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The RNA expression of a series of replication-defective recovered avian sarcoma viruses (rASVs) were
studied. Abnormal-sized viral RNAs, both larger and smaller than the genome, were observed in the
nonproducer cells infected with rASVs containing env and pol deletions. Each nonproducer clone contained a
single provirus integrated at a unique site and expressed a unique RNA pattern. Upon rescuing of the sarcoma
virus with a helper virus and subsequent cloning, the RNA pattern of individual nonproducer clones again
displayed variation according to the integration sites. This was not seen in nondefective rASV or in rASVs
containing only an env deletion. The aberrant RNA expression did not result from the lack of reverse
transcriptase activity per se, since neither nonconditional nor temperature-sensitive mutants of RSV expressed
abnormal viral RNAs in the absence of a functional reverse transcriptase. The abnormal RNA patterns could
not be corrected in trans by helper virus functions. The unusual-sized RNAs in env pol- rASV-infected cells
are not due to splicing to alternative acceptor sites for src mRNA because there are no extra viral sequences
between the 5' leader and the src sequences; instead, they are due to the presence of extra sequences, most likely
of cellular origin, at the 3' ends of the viral RNAs. Based upon the extent of deletions in the viral genomes, the
data suggest that deletion in the 3' pol region of those rASVs results in a cis effect on the transcription and
processing of the 3' ends of viral RNAs. The unusual-sized viral RNAs are most likely due to read-through
transcription from the right-hand terminus of provirus into downstream cellular sequences, followed by
cleavage and polyadenylation at multiple sites of the 3' region of the RNA transcripts. The extent of
read-through transcription appears to depend on the chromosomal location of the provirus.

Gene expression can be controlled at the level of transcrip-
tion, processing, and translation of mRNA (2, 7, 39, 58).
Substantial knowledge regarding the consensus signal se-
quences for initiation, polyadenylation, and splicing of
mRNA has been obtained from studies of molecularly cloned
cellular genes and in particular from studies of viral genes (2,
7, 39, 58). Viral or cellular factor(s) and sequences other
than those consensus signals that are likely to be involved in
the control of transcription and processing of mRNA are
largely unknown. Upon replication and integration of the
retroviral genome, a complete transcriptional unit of pro-
virus is formed as an integral part of the host cellular DNA.
This system provides a model for studying mRNA transcrip-
tion, not only the aspect of control by the viral sequences
but also the effects of and the interaction with cellular
sequences. Evidence for the effect of the neighboring cellu-
lar sequences on the expression of retroviral genomes has
been documented (4, 5). Among other factors that may affect
viral RNA transcription is methylation of the integrated
provirus or its neighboring cellular DNA sequences, or both
(3, 14, 26, 27, 35, 47).
Sequence analyses and in vitro transcription of retroviral

DNAs have identified the presence of common control
signals for transcription and processing of eucaryotic mRNA
in the U3 region of the viral genome; these signals include
the TATA box, CAT box, enhancer sequences, and
AAUAAA sequence (11, 13, 28, 57). Study of the transcrip-
tion of variant Rous sarcoma viral DNAs carrying deletions
in the U3 region confirmed that the TATA box is essential
for the precise initiation of transcription (13). Little is known
about cellular or viral factor(s) that may be involved in the
control of transcription or processing of retroviral RNAs,
although one of the gag proteins, p19, of Rous sarcoma virus

(RSV) has been suggested as playing a role in the regulation
of RSV RNA processing (6, 30).
We recently reported that the recovered avian sarcoma

viruses (rASVs) derived from a partial src deletion mutant of
Schmidt-Ruppin RSV are all replication defective and con-
tain various extents of deletions upstream from the newly
regained src sequence (52). The purpose of this study was to
analyze the RNA expression of those replication-defective
rASVs. It was found that three independent isolates of
rASVs carrying both pol and env deletions, but none of the
rASVs with only an env deletion, displayed unusual patterns
of viral RNAs in infected cells. These abnormal viral RNAs
apparently resulted from read-through transcription from the
provirus into cellular sequences, followed by cleavage and
polyadenylation at multiple sites of the transcripts. These
results suggest that certain pol sequences of RSV are in-
volved in the control of transcription or processing of viral
RNAs, or both.

MATERIALS AND METHODS

Cells and viruses. Chicken embryo fibroblasts (CEF) were
prepared and maintained according to the published methods
(15). Endogenous virus-negative (ev-) (1) CEF that are sus-
ceptible to subgroup E virus infection (C/O type) were ob-
tained from Celeste Simon and William Hayward of the
Sloan-Kettering Cancer Research Institute. The viruses used
in this study included Schmidt-Ruppin RSV, subgroup A
(SR-A); a transformation-defective (td) mutant derived from
it, tdlO9, and the tdlO9-derived recovered sarcoma viruses
listed in Fig. 2 (52); an independent isolate of rASV,
rASV1441 (56), which was derived from another td mutant,
tdlO8, of SR-A; two envelope-negative variants of RSV,
Bryan high-titer (BH) RSV(-) (18) and SR NY8 (29); an
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FIG. 1. Origin ofDNA probes used for hybridization. The linear SR-A DNA is represented by the top horizontal line with one LTR at each

end. The gene boundaries and restriction enzyme sites are shown above and below the line, respectively. The domain and the size in kb of
individual DNA probes are shown below the SR-A genome. Two thickened bars below the 3' gag and the 3' src regions of the SR-A genome
define the DNA fragments used in the RNase H digestion experiments. Abbreviations for restriction enzymes are as follows: B, BamHI; Bg,
BgIl; C, CfoI; E, EcoRI; H, HincII; K, KpnI; P, PstI; Pv, PvuII; X, XhoI.

envelope-negative and polymerase-negative mutant of RSV,
RSVa (17), two temperature-sensitive (ts) polymerase mu-
tants, tsNY21 (44; C. E. Metroka, Ph.D. thesis, The Rock-
efeller University, New York, 1978), and tsLA337 (32); a ts
mutant of group-specific antigen and polymerase tsNY45
(Metroka, Ph.D. thesis); and a subgroup E avian leukosis
virus, RAV-60 (19).

Isolation of NP clones. Except for the original stock of
td109-derived rASVs, all the defective sarcoma virus pseudo-
types used in this study contained the helper virus RAV-1.
Nonproducer (NP) clones of replication-defective ASV-in-
fected CEF were prepared by isolating transformed colonies
grown in semisolid agar medium containing antiserum against
the helper virus according to the published method (21).
Transformed colonies were picked 2 to 3 weeks later from
plates infected with the highest dilution of viruses. After
cells were dispersed from the picked colony by trypsiniza-
tion, they were plated onto a 6-cm dish containing 106
normal CEF seeded 6 to 12 h previously. The cultures were
overlaid with F10 medium containing 0.36% agar the next
day and maintained at 41°C to promote the growth of
transformed cells. Two to three days later the semisolid agar
medium was replaced with F10 liquid medium, and the
culture was shifted to 37°C. The culture of each NP clone
was expanded to 3 to 16 10-cm plates for further biological
and biochemical analyses. Overnight culture fluid was har-
vested at various stages of the culture and assayed by focus
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FIG. 2. Genomic structure of tdlO9 and tdlO9-derived rASVs
(52). The RNA genomes of individual viruses are represented by the
horizontal lines, and the size of each genome is shown at the
right-hand side. The boundaries of the 5' src in tdlO9-derived rASVs
are heterogeneous (52). The remaining env in rASV382 represents
the 5' env sequences, and the remaining pol in rASV3812 represents
the 5' half of the pol gene. A portion of the 3' gag (P12 and P15
regions) is deleted in the rASV374 genome.

formation to check whether the infectious transforming
viruses were released. Those remaining negative for produc-
ing transforming viruses after three to four transfers were
judged as NP clones. If necessary, subculture of an NP clone
was superinfected with a helper virus to rescue the sarcoma
virus, and the rescued sarcoma virus-helper virus pseudo-
type complex was used for subcloning and further isolation
of transformed NP clones.

Preparation of sarcoma virus-infected cell clones from
CEF preinfected with RAV-60 was essentially similar to the
isolation of the NP clones described above, except that CEF
derived from an ev- C/O embryo were used. The ev- cells
were used to reduce the complexity of subsequent provirus
analyses. The ev- CEF were infected with RAV-60 and
transferred three times at 3-day intervals. The complete
infection of cells with RAV-60 was checked by resistance to
superinfection by RSV(chf) (20). These RAV-60-infected
cells were then used for isolation of sarcoma virus-trans-
formed colonies.
The NP clones of RSV(-) were prepared by direct fusion

of RSV(-) virions to CEF by using UV-inactivated Sendai
virus (19) and growing of the virus-fused cells in semisolid
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FIG. 3. Viral RNA patterns in env td1O9-derived rASV-infected

cells. Five to ten micrograms of poly(A)-containing RNAs from

either producer (P) or NP clones of rASV-infected cells was

analyzed by RNA blotting and hybridization with 32P-labeled viral

DNA probes. The numbers represent individual NP clones. The 5'

leader probe was used for the detection of viral RNAs. Analysis of

RNAs from SR-A- or td1O9-infected cells were also included.

32P_labeled 35S RAV-2 viral RNA, and 28S and 18S chicken rRNAs

were used as molecular weight markers and are shown in lane M.
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FIG. 4. Viral RNA patterns in env,- pol- tdlO9-derived rASV-infected cells. The experimental conditions and the designation of the figure
are the same as described in the legend to Fig. 3. The 5' probe was used for the hybridization of all clones. Hybridization with both 5' and
src probes is shown for clones 21 and 27 of rASV3812.32P-labeled lambda HindIlI DNA fragments or RAV-2 and rRNAs were used as markers
(lanes M). Arrows indicate the positions of expected genomic RNAs and src mRNAs of the sarcoma viruses.

agar medium at 41°C as described above. Infection of CEF
with ts2l, ts45, and ts337 was initiated at 37°C. Within 15 h
of infection, cells were dispersed by trypsinization and used
for colony formation in semisolid agar at 41°C as described
above. Subcultures of individual ts virus-derived clones
were prepared and maintained in parallel at either 41 or
370C.

Preparation of DNA probes. Figure 1 depicts the origins of
DNA probes used in this study. They were isolated from the
following plasmid DNAs: pFC3 (obtained from F. Cross
[52]), which contains the 5' EcoRI fragment of SR-A (New
York) DNA; PTT107 (50), which contains the 3' EcoRI
fragment of SR-A (New York) DNA; pSRA2 (8), which
contains the entire SR-A (San Francisco) genome; lambda-
tdlO8 (54), which contains the entire genome of tdlO8, a td

virus derived from SR-A (New York); and pLTR-L6 (ob-
tained from T. Takeya [52]), which contains the PvuII to
EcoRI DNA fragment of SR-B U3 region. In the initial
experiments of this study, the strong-stop cDNA (22) pre-
pared from RAV-2 or SR-A RNA (23) was used as the 5'
probe to detect the spliced subgenomic mRNAs. In the later
experiments, the most 5' DNA fragment shown in Fig. 1 was
used. This DNA probe spans from the EcoRI site within the
U3 region of the left-hand long terminal repeat (LTR) to the
BamHI site in the 5' gag region of SR-A DNA with a length
of ca. 500 nucleotides (8). Under our conditions of RNA
analyses, i.e., the amount of RNA used, conditions for
hybridization, and film exposure, this probe gave specificity
similar to that of strong-stop cDNA probe.
DNA and RNA blotting and hybridization. Analyses of the
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The resulting RNA products were analyzed by gel electro-
phoresis, RNA blotting, and hybridization as described
above.

RESULTS

35S

215 IS
4-1

'4

,-

5 probe src probe

FIG. 5. Viral RNA patterns in RSV(-)-infect4
prepared from individual NP clones of RSV(-)-infi
analyzed by the procedure described in the legend t4
panels show the patterns of hybridization with the 5

right panels show the patterns with the src probe.

genomic DNA of virus-infected cells with i

zymes were according to the method of Sout
detailed conditions for hybridization and wa
filters have been described (45). For analysis (
viral RNAs, total polyadenylate [poly(A)]-cor
were prepared from two to six 10-cm dishes ol
(23, 53). RNA from each sample (5 to 10 ,ug)
ated in 1% agarose gel and transferred to
paper by the method of Thomas (51). The RN
hybridized with various probes according to
described conditions (55). To detect viral
virions produced by the sarcoma virus-infecte
ml of medium was collected from a given N
After cell debris was removed, the virus wa
RNA extraction (53), and poly(A)-containinj
isolated from that crude viral RNA prepara
subjected to analysis as described above fc
viral RNAs.
RNase H digestion of the RNA:DNA hybrids.

10 ,ug of total poly(A)-containing RNAs from
cells was hybridized with 100 ng of a given
fragment (see Fig. 1) in a 10-,ul solution cont
sodium phosphate (pH 6.5), 0.6 M NaCl, '
0.04% sodium dodecyl sulfate, 70% recrysta
ide, and 0.5 mg of yeast RNA per ml. Hyb
performed at 50°C for 15 h. The mixture was ej
RI of appropriate buffer afterwards, and the
were precipitated by ethanol twice to remove f
salts. The RNA and DNA pellets were dissc
and divided into two portions; after the sal
were adjusted to the condition suitable for RI
tion according to the directions of the su
enzyme, 1 unit of E. coli RNase H (Bethe
Laboratories) was added to one portion of ti
hybrids. Both portions were incubated at 37'
They were then extracted with a phenol ar
mixture twice and precipitated by the additi(

RNA patterns in various sarcoma virus-infected CEF. Fig-
£ ure 2 depicts the genomic structure of td109-derived rASVs
*_285 used in this study (52). All of the td109-derived rASVs285

contained env deletions. Three isolates contained more
extensive deletions: rASV3812 deleted the 3' half of pol in
addition to env, rASV398 deleted all of pol and env, and
rASV374 deleted 3' gag in addition to pol and env. It has

*o 18S been shown recently that the src seletion in td1O9 extends
beyond the splicing acceptor site (52), located at 76 nucleo-
tides upstream from the AUG codon for pp6Osrc, for the
synthesis of 21S src mRNA (49, 50). Initially, I was inter-
ested to know the origin and location of the new splicing
acceptor site for the synthesis of the src mRNAs of tdlO9-
derived rASVs. As an approach to this question, I analyzed
the viral RNAs present in rASV-infected cells.

Results (Fig. 3) show that env- rASV-infected NP or
ed cells. RNAs producer cells displayed a normal pattern of genomic RNAs
ected CEF were and spliced src mRNAs. The slightly larger src mRNA seen
oFig. 3. The left in rASV382-infected cells and the slightly smaller one in
i' probe, and the rASV1702-infected cells are expected because their genomic

RNAs contain extra 5' src sequences and a 5' src deletion,
respectively (52). An unexpected 3.5-kilobase (kb) RNA
species was observed in rASV1702 clone 6. This RNA most

restriction en- likely resulted from downstream promotion of the cellular
hern (46). The sequence next to the integration site (see below). Similarly,
shing of DNA the producer cells infected with the three env- pol- rASVs
of intracellular also produced expected viral RNAs, including genomic
itaining RNAs RNAs and spliced src and env mRNAs of the sarcoma and
f infected cells helper viruses (Fig. 4, lanes P). This is true for cells directly
was fraction- infected with the mixture of helper and sarcoma viruses or
nitrocellulose cells derived from a single colony doubly infected with both
IA filters were viruses.
the previously These results show that a new splicing acceptor site
RNAs in the presumably derived from c-src sequences is used for the
d NP cells, 30 processing of src mRNA in tdlO9-derived rASVs. The
P cell culture. relative location of this site from the beginning of src coding
is pelleted for sequence appears to be equivalent to that of RSV genome,
g RNAs were since the size of the src mRNAs of tdlO9-derived rASVs is
tion and then similar to that of SR-A (Fig. 3 and 4). This is consistent with
ir intracellular the result of Si mapping of the splicing acceptor site for 26S

c-src mRNA (48). For rASV157 and rASV1702, however,
A total of 5 to data presented here cannot show whether the newly ob-
virus-infected tained c-src splicing acceptor site or the original env mRNA
specific DNA splicing acceptor site is used for the synthesis of src mRNA,
taining 25 mM since mRNAs resulting from either site would not be re-
5 mM EDTA, solved in the gel under our conditions. The larger src mRNA
Llized formam- seen in rASV382 implies that either the env splicing acceptor
ridization was site or a site upstream from the one located previously on
jected into 100 c-src mRNA is used.
nucleic acids In contrast to the normal RNA patterns seen in the env-
ormamide and rASV-infected cells, the NP clones of the three env- pol-
)lved in water rASVs gave unexpected patterns of viral RNAs (Fig. 4).
It components RNAs larger than the genomic size and in between the
Nase H diges- genomic RNA and normal 21S src mRNA were observed in
ipplier of the most NP clones of these rASVs. Some clones contained no
sda Research normal-sized genomic and subgenomic src RNAs. The over-
he RNA:DNA all pattern and the relative abundance of individual species
'C for 20 min. of mRNA varied from one clone to another. Judging from
id chloroform the intensity ofRNA bands in Northern blots, the amount of
on of ethanol. viral RNAs per microgram of total poly(A)-containing RNAs
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FIG. 6. Viral RNA patterns in RSVa- and ts pol RSV-infected cells. For RSVcx, NP clones were isolated from the RSVcx (RAV-1)
pseudotype, and both pol and pol- clones were obtained. For the analysis of virion RNA, 30 to 50 ml of medium supernatant from NP clones
was harvested. After cell debris was removed, viral particles were pelleted for the extraction and selection of poly(A)-containing RNAs. For
ts pol RSV-derived clones, subcultures of each clone were kept at either the permissive or nonpermissive temperature. The same RNA
patterns were observed for either temperature.

from env- pol- rASV-infected cells, however, was compa-
rable to those from env- rASV or replication-defective
RSV-infected cells (Fig. 3, 4, 5, and 6). This implied that the
efficiency of transcription in those defective rASVs was not
impaired by the deletions. With the exception of an abun-
dant 1.6-kb RNA detected in rASV3812 clone 21, all those
unusual-sized subgenomic RNAs contained src sequence
(also see below) and were spliced because they hybridized to
the 5' probe. Similar to the unexpected 3.5-kb RNA seen in
rASV1702 clone 6 described above (Fig. 3), this 1.6-kb RNA
was most likely generated by downstream promotion of the

cellular sequences, since it hybridized only to the 5' probe
(see below). Most of the NP clones produced noninfectious
viral particles containing only genomic and supergenomic
RNAs (52; data not shown).
To see whether these phenomena with the three env pol-

tdlO9-derived rASVs occur with nondefective RSV and
other defective RSV of independent origins, single colony-
derived cultures of rASV1441 and SR-A and NP clones of
BH RSV(-) and SR NY8 were similarly prepared and
analyzed. Results of such analyses indicated that essentially
only the normal-sized viral RNAs were produced in the
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infected cells (result for RSV(-) is shown in Fig. 5; other
data not shown). Results for RSV(-) and SR NY8 agree
with those of env- tdlO9-derived rASVs. It is concluded that
deletion of env has no effect on the RNA expression.

Since the aberration of viral RNA expression correlated
with the deletion in pol, I then checked whether lack of pol
function was responsible for the abnormality. A noncondi-
tional and three conditional pol mutants were analyzed
similarly. Not surprisingly, some of the NP clones derived
from the RSVct (RAV-1) pseudotype complex were pol+
(Fig. 6). This phenomenon has been described before (16,
44). Both pol+ and pol- NP clones exhibited only the

normal-sized genomic RNA and src mRNA and produced
virions containing essentially only the genomic RNA. Simi-
larly individual clones of ts pol mutant-infected CEF dis-
played the expected viral RNA pattern at either the permis-
sive or nonpermissive temperature. Viral RNAs running
between 28S and 39S RNA markers were detected in clones
7, 12, and 15 of tsNY45. The origin of these RNAs is not
clear, but it may derive from the deletion variants present in
the tsNY45 virus stock. These results demonstrate that lack
ofpol function is not responsible for the abnormality ofRNA
patterns in the three pol- env- rASVs.
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analyze the nature and origin of the unusual mRNAs present
in the three pol- env- rASV-infected cells, DNA probes
representing various regions of the RSV genome (Fig. 1)
were used to hybridize with those mRNAs. Results of
analyses with some representative clones are shown in Fig.
7 and 8. Analysis of viral RNAs present in the env-
rASV1702 clone 6 is included here to show that the unex-
pected 3.5-kb mRNA mentioned above hybridized only to
the 5' probe among all viral probes tested (Fig. 7), most
likely as a result of transcription of the cellular sequences
downstream from the right-hand LTR of the provirus. The
1.6-kb mRNA in rASV3812 clone 21 (Fig. 7) was probably
generated similarly. All the genomic and supergenomic
RNAs hybridized to the viral probes in accordance with the
genomic structure of the respective rASV (Fig. 2). rASV3812
RNAs hybridized with probes 5', 5' gag, 3' gag, 5' pol, src,
and c. Among these probes, rASV398 RNAs could not
hybridize with pol and env probes, and rASV374 RNA could
not hybridize with 3' gag, pol, and env probes. (Fig. 7 and 8;
data not shown.) All the intermediate-sized mRNAs hybrid-
ized with 5', src, and c probes but did not hybridize with
probes derived from regions between the 5' leader and src
sequences. (The 4-kb src containing RNA in rASV3812-21
clone is apparently the c-src mRNA.) These results indicate
that the unexpected intermediate-sized mRNA are not gen-
erated by splicing to alternative acceptor sites upstream
from src. Besides, alternative splicing certainly cannot ac-
count for the generation of supergenomic RNAs.

Location of the extra sequences on the unusual-sized mRNAs.
The above-described results also imply that the extra se-
quences in those unexpected mRNAs were probably derived
from cellular sequences, perhaps as a result of upstream
initiation of transcription from cellular into viral sequences
or downstream polyadenylation of the primary RNA tran-
script. The former would predict the extra sequences to be
located at the 5' end of the mRNAs, and the latter would
predict the location to be at the 3' end of the mRNAs. To
resolve these alternatives, experiments schematically shown
in Fig. 9 were performed. Generation of a uniform 5' RNA
fragment and heterogeneous 3' RNA fragments upon RNase
H digestion would indicate that the location of extra se-
quences in those abnormal-sized viral RNAs is at the 3' ends
of the molecules and vice versa. Figure 10A shows the result
of such analyses with mRNAs from an NP clone of rASV3812,
clone 11, and various rASV398 NP clones. A uniform 2-kb
RNA fragment was detected for each clone after hybridiza-
tion of the RNAs with the 3' gag DNA, followed by RNase
H digestion and probing with either 5' or 5' gag DNA probe.
This 2-kb 5' RNA fragment was indistinguishable in size
from those generated by the control RNAs from SR-A-in-
fected cells and a producer clone of rASV3812, clone 9,
which contained the normal-sized rASV3812 and helper
virus td108 RNAs. The RNAs treated in parallel, except
without the addition of RNase H, displayed the original
RNA pattern with some nonspecific RNA degradation, but
revealed no 2-kb RNA fragment (lanes -). The spliced
subgenomic RNAs of both producer and NP clones of
rASV3812 were not affected by RNase H digestion, since
they could not hybridize with the 3' gag DNA. When the
same RNA blot containing the RNase H-cleaved rASV3812
mRNAs was subsequently hybridized with an src probe to
detect the resulting 3' RNA fragments, a 4-kb RNA fragment
running between the 22S and 28S markers was detected
(concurrently with the disappearance of the 32S [6.3 kb]
rASV3812 genomic RNA) in the control rASV3812 clone 9
RNA preparation; the 21S (3-kb) src mRNA remained unaf-
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FIG. 9. Schematic illustration of the RNase H experiments to
locate the extra sequences in mRNAs. (A) The rASV3812 genomic
and supergenomic RNAs are represented by the horizontal lines.
The open boxes and wavy lines depict the 5' leader and 3' poly(A)
tails, respectively. For the left-hand side of the panel it is assumed
that the extra sequence (designated x) in the supergenomic RNA is
located at the 3' end, presumably by read-through transcription and
altered cleavage site; the right-hand side of the panel predicts the 5'
location of x sequence, presumably by upstream initiation of tran-
scription. When the RNAs are hybridized to a 3' gag 400-base-pair
DNA fragment (represented by thickened bars, also see Fig. 1) and
subsequently digested with RNase H, the normal genomic RNA
should yield a 5' 1.9-kb and a 3' 4.1-kb RNA fragment detectable by
5' and 3' viral probes, respectively. Generation of expected 5' RNA
fragments and unusual-sized 3' RNA fragments longer by x se-
quence would indicate its location to be at the 3' end and vice versa.
(B) When the spliced subgenomic src RNAs are hybridized to a 3'
src 366-base-pair DNA and digested with RNase H similarly, the
normal src mRNA should yield a 5' 1.4-kb fragment and a 3' 0.9-kb
fragment detectable by 5' probe and 3' src probe, respectively.
Again, the sizes of 5' and 3' RNA fragments generated should allow
one to assess the location of the extra sequence. Resulting products
from genomic and supergenomic RNAs after hybridization with the
3' src DNA and RNase H treatment are not depicted here, but the
digestion should produce RNA fragments parallel to those described
in (A), except that the expected 5' fragment should be ca. 5 kb.

fected (clone 9, lane +). Without RNase H digestion, both
the 32S and 21S RNAs were intact (clone 9, lane -). As
expected, neither species of the helper viral RNAs, which
lacked the src sequence, was revealed by the src probe. By
contrast, clone 11 revealed upon hybridization with src
probe three to four RNA species ranging from 4 to 5.5 kb
concurrent with the disappearance of genomic RNA and two
species of supergenomic RNAs after RNase H digestion
(clone 11, lane +). The size of the fastest migrating 3' RNA
fragment from clone 11 corresponded to that of clone 9
control RNAs. The genomic and supergenomic RNAs re-
mained detectable in the control lanes without RNase H,
although the amounts were reduced, apparently due to
nonspecific degradation during the process of treatment.
These results demonstrate that the extra sequences in the
supergenomic RNAs are located at the 3' end, but not at the
5' end, of the RNA molecules.
To locate the extra sequences present in the subgenomic

mRNAs larger than the normal 21S src mRNA, the total
poly(A)-containing RNAs from two rASV3812-derived NP
clones (clones 7 and 11) and a producer clone (clone 9) were
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FIG. 10. Mapping of the extra sequences in viral RNAs by RNase H digestion. Details of the experiments are described in the text. A

producer clone, clone 9, and two NP clones, clones 7 and 11. of rASV3812, as well as four NP clones of rASV398 (398-13 and three

398-7-derived subclones, subclones 10, 11, and 13) were analyzed. Clone 9 contained normal-sized rASV3812 and helper virus td1O8 RNAs,
including genomic and spliced subgenomic RNAs of both viruses. The two rASV3812 NP clones, clones 7 and 11. contained five and six

species of viral RNA, respectively, in the infected cells. Mixtures of SR-A and td SR-A RNAs shown in the first three panels from the left
in (A) served only as molecular weight markers and were not included in the RNase H experiment. The + and - lanes represent pairs of
duplicate samples treated in parallel throughout the experiment, except for the addition or omission of RNase H at the digestion step. The

panels in (A) show the results of the experiment with 3' gaig DNA. and the panels in (B) show the results of using 3' src DNA (See Fig. 1

and 9 for the DNA locations). The rightward-pointing arrows indicate the positions of viral RNA species in each clone before treatment. The
5' and 3' RNA fragments generated by RNase H digestion are indicated by leftward-pointing arrows. The probe used is indicated at the bottom
of each panel. The first three panels from the left in (A) show RNA patterns revealed by sequential hybridization of the same RNA blot with
5'. 5' gag, and src probes. Similarly the panels in (B) show the result of sequential hybridization with 5' and 3' sre probes.

hybridized with the 366-base-pair PstI-BglI src fragment
(Fig. 1) and analyzed as described above. The results
showed that a 5-kb RNA species presumably derived from
the rASV3812 genomic RNA and a 1.4-kb species presuma-
bly derived from the 21S src mRNA were detected by 5'
probe upon RNase H digestion of clone 9 control RNAs
(Fig. 10B). The tdlO8 helper viral RNAs were not affected by
the DNA hybridization and RNase H digestion, although
nonspecific degradation had apparently occurred during the
treatment. Two RNA species of similar size were generated

from viral RNAs of clones 7 and 11. However, a 2- and a

1.8-kb RNA species were also seen in clone 11. I'hese two
RNA species were apparently derived from the subgenomic
RNAs, since supergenomic RNAs gave rise to only a uni-

form 5' RNA fragment (Fig. 1OA). It is possible that the
1.8-kb and 2.0-kb RNAs resulted from splicing of the leader
sequence to the sites upstream from the normal 21S src

mRNA splicing acceptor site. This has never been seen with
other-NP clones (see above). When a 3' src probe was used
for the hybridization, a ca. 1-kb diffuse RNA band was seen
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in clone 9 (indicated by the arrowhead). By contrast, high-
er-molecular-weight RNA bands were detected, in addition
to the 1-kb RNA band in both rASV3812 NP clones. These
results indicate that the extra sequences present in the
unusual-sized subgenomic mRNAs, with the exceptions of
the two subgenomic RNAs of clone 11 mentioned above,
were also present in the 3' end.

Analysis of the proviral DNA structure in NP clones. To see
whether the unusual RNA patterns resulted from abnormal
proviral DNA structure, cellular DNAs from several NP
clones were analyzed. Digestion of the DNAs with PvuI or
EcoRI, which cut within the LTR, generated DNA frag-
ments of expected genomic length from rASV1702, rASV398,
and rASV374 NP clones (Fig. 11). Analyses of the proviral
DNAs with other restriction enzymes, including HinclI,
BgIl, and BglII, detected no abnormality either (data not
shown). Digestion with Sacl, which had no cuts within the
proviral DNA, generated a DNA fragment specific to each
NP clone of rASV, RSVa, and SR NY8 in addition to the
common c-src related fragments (Fig. 12). Relative intensity
of proviral DNA to c-src DNA most likely reflected the ratio
of transformed cells to uninfected feeder cells in the individ-
ual NP clones due to variation of the size of NP colonies and
subsequent propagation. Proviral DNA analyses were also
performed with single-colony-derived clones of SR-A-,
tsNY21-, and tsNY45-infected cells. One to several integra-
tion sites were found in the individual clones (data not
shown). These results show that the proviral DNAs in the
NP clones of those defective rASV-infected cells, as far as
analyzed, appear to be normal and that each NP clone
contains a single proviral integrated at a unique site. Normal
provirus structure was confirmed by the observation that
infectious sarcoma viruses can be rescued by superinfection
with a helper virus to essentially all the NP clones, each
containing a single provirus. Furthermore, the rescued vi-
ruses produced normal-sized RNAs in the subsequent pro-
ducer clones, but produced either normal or more frequently
abnormal RNAs in NP clones, regardless of whether the
RNA pattern of the parental clone was normal or not (see
below). This argues strongly against the possibility that the
abnormal RNA patterns resulted from aberrant proviral
DNA structure.
As shown above, the viral RNA pattern of the three env-

pol- rASVs is specific to each NP clone, which is shown
here to contain a single provirus at a unique site. Therefore,
it can be concluded that the RNA pattern of those env pol-
rASVs is a function of the integration site. This is not so in
the rest of the ASVs analyzed and described above, includ-
ing RSV(-), SR NY8, and RSVo.. However, RSVa has been
shown to contain no detectable pol deletion (31).

Effect of subcloning and helper virus infection on the RNA
patterns of env- pol- rASVs. It could be argued that variation
of the viral RNA patterns among NP clones might not be due
to the effect of integration sites, but rather due to the
presence of variant viruses in the stocks of the three env-
pol- rASVs. To investigate this possibility, a given NP clone
was superinfected with the helper virus RAV-1, and the
rescued rASV (RAV-1) pseudotype was subjected to further
biological cloning for isolation of NP clones and analysis of
viral RNAs. The result with rASV398 is shown in Fig. 13. It
can be seen that upon each of the three cycles of subcloning,
the viral RNAs of each progeny NP clone varied from one to
another and was distinct from the parental clone. A similar
result was also obtained with rASV3812 (data not shown).
These results confirmed the conclusion of the effect of the
integration site on the viral RNA pattern.

1702-6
rep src

kb
I

23.-

23-

4 3- -

- 398 r374 -1--

6 7 23 10 28-7
rep src rep src src SrC src

4

2.2-

FIG. 11. Analyses of proviral DNAs in rASV1702-, rASV398-,
and rASV374-infected NP clones. Ten micrograms of high-molecu-
lar-weight DNAs of NP cells was digested with PvuI (except that
EcoRI was used for 374-10) and analyzed according to the method of
Southern with the probe indicated on top of each lane. The rep
probe resulted from nick translation of the entire pSR2 insert (8) and
therefore represents the entire SR-A genome. The arrows indicate
the expected proviral DNA fragments.

As mentioned above, normal-sized RNAs were the prom-
inent RNA species in either the CEF culture massively
infected with a mixture of the defective rASV and the helper
virus or the NP cells superinfected with a helper virus and
further passaged (Fig. 4 and 13). These results could be
taken to suggest that aberration of the RNA expression in
those rASVs could be corrected by certain trans-acting
factor(s) provided by the helper virus. To further examine
the nature of the effect of a helper virus, an experiment was
designed to allow study of the viral RNA patterns of
individual rASV-infected cell clones in the presence of the
helper viral function, but without reinfection of the rASV
(helper virus) pseudotype. This was done by cloning the
rASVs on C/O CEF preinfected with subgroup E virus,
RAV-60, and subsequent plating of the individual trans-
formed colonies on C/E CEF (see above). Results of such
experiments showed that the RNA patterns remained abnor-
mal in the presence of helper viral functions when there was
no virus spreading (Fig. 14). Therefore the normal RNA
patterns seen in the helper virus-superinfected and passaged
NP clones appeared to be due to infection and spreading of
the rescued rASV on the feeder CEF and the original NP
cells. Virus spreading inevitably would randomize the orig-
inal integration site in the NP clone. The specific RNA
species resulting from individual integration sites would add
up only to a smearing background, on top of which would be
the normal-sized RNAs which were common among dif-
ferent integration sites. Indeed, this was seen in the helper
virus-superinfected NP clones (Fig. 13) and in the cells
massively infected by rASV and helper virus (Fig. 4; data
not shown). It is concluded that the aberration of RNA
expression in those env- pol- rASVs is due to a cis effect
and cannot be complemented directly by the helper viral
functions.
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FIG. 12. Analyses of proviral DNAs in various rASV- and defective RSV-infected NP cells. Conditions were similar to those described
in the legend to Fig. 11, except that restriction enzyme Sacl was used for the digestion. The open arrowheads indicate the normal chicken
cellular src-related DNA fragments; the solid arrowheads indicate the provirus-containing DNA fragments in the individual NP clones.

DISCUSSION

New src mRNA splice acceptor site in rASVs. The results
presented above indicate that a new splicing acceptor site for
src mRNA, along with the deleted src sequences, have been
reinstated into the tdlO9 genome after recombination with
c-src sequences. In most of the tdlO9-derived rASVs ana-
lyzed here it is not clear whether the normal c-src 26S
mRNA splicing acceptor site or a new site is used for the
synthesis of src mRNA. In the case of env- rASVs, the env
splicing acceptor site may be functional even if a new site is
not regenerated for the src mRNA. This is not the case for
the three env- pol- rASVs, for which a new src mRNA
splicing acceptor site must have been reinstituted, since the
env and at least the 3' half of pol containing the env mRNA
splicing acceptor site were deleted in their genomes. Most
likely a site other than the regular c-src mRNA splicing
acceptor site is used in rASV382, since its src mRNA is ca.
300 nucleotides larger than the normal 21S src mRNA.
Preliminary sequence analysis of rASV3812 also indicated
that the sequences containing the 26S c-src mRNA splicing
acceptor site was not incorporated into the rASV3812 ge-
nome (unpublished data).

Deletion in pol correlates with aberrant RNA expression.
The appearance of the supergenomic RNAs and unexpected
subgenomic src mRNAs in the three replication-defective
rASV-infected cells appears to correlate with the deletion of
the 3' portion of pol. This is inferred since neither the env-
rASVs derived from the same parental virus tdlO9 nor the
env RSV, RSV(-), and SR NY8 are abnormal in the

mRNA expression. Some of the td109derived rASVs con-
tain additional sequences upstream from the coding region of
src, and these sequences are presumably derived from the
c-src (52). However, the presence of these sequences has no
correlation with the aberrant RNA patterns, since rASVs
containing various lengths of those upstream sequences
displayed either normal (rASV382) or abnormal (rASV3812
and rASV374) RNA patterns; furthermore, rASV398 does
not contain those sequences and displayed an abnormal
RNA pattern. Moreover, our preliminary experiment with
one of the env- pol- rASVs showed that the RNA expres-
sion was normal when the 3' pol sequence was inserted back
into the viral genome (unpublished data). The defectiveness
in the RNA expression is not due to the lack of pol function
and cannot be complemented in trans by helper virus
functions. Unusual-sized viral RNAs were observed previ-
ously in mutaginized Prague RSV-infected NP quail cells
(33, 34) and in acute leukemia virus OK10-infected chicken
bone marrow cells (42). Most of the abnormal-sized RNAs
seen in Prague RSV quail cells could be accounted for by the
deletions present in the proviruses; however, some of those
mRNAs were larger than the genomic length. The possibility
of the presence of cellular sequences in those supergenomic
RNAs was raised; however, the basis for the generation of
those RNAs was not explored in those studies.

Origin of the abnormal-sized viral RNAs and hypothesis for
3' end processing of ASV RNA. Both the supergenomic
RNAs and the unusual-sized subgenomic src RNAs in the
three env- pol- rASV-infected cells contain extra sequences
at the 3' ends of the viral RNAs. These extra sequences most
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FIG. 13. Subcloning of the env- pol- rASVs. rASV398 NP clone 7 was rescued with RAV-1 and further cloned in three subsequent cycles.
RNAs were isolated from individual NP clones of each cycle of subcloning for analysis. Helper virus RAV-1 was added to parallel cultures
of certain NP clones to rescue the defective sarcoma virus for subsequent cloning. After four to five transfers of helper virus-superinfected
cultures, RNAs were also isolated for analysis. For NP clones, RNA patterns detected with the 5' probe are shown; for helper
virus-superinfected cultures, patterns resulting from hybridization with either 5' or src probes are shown.

likely were derived from the cellular sequences by read-
through transcription of the proviral DNA. The extent of
read-through sequences is a function of the chromosomal
location of the provirus. This could then explain the varia-
tion of mRNA patterns among the NP clones. I propose that
the aberration is due to cleavage and polyadenylation at
multiple sites of the 3' region of the primary viral RNA
transcript in those defective sarcoma virus-infected cells. In
general, transcription of viral and eucaryotic genes has been

shown to pass beyond the polyadenylation site (9, 10, 25,
40). Cleavage of the primary RNA transcript, followed by
polyadenylation, occurs specifically within 10 to 20 nucleo-
tides downstream from the AAUAAA sequence universally
present near the 3' end of viral and eucaryotic mRNAs (2, 7,
39, 58). Unless the transcription of retroviral DNA repre-
sents an exception, it can be assumed that transcription of
wild-type RSV provirus also continues beyond the polyad-
enylation site. Indeed, it was shown recently that certain
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FIG. 14. Effect of helper virus function on the viral RNA pat-
terns of rASV374- and rASV398-infected cells. Details of the
experiment are described in the text. Numbers represent individual
single transformed colony-derived culture of either rASV398- or
rASV374-infected ev- CEF which had been preinfected with
RAV-60. The RNA patterns revealed by either the 5' probe or the
src probe are shown for rASV398 and rASV374 clones, respectively.

that the 3' pol region is required for the specific cleavage of
the RSV mRNA via formation of a unique secondary RNA
structure recognized by the nuclease. Deletion of the 3' pol
sequence would then result in the loss of the specificity of
the 3' cleavage and allow some of the read-through cellular
sequences to remain on the mature mRNAs. The length of
cellular sequences remaining linked to the viral RNA would
depend on the relative strength of the normal and additional
cleavage sites in viral and read-through sequences. There-
fore, the pattern of viral RNAs in those defective rASVs
varied according to the integration sites of provirus. It can
be predicted from the above consideration that the primary
RNA transcripts of RSV provirus should contain various
extents of downstream cellular sequences. However, this
may not be easily detected, since cleavage and polyadenyla-
tion may precede the termination of transcription (39).
The read-through transcription observed here is distinct

from that of promoter insertion observed in the process of
leukemogenesis by avian leukosis viruses (24). The latter is
a result of the insertion of provirus next to the c-myc gene,
and the provirus invariably has deleted most of the se-
quences upstream from the 3' LTR, thereby leaving only a
functional 3' LTR that promotes the downstream transcrip-
tion (12, 37, 38, 41). By contrast, the read-through transcrip-
tion observed here apparently resulted from transcription of
an intact provirus. The downstream cellular sequences re-
mained linked to the viral RNAs, presumably only because
of the aberration in the 3' cleavage of primary RNA tran-
scripts in those env- pol- rASV-infected cells.

RSV-, td RSV-, and RAV-60-infected CEF contained a small
fraction (up to 10%) of read-through transcripts among the
steady-state viral RNAs (S. A. Herman, and J. M. Coffin,
personal communication). Subsequent cleavage and polyad-
enylation nevertheless occurs specifically at a fixed distance
from the AAUAAA signal sequence to give rise to uniform
RNA species. Specificity of the 3' cleavage site in those
three env- pol- rASV RNAs appears to be relaxed and is
apparently due to the deletion in pol. It is not clear what
sequences and factors confer the specificity of the cleavage.
Recently, McDevitt et al. (36) identified a 35-nucleotide
sequence immediate downstream from the polyadenylation
site of the adenovirus E2A gene to be involved in the
processing of the 3' end of E2A mRNA. A downstream
deletion extending 15 nucleotides into the 35-nucleotide
sequence abolished the ability to produce a functional E2A
mRNA.

Preliminary sequence analysis of the LTR region of
rASV3812 (unpublished data) revealed only three base
changes, in comparison to SR-A (New York) RSV (a TT to
AA change and a guanine to adenine change at positions 74
and 173, respectively, from the beginning of U3) (50).
However, the published sequences of both SR-A (San Fran-
cisco) (48) and PR-C (43) RSV are identical to those of
rASV3812 at the corresponding positions described above.
Therefore, it is unlikely that these base changes in the U3
region are responsible for the observed aberrant RNA pat-
terns. All the canonical signal sequences for transcription
and processing of mRNA were present in the LTR region of
rASV3812. Moreover, as mentioned above, insertion of the
3' pol sequence back into the genome of rASV3812 cor-
rected the abnormality of the RNA pattern. This also argues
against the involvement of LTR in the aberrant RNA proc-
essing observed here. Sequence analysis of the rASV3812
LTR further confirms the correlation of the 3' pol deletion in
those rASVs and the abnormal RNA patterns. It is likely
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