mouse mammary tumor
virus [MMTV], Fig. 1b) RNA tumor viruses. We
also found negative-strand RNA in purified vir-
ions of B77 ASV (Fig. 1a). We measured the
portions of the viral genomes represented in
negative strands by reacting radioactive posi-
tive strands with increasing amounts of duplex
RNAs to approach a plateau of hybridization
(Fig. 1). Negative strands from the nuclei of
infected cells hybridized with about 30% of the
B77 ASV genome (Fig. 1a) and about 45% of the
MMTYV genome (Fig. 1b); negative strands from
cytoplasm hybridized with about 20% of both
the viral genomes (Fig. la, b). The negative
strands in virions of B77 ASV represented
about 15% of the genome (Fig. 1a); we have not
tested virion RNA of MMTYV in this manner.
The labeled ASV RNA used in these studies
was isolated from virus stocks composed mostly
of transformation-defective mutants which
bear a 15% deletion of the wild-type sarcoma
virus genome (17). Therefore, the percentages
given in Table 1 and Fig. 1a apply to the defec-
tive genome; we do not know whether the com-
plement of the deleted sequence is present in
negative strands.

Several low-molecular weight RNAs (tRNA’s
and 5S rRNA), which are present in avian cells
and virions, form complexes with the ASV ge-
nome (9, 26). We have also found that nuclei of
uninfected duck cells contain high-molecular-
weight RNAs which anneal to the ASV genome
(our unpublished data). For several reasons,
these RNAs cannot account for the extensive
annealing of viral genome RNA (assayed by
RNase resistance) which characterizes the neg-
ative strands we have detected in infected cells
and virus particles. (i) Duplexes formed by
viral genome RNA and either the 4S and 5S
RNAS or the high-molecular weight RNAs from
uninfected cells are denatured at relatively low
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TABLE 1. Negative-strand RNA in cells producing ASV*®
% of ASV
[(*PIRNA hybrid-
ized by:
Source of RNA Pretreatment of RNA
Nu- Cyto-
clear plasmic
RNA RNA
Duck cells producing ASV 1. Denatured® 0 0
2. Self-annealed*, RNase?, denatured 30 23
3. Alkali digested* 0 0
4. RNase (low ionic strength)’, denatured 0 0
5. RNase, denatured 28 21
6. Denatured, RNase, denatured 4 3
Unifected duck cells 7. Denatured 0 0
8. Self-annealed, RNase, denatured 0 0
9. Annealed with ASV RNA, RNase, denatured 0¢ 0¢

¢ Nuclear and cytoplasmic RNAs were purified from uninfected duck fibroblasts or from infected duck
fibroblasts producing B77 ASV as described in the legend to Fig. 1. Following the indicated pretreatments,
RNA samples were assayed for viral negative strands by annealing with 0.2 ng of ASV [®P]RNA as
described in the legend to Fig. 1. The samples used in each annealing reaction were derived from 55 ug of
nuclear RNA or 270 ug of cytoplasmic RNA from virus-producing cells. With uninfected cells, 95 ug of
nuclear RNA or 200 ug of cytoplasmic RNA was used for each reaction.

® RNA samples dissolved in water were denatured by heating at 100°C for 4 min and then cooled rapidly in
an ice bath. For the first denaturation in experiment number 6 the RNAs were dissolved in 0.01 M Tris-
hydrochloride, pH 7.4, 1 mM EDTA.

¢ RNAs were incubated at 68°C to a C,¢ = 100 mol of nucleotides x s/liter. At this value of C,t, hybridiza-
tion reactions driven by the endogenous (experiment 2) or exogenous (experiment 9) viral RNA are com-
pleted (E. Stavnezer, unpublished data).

¢ RNA at 0.5 mg/ml in 0.5 M NaCl, 0.01 M Tris-hydrochloride, pH 7.4, and 1 mM EDTA was treated with
pancreatic RNase (100 ng/ml) and T, RNase (10 units/ml) at 37°C for 1 h to digest single-stranded RNA. The
samples were extracted twice with phenol, and residual RNase activity was inactivated by a brief treatment
with 0.05% diethylpyrocarbonate (25). The duplex RNA was ethanol precipitated after adding 50 ug of yeast
RNA carrier per ml.

¢ Samples in 0.3 N NaOH were incubated at 37°C for 16 h, neutralized, and precipitated with ethanol after
adding 50 ug of yeast RNA carrier per ml.

/ Samples were treated as in d except the RNase digestion was performed in 0.01 M Tris-hydrochloride,
pH 7.4, 1 mM EDTA.

¢ These values were obtained after subtracting the hybridization observed in a parallel experiment in
which the same amount of ASV RNA (but not cellular RNA) was subjected to the same pretreatment (15%

hybridization).

temperatures (melting temperature [T,] less
than 60°C in 0.02 M Na* for all but tRNA"?, our
unpublished data; 26). On the other hand, du-
plexes formed by viral genome RNA and nega-
tive strands from infected duck cells melt at
high temperatures (7', = 82°C in 0.015 M Na*;
Fig. 2). The thermal stability of the negative
strand-viral genome duplex is that of a fully
base-paired RNA with a base composition of
about 50% guanine plus cytosine (5). (ii) Nega-
tive strands from virus-producing cells form
RNase-resistant duplexes with the viral ge-
nome. Since we cannot detect negative strands
in uninfected cells using an RNase assay (Table
1, lines 7-9), we assume that complexes of viral
genome RNA and uninfected cell RNAs are
susceptible to RNase digestion at high ionic
strength; this is consistent with the low ther-
mal stability of these complexes. (iii) Viral 70S

RNA, which is a complex of low-molecular-
weight RNAs and the viral genome, does not
have extensive RNase resistance (ca. 4%) nor
does it acquire RNase resistance when self-
annealed (ca. 4 to 7%). In fact, removal of these
low-molecular-weight RNAs from viral 70S
RNA by agarose gel filtration subsequent to
denaturation (26) did not result in the loss of
virion negative strands (data not shown).

Negative strands were destroyed by treating
nuclear, cytoplasmic, and virion RNAs either
with RNase at low ionic strength or with alkali
(Table 1, lines 3 and 4; Fig. 1, legend). Since
these treatments hydrolyze duplex and single-
strand RNA (29) but not DNA, we conclude
that the viral negative strands are RNA and
not contaminating proviral DNA.

Labeled positive-strand RNA hybridized to
about the same extent with duplex RNAs pre-



PERCENTAGE OF [*2P] VIRAL RNA HYBRIDIZED

RELATIVE RATIO OF TOTAL RNA /
[2P] VIRAL RNA

Fic. 1. Hybridization of viral [**PJRNA by com-
plementary RNA. (a) Pekin duck embryo fibroblasts
were grown in culture and infected by the B77 strain
of ASV (subgroup C) as described previously (28).
Fully transformed cells were fractionated into nuclei
and cytoplasm (28). RNA was purified from these
subcellular fractions by a combination of sodium
dodecyl sulfate-Pronase treatment, DNase digestion,
and phenol extraction as described previously (18).
The 60-708 RNA complex was purified from Prague
strain ASV (subgroup C) propagated on chicken fi-
broblasts (21). The RNase-resistant fractions of self-
annealed nuclear (- A-), cytoplasmic (—O-), and
virion (- -0- -) RNAs were prepared as in experi-
ment 2 of Table 1. These duplex RNAs were dena-
tured and annealed with ASV [3*P]JRNA (10*to 2 x
10* M KCl, 1.5 x 10~* M MgCl,, and nuclei were
various ratios of unlabeled to labeled RNA, the ratios
having been calculated from the amount of untreated
RNA which was the source of the duplex RNA used.
A relative ratio of 1 equals a ratio of 4.8 x 10* for
virion RNA, 2 x 105 for nuclear RNA, and 6 x 10
for cytoplasmic RNA. (b) GR mouse mammary tu-
mor cells (22) were grown in the presence of 1075 M
dexamethasone. Cells were disrupted by Dounce ho-
mogenization in 10~* M Tris-hydrochloride, pH 7 4,
10* M KCl, 1.5 x 103 M MgCl, and nuclei were
separated from cytoplasm by centrifugation at 1,500
% g for 15 min. Nuclear and cytoplasmic RNAs were
isolated, self-annealed, and treated with RNase at
high ionic strength as described in the legend to
Table 1. The RNase-resistant fractions of nuclear
(— A—) and cytoplasmic (—®—) RNA were heat
denatured and annealed with MMTV [*?P]RNA (10*
to2 x 10*cpm/ng; R. Friedrich, V.L. Morris, H. M.
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pared without self-annealing and with duplex
RNA from self-annealed samples (Table 1, lines
2 and 5). Moreover, duplexes of viral RNA were
present at the same concentration in self-an-
nealed and unannealed RNAs (data not
shown). The fact that self-annealing did not
appreciably affect the amount of duplex RNA
isolated from nuclear and cytoplasmic fractions
indicates that most or all of the viral negative
strands in ASV-producing cells are contained in
duplex structures.

Duplexes can be formed by single-stranded
RNAs folded back on themselves in “hairpins”;
these structures cannot be permanently dena-
tured with heat because the RNA folds back
again when cooled (24). We tested for negative
strands in hairpins by assaying cellular RNA
which had been boiled, quick cooled, and
treated with RNase at high ionic strength; very
little of the RNA complementary to the genome
of B77 ASV survived this treatment (Table 1,
line 6), and reannealing of less than 5% of the
negative strands during the cooling could ac-
count for the extent of complementarity ob-
served (ca. 4%) (see Fig. 1la). We consider it
unlikely that viral negative strands are in hair-
pin forms, although we cannot exclude the pos-
sibility that hairpins were nicked (and ren-
dered denaturable) either before or during ex-
traction from the infected cells.

The duplex RNAs we isolated after treatment
with RNase at high ionic strength should con-
tain equal amounts of positive and negative
strands. Consequently, the concentration of
viral negative strands in a preparation of du-
plexes can be deduced from the concentration of
viral positive strands. This is convenient be-
cause the concentration of positive strands can

Goodman, J. M. Bishop, and H. E. Varmus, Virol-
ogy, in press) in a series of reactions containing
varying ratios of cellular to labeled virion RNA. A
relative ratio of 1 is equivalent to a ratio of 2.4 x 10%
for nuclear RNA and 12 x 10® for cytoplasmic RNA
(the ratios were calculated from the amount of un-
treated RNA used). Samples were annealed at 68°C
for 18 h in 0.6 M NaCl, 0.04 M Tris-hydrochloride,
pH 7.4, 2 mM EDTA. Annealed samples were di-
luted with 0.5 M NaCl, 0.01 M Tris-hydrochloride,
pH 7.4,1 mM EDTA and divided in half, and one-
half was treated with pancreatic RNase (50 ugiml)
and T, RNase (5 units/ml) for 1 h at 37°C. The un-
treated (total) and RNase-resistant (hybridized)
RNAs were precipitated with 10% trichloroacetic
acid, collected on glass fiber filters, and counted in a
liquid scintillation spectrometer. The RNase resist-
ance of the virion [*?P]JRNAs annealed with yeast
RNA (ca. 5%) was subtracted from the other values.
The negative strands in all of these preparations
were completely destroyed by treatment with alkali
as described in Table 1, experiment 3.
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Fic. 2. The thermal stability of ASV duplex
RNA. Cellular RNA was prepared from duck fibro-
blasts producing B77 ASV as described for subcellu-
lar fractions in the legend to Fig. 1. Duplex RNA,
prepared from 1.75 mg of cellular RNA after self-
annealing, was denatured and annealed with 2 ng of
ASV [*P]JRNA. In a control reaction, 2 ng of
[3P]RNA was incubated with 200 ug of yeast RNA.
Equal portions of the reaction mixtures were diluted
to a final NaCl concentration of 0.015 M, and a pair of
samples (one from each annealing reaction) was in-
cubated for 10 min at each temperature indicated and
then cooled rapidly in an ice bath. The amount of
[**P]RNA that was resistant to RNase treatment after
heating at the various temperatures was determined
as described in the legend to Fig. 1, and the values
from the control reaction (4 to 5%) were subtracted
from the experimental values. The fraction of hybrid-
ized RNA that was denatured at each temperature
was calculated relative to the 25°C sample, which
showed that 29% of the ASV [3*P]RNA (909 of 3,142
cpm) had been hybridized.

be readily measured by molecular hybridiza-
tion using radioactive DNA complementary to
the positive strand (cDNA) (18). By comparing
the rates of hybridization with viral 70S RNA
and cellular RNAs, we found that viral positive
strands comprise 0.3 to 0.5% of nuclear RNA
and 0.1 to 0.3% of cytoplasmic RNA in duck
cells producing B77 ASV (data not shown).
Similarly, by comparing the rates of cDNA hy-
bridization with positive strands in untreated
and RNase-resistant cellular RNAs (Fig. 3), we
have deduced the relative concentrations of pos-
itive and negative strands. Our data indicate
that the concentration of viral positive strands
is about 200-fold greater than the concentration
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of negative strands in nuclear RNA and 500-
fold greater in cytoplasmic RNA (Fig. 3). From
these values we compute that negative strands
comprise less than 0.005% of nuclear RNA and
less than 0.0005% of cytoplasmic RNA. Al-
though we have not made direct measure-
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Fi1c. 3. The relative concentrations of positive and
negative strands of viral RNA in cells producing
ASV. Labeled DNA complementary to the viral ge-
nome ([*H]JcDNA, 2 x 107 cpm per ug) was synthe-
sized with the endogenous DNA polymerase activity
of B77 ASV (22). The [3H]cDNA used in these stud-
ies was preselected as that fraction of cDNA that
hybridized to viral RNA at a cDNA:RNA ratio of
100; hybrids were separated from unhybridized
cDNA by fractionation on hydroxyapatite. The prese-
lected cDNA has a more uniform representation of
the nucleotide sequence of the ASV genome than
unfractionated ¢cDNA (E. Stavnezer, unpublished
data; 15); it is not, however, a perfect representation
of the viral genome, and the extent of its hybridiza-
tion cannot be equated with a percentage of the ge-
nome. Nuclear and cytoplasmic RNAs were prepared
from duck fibroblasts producing ASV, and a portion
of each was used to prepare duplex RNA after self-
annealing (as in Table 1). Samples containing 10 ug
of RNA in either 3 ul of untreated nuclear RNA (A)
or 2 ul of untreated cytoplasmic RNA (@) were an-
nealed with 0.2 ng of [(H]cDNA for various times.
Samples of duplex nuclear RNA (A) and duplex
cytoplasmic RNA (O) were denatured and annealed
with 0.1 ng of [*H]cDNA. Control annealings were
performed with undenatured duplex RNAs (nuclear,
V; cytoplasmic, ®) and with alkali-digested RNAs
(nuclear, ©; cytoplasmic, @). The samples of duplex
RNA used in each annealing reaction correspond to
22.5 or 45 pl (77 or 154 pg) of the untreated nuclear
RNA and 45 Wl (230 pg) of untreated cytoplasmic
RNA. The hybridization of [*H]cDNA was assayed
by fractionation on hydroxyapatite columns at 60°C
and is plotted as a function of the volume of the RNA
sample times the annealing time (Vot). The parame-
ter V¢ permits comparisons of hybridization data
without knowledge of the concentration of RNA in
the tested samples (22). The present data reflect the
relative concentrations of total positive strands and
positive strands contained only in duplexes, since in
all cases Vot is computed from the volume of un-
treated RNA used.
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ments, the concentration of negative strands in
virion RNA must be very low because extensive
self-annealing of viral RNA (C,t = 0.5 mol/s
per liter) did not produce appreciable duplex
structure (ca. 5% resistance to RNase at high
ionic strength).

To validate our quantitative conclusions, we
measured the recovery of double-stranded repli-
cative form of poliovirus RNA (7) using our
procedure for preparation of duplexes from cel-
lular RNA (as described in legend to Table 1).
Recovery of replicative form was 85 and 91% in
two separate trials. We conclude that our meas-
urements of the concentration of viral negative
strands are not seriously distorted by poor re-
coveries of duplex RNA.

Our data demonstrate that virions of B77
ASV and the nuclei and cytoplasm of cells pro-
ducing either B77 ASV or MMTYV contain nega-
tive strands of viral RNA in duplex form. The
negative strands are complementary to a lim-
ited portion of the viral genomes, but the signif-
icance of this observation is uncertain; we have
tested only steady-state populations of RNA,
and the negative strands found there may be
the products of extensive processing. The viral
genome is most extensively represented in the
negative strands found in nuclei (30 to 40%),
and negative strands in the cytoplasm repre-
sent little more of the viral genome (ca. 20%)
than do negative strands in virions (ca. 15%).
These observations suggest, but do not prove,
that viral negative strands are synthesized in
the nucleus, transferred to the cytoplasm, and
incorporated into virions during their matura-
tion. We will not be able to study the genesis
and metabolism of negative-strand RNA until
we have developed a sensitive assay for radiola-
beled RNA complementary to the viral genome.

Viral negative strands are found as single-
stranded RNA in cells infected with DNA tu-
mor viruses (1, 2, 16, 20) and are alleged to be
the product of bidirectional (or symmetrical)
transcription from viral DNA. The negative
strands we have found for RNA tumor viruses
occur in duplexes, an unlikely product of bidi-
rectional transcription. By contrast, duplex
RNA is a hallmark of RNA synthesis by RNA
replicases (8). Although RNA tumor viruses
are not known to induce new replicase in in-
fected cells, normal cells may contain a repli-
case (12, 19) that could transcribe tumor virus
RNA. Irrespective of the mechanism by which
they are synthesized, viral negative strands
could represent intermediates in the genesis of
viral messengers smaller than a subunit of the
viral genome; messengers of this sort probably
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exist in infected cells (13, 23; J. M. Bishop, C-T.
Deng, B. W. J. Mahy, N. Quintrell, E.
Stavnezer, and H. E. Varmus, In D. Baltimore,
A. S. Huang, and C. F. Fox, ed., ICN-UCLA
Symposia on Molecular and Cellular Biology,
vol. 4, in press).
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