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Retroviruses, pararetroviruses, and related retrotransposons generate terminally redundant RNAs by
transcription of a template flanked by long terminal repeats in which initiation occurs within the 5' long
terminal repeat sequences and 3'-end processing occurs within the 3' long terminal repeat sequences.
Processing of avian sarcoma virus RNA is relatively inefficient; approximately 15% of the viral RNA
transcripts are read-through products; i.e., they are not processed at the viral poly(A) addition site but at sites
in the cellular sequence further downstream. In this report, we show that the efficiency of processing at the viral
site is further reduced by deletion of two distant upstream sequences: (i) a 606-nucleotide sequence in the gag
gene containing a cis-acting negative regulator of splicing and (ii) a 136-nucleotide sequence spanning the env

3' splice site. The deletion of either or both upstream regions increases the levels of read-through products of
both unspliced and spliced viral RNA. In contrast, deletion of the src 3' splice site does not affect the efficiency
of processing at the viral poly(A) addition site. The effects on 3'-end processing are not correlated either with
distance from the promoter to the poly(A) addition site or with the overall level of viral RNA splicing.
Substitution of the avian sarcoma virus poly(A) signal with the simian virus 40 early or late poly(A) signal
relieves the requirement for the distant upstream sequences. We propose that cellular factors, which may

correspond to splicing factors, bound to the upstream viral sequences may interact with factors bound at the
avian sarcoma virus poly(A) signal to stabilize the polyadenylation-cleavage complex and allow for more

efficient 3'-end processing.

Primary RNA transcripts of viral and cellular eukaryotic
genes are subject to a number of posttranscriptional proc-
essing steps, including capping, methylation, splicing, 3'
cleavage, and polyadenylation. The processing at the 3'
terminus occurs by endonucleolytic cleavage followed by
the addition of approximately 200 adenylic acid residues
(63). Several cis-acting elements have been shown by muta-
tional analysis in vivo to be essential for these steps to occur.

These elements include the hexanucleotide AAUAAA lo-
cated 10 to 20 nucleotides (nt) 5' of the poly(A) addition site
(17, 35, 40, 62) and a less conserved GU- or U-rich element
3' of the poly(A) addition site (5, 14, 18, 33, 44, 49, 64). In
several specialized cases, signals upstream of the hexanu-
cleotide element that may be important in regulation of
polyadenylation-cleavage efficiency have been reported (9,
10, 12, 15, 16, 42, 43, 46, 57). In addition, in transcription
units in which multiple polyadenylation signals are present,
alternative splicing may promote the use of one poly(A) site,
with the exclusion of the other (1, 8, 20, 31, 38, 64).
Many retroviruses, pararetroviruses, and retrotrans-

posons also demonstrate a type of regulated polyadenyla-
tion. Proviral DNA genomes are flanked by long terminal
repeats (LTRs), each of which contains the signals for
initiation of transcription and 3'-end processing. In most
retroviruses, transcription results in a terminally redundant
RNA that contains two poly(A) signals. One of these signals
arises from sequences in the 5' LTR, and the other signal
arises from identical sequences in the 3' LTR. However,
only the downstream signal is used as a processing site.
Pararetroviruses and retrotransposons synthesize primary

* Corresponding author.

transcripts with a similar arrangement of two poly(A) signals
(6, 39). Several mechanisms have been proposed to account
for the selective use of the downstream signal. These mech-
anisms have been shown to include, first, the presence of
additional signals upstream of the hexanucleotide element in
the unique viral sequences which are necessary for 3'-end
processing (9, 16, 42, 43, 46, 57) and, second, promoter
occlusion in which the efficiency of 3'-end formation is
determined by the distance from the promoter to the poly(A)
addition site (25, 47, 60).
Avian sarcoma and leukosis viruses (ASV and ALV,

respectively) have evolved an LTR arrangement that avoids
this general problem by positioning the 5' start site for
transcription between the upstream AAUAAA and the
downstream GU-rich element. Therefore, in the terminally
redundant primary transcript, there is only one functional
poly(A) signal, which arises from sequences in the 3' LTR.
However, in infected cells, a high level of viral transcripts
that are processed in cellular sequences downstream of the
viral 3' LTR poly(A) site are present (21). This somewhat-
less-efficient level of 3'-end processing relative to other viral
polyadenylation-cleavage efficiencies (7, 10, 32) has implica-
tions for the biology of ALV. Some cellular oncogenes (e.g.,
myb and erbB) are activated by adjacent upstream ALV
proviral integration followed by read-through transcription
into the cellular sequences (26, 41). One model suggests that
some cellular oncogenes may have been transduced by
packaging such hybrid read-through transcripts into ALV
virions followed by recombination with wild-type viral
RNAs during a subsequent round of reverse transcription
(22, 56).

In an effort to understand the basis for the relatively
inefficient ASV and ALV 3'-end processing, we have devel-
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oped a transfection assay that measures the level of read-
through transcription in cells transfected with wild-type and
mutant proviral DNA. We have found two regions in the
unique viral sequences and distant from the viral poly(A)
addition site that positively affect 3-end processing. Both of
these regions contain cis signals affecting viral RNA splicing.
Our results suggest, however, that the efficiency of 3-end
processing at the viral poly(A) site is not coupled to the act
of splicing itself. We propose that the presence of the
upstream cis signals affecting splicing in the full-length
transcript may facilitate 3'-end processing at the viral
poly(A) site.

MATERIALS AND METHODS

Plasmids. The clones used in this study are diagrammed in
Fig. 2. pJD100, an infectious nonpermuted clone of a Prague
A strain of ASV cloned at the HindlIl site of pBR322, was
obtained as a gift from J. Thomas Parsons, Department of
Microbiology, University of Virginia, Charlottesville.
pUC18.Bgl.SVA contains a trimer of a 237-nt fragment
containing the simian virus 40 (SV40) early and late gene
poly(A) signals contained in pUC18 and was obtained as a
gift from Ian Maxwell, University of Colorado Health Sci-
ence Center, Denver. Plasmids pAl 3'CAT, pA9, pA5-14
3'CAT, pJS2CAT (52), pz\5-25 3'CAT, p5'XH1 (54), and
pMPM7 and pMPM13 (4) have been described previously.
The clone pSLB-Sac(-23) (4), previously reported to con-
tain a deletion of 23 bases from nt 6870 to 6892 was
reanalyzed and found to contain a deletion of 22 bases from
nt 6871 to 6892. Deletion and inversion mutants were created
by standard recombinant DNA techniques (45). pJTM14 was
created by cloning the entire provirus derived from pJD100
into a pUC18-based vector (pSVEUCAT) containing the cat
gene and the SV40 early poly(A) signal. pSVEUCAT was
obtained from L. Turek, Department of Pathology, Univer-
sity of Iowa. pJTM19 was constructed by ligation of a BglII
fragment (nt 4236 to 7736) into pAll 3'CAT. pJTM28 and
pJTM29 were constructed by partial digestion of pJTM14
with NheI and complete digestion with KpnI. The ends were
blunt ended with T4 DNA polymerase and ligated. pJTM21
was created by digestion of pJTM14 with Sacll. pJTM50 was
constructed by ligation of the SacII fragment (nt 543 to 1806)
back into the wild-type pJTM14 in the reverse orientation.
pJTM54 was created by ligation of a SacII fragment (nt 543
to 1806) from pA9 into pJTM21. pJTM46 was constructed by
ligation of a KpnI-MluI fragment (nt 4995 to 7901) from
pSLB-Sac(-23) into the wild-type pJTM14. pJTM6 was
created by ligation of a ClaI linker into pAll 3'CAT partially
digested to a linear fragment with EcoRI at nt 9238. pJTM52
was constructed by ligation of a Sacl-HindIll fragment (nt
6865 to 9393) from pJTM6 into pSPT18. pJTM53 was con-
structed by ligation of a HindIII-SmaI fragment (289 nt) from
pUC18.Bgl.SVA into pJTM52 cleaved with Hindlll and
ClaI. This linear fragment was blunt ended with T4 DNA
polymerase and ligated. pJTM56 was constructed by partial
digestion of pJTM53 with BglII and complete digestion with
BamHI, followed by religation of both fragments created by
the digestion. pJTM58 was created by ligation of an MluI-
HindlIl fragment from pJTM56 into pA5-25 3'CAT. pJTM60
was constructed by ligation of an MluI-SacI fragment from
pJTM14 into pJTM58. pJTM62 was created by cleavage of
pJTM60 with SacII followed by religation of both fragments,
created by the digestion, and by selection for insertion of the
inverted fragment.

Cell culture and DNA transfections. Secondary chicken

embryo fibroblasts (CEF) isolated from embryonated eggs
that were negative for both group-specific antigen and chick-
en-helper factor (SPAFAS, Inc., Norwich, Conn.) were
cultured in SGM (Medium 199 [Bethesda Research Labora-
tories, Inc., Gaithersburg, Md.] supplemented with 10%
(vol/vol) tryptose phosphate broth and 5% (vol/vol) calf
serum]. CEF were transfected by using a DEAE-dextran
procedure described previously (50). Purified plasmid DNA
(40 FLg) in 13 ml of serum-free SGM adjusted to a final
concentration of 50 mM Tris (pH 7.4) was used to transfect
CEF on subconfluent 150-mm plates at a concentration of
200 1Lg of DEAE-dextran per ml. After 25 min at room
temperature, 4 ml of the transfection mix was removed, and
21 ml of serum-free SGM was added. The plates were
incubated for 3 h at 37°C and then refed with 25 ml of SGM.
The medium was replaced 20 to 24 h later with 25 ml of fresh
SGM. RNA stability was determined by the addition of 10 ml
of SGM containing 1 Fg of dactinomycin per ml to confluent
CEF on 100-mm plates 48 h after transfection. Whole-cell
RNA was harvested (see below) at 0, 3, 6, 9, and 12 h after
addition of the drug and analyzed by the RNase protection
assay.
RNA isolation and analysis. Whole-cell RNA at 48 h after

transfection was isolated by the guanidine hydrochloride
method essentially as described by Strohman et al. (55). The
poly(A)+ RNA fraction was isolated by binding 50 to 100 kug
of whole-cell RNA to an oligo(dT)-cellulose column (approx-
imately 0.1 g) in the presence of 0.5 M NaCl and 0.05%
sodium dodecyl sulfate (SDS). After a high salt (0.5 M NaCl)
wash, the bound poly(A)+ fraction was eluted in the pres-
ence of 0.05% SDS. This fraction was then reapplied to the
column in the presence of high salt, washed, and reeluted as
described above. Northern blot analysis of 10 to 20 kg of
whole-cell RNA was performed according to the method of
Sambrook et al. (45) and probed with an SP6 riboprobe (34).
The RNase protection assay was carried out essentially as
described previously (54), except that the hybridizations
were performed at 57°C for 14 h under conditions of greater
than 10-fold molar excess of riboprobe, determined empiri-
cally by hybridization of 10 kug of whole-cell RNA with
increasing amounts of probe. The RNase digestions were
done at 30°C for 1 h with 25 kg of RNase A per ml and 6,000
U of RNase T1 per ml. The protected fragments were
denatured by being heated at 85°C for 10 min and separated
on a denaturing 7 M urea-5% polyacrylamide gel at 500 V for
4 to 5 h. Densitometric analysis was performed as described
previously (4). Statistical analyses were obtained by using
STAT PAC, Apple Ile software.

Materials. [(x- 2P]UTP (800 Ci/mmol) was purchased from
Amersham Corp., Arlington Heights, Ill. Restriction en-
zymes, T4 DNA polymerase, T4 DNA ligase, proteinase K,
and plasmid pSPT18 were purchased from Boehringer
Mannheim Biochemicals, Indianapolis, Ind. RNase T1 and
the 1-kb ladder were obtained from Bethesda Research
Laboratories. Dactinomycin and RNase A were obtained
from Sigma, St. Louis, Mo. SP6 polymerase was obtained
from Promega Biotec Co., Madison, Wis. Oligo(dT)-cellu-
lose was purchased from Collaborative Research, Inc.,
Waltham, Mass. The Clal linker was obtained from New
England Biolabs, Beverly, Mass.

RESULTS

Analysis of ASV 3'-end processing in transfected CEF. To
define which elements affected 3'-end processing in ASV, we
used a transient transfection assay to compare the level of
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transcripts processed at the polyadenylation [poly(A)] sitc in
the 3' LTR with those resulting from read-through transcrip-
tion. To provide a defined 3' processing site and to confer
stability to the transcripts not processed at the correct site,
all constructs contained the bacterial chloramphenicol ace-
tyltransferase (cat) gene followed by the SV40 early poly(A)
signal cloned downstream of the provirus (Fig. IA). CEF
were transfected with genomic cloncs of ASV containing the
above sequences. Forty-eight hours after transfection,
whole-cell RNA was harvested and assayed by an RNase
protection assay with an antisense riboprobe transcribed
from the linearized DNA template p5'HX1 (Fig. IA) under
conditions of probe excess (see Materials and Methods).
This probe protects LTR sequences present at the 3' ends of
the messages, producing fragments corresponding to tran-
scripts that are processed at the ASV poly(A) sitc (256 nt),
and read-through transcripts (336 nt). The probe is also

1 2 , 4 5; b 7 1] t9 1I

FIG. 1. RNase protection assays of wild-type and mutant RNA
samples. (A) Map of riboprobe template and resulting protected
fragments. The sizes of the expected fragments are indicated below
the RNA species. Nucleotides were numbered according to the ASV
Prague C sequence (48). (B and C) RNase protection assays showing
the expected protected RNAs. Markers correspond to y-32P end-
labelled DNA fragments of the 1-kb ladder (Bethesda Research
Laboratories). The probe (P), unspliced (US), and spliced (S)
hybrids are indicated, as well as the truncated unspliced band that
results when constructs with deletions or inversions originating at nt
543 (Sacll) are assayed (US A). The bands corresponding to
read-through RNA species (RT) and those processed at the viral 3'
LTR poly(A) site (3') are also indicated.

complcmentary to sequenccs spanninig the 5' LTR, the splice
donor sitc, and a portion of the gag gcnc cxtending to the
XhoI sitc at nt 630. Thcrefore, the amounts of both unspliced
(630 nt) and spliced (398 nt) transcripts can also be dctcr-
mined by the assay.
The amount of rcad-through RNA measured after trans-

fection with the wild-type gcnomiiic clone, pJTM14, was
similar to the results obtained by Herman and Coffin (21) for
ALV-infected turkey embryo fibroblasts; approximately
15% of the viral RNA transcripts wcrc not processed at the
3' LTR poly(A) site (Fig. 1B, lane 3; Fig. 2). The level of
viral read-through transcripts in the poly(A)+ RNA was
identical to that obtained for the whole-ccll RNA (data not
shown). Thus, the efficiency of 3'-end processing by the
transient transfectionl assay correlated well with the effi-
ciency of 3'-end formation in transcripts arising from inte-
grated proviruses. This result also indicated that the down-
stream cat and SV40 sequences did not influence the
efficiency of 3'-end processing in ASV.
Two distant upstream regions facilitate the efficiency ofASV

3'-end processing. Previous studies of regulation of RNA
splicing in ASV indicated that two clones, pA5-14 3'CAT and
pA5-25 3'CAT, deleted in a portion of gag and in all of pol,
demonstrated increased levels of read-through transcription
as well as increased levels of splicing (54). In addition,
pA5-25 3'CAT was deficient in a substantial portion of env.
Read-through transcription in these clones was elevated
approximately 3- to 5-fold compared with that of the wild
type (Fig. IB, lanes 8 and 9, and summarized in Fig. 2).
These data suggested that there might be distant upstream
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FIG. 2. Schematic representation of wild-type and mutant constructs and their corresponding levels of read-through RNA. Deletions are
indicated by gaps in the solid line, with start and end points marked by the numbers of the respective nucleotides (numbered as described in
the legend to Fig. 1). Thick arrow, inverted SacII fragment in pJTM50; hatched box, SV40 early gene poly(A) signal. Note that pJS2CAT is
a cDNA clone possessing an exact deletion of the src intron. Percentages of read-through (RT) and correctly processed RNA [3'LTR p(A)]
were determined by densitometric analysis of bands resulting from the RNase protection assay (see Fig. 1B and C) and were adjusted to
account for the molar ratio of uridine residues present as described previously (4). The standard deviation (SD) for each sample pair is
indicated in brackets.

cis-acting sequences in the viral genome which influenced
the site of 3'-end formation of ASV RNA.

In order to define more precisely the region(s) responsible
for wild-type levels of 3'-end formation, mutants with
smaller deletions in gag and/or pol were analyzed by the
RNase protection assay. Mutants pJTM19 (A = nt 1630 to
4236), pJTM29 (A = nt 3054 to 4995) and pJTM54 (A = nt
1149 to 1630) exhibited no significant differences (P > 0.4) in
the amounts of read-through transcription compared with
that of the wild type (Fig. iB, lanes 4 and 6; Fig. 1C, lane 4;
Fig. 2). Taken together, these data indicate that sequences
contained within nt 1149 to 4995 do not contain cis-acting
sequences that affect wild-type levels of 3' processing. To
confirm this conclusion, a mutant (pJTM79) in which the
entire region from nt 1149 to 4995 was deleted produced
levels of read-through RNA that were not elevated and were
comparable to those of the wild type (Fig. 2).

Mutations in two regions of the viral genome were asso-
ciated with significantly increased levels of read-through
RNA. Either deletion (pJTM21) or inversion (pJTM50) of a
1263-nt SaclI fragment from nt 543 to 1806 resulted in levels
of read-through RNA which were threefold higher than that
of the wild type (Fig. 1B, lane 7; Fig. 1C, lane 5; Fig. 2). As
previously shown (2, 54), these mutations also resulted in an
increased level of viral RNA splicing. The ratio of spliced
RNA to unspliced RNA with the inversion mutant is larger

than the ratio obtained with the deletion mutant (compare
Fig. 1B, lane 7, and C, lane 5). This result was expected
because the inversion creates a premature stop codon in the
gag gene, which has been shown to selectively destabilize
the unspliced RNA (2). These results, together with the data
given above, suggest the presence of an orientation-depen-
dent element affecting 3' processing contained in the se-
quences from nt 630 to 1149 (region I). The distance from the
promoter in the 5' LTR to the viral poly(A) site in the
inversion mutant was unchanged; this finding suggested that
the elevated levels of read-through RNA obtained with the
deleted constructs were not due to the reduced distance from
the cap site to the poly(A) site in the 3' LTR.
The region downstream of nt 4995 was also studied. The

genomic clone pJTM28 contained a 136-nt deletion from nt
4995 to 5131 and demonstrated increased levels of read-
through RNA similar to those of the region I mutants (Fig.
1C, lane 6; Fig. 2). As shown previously, this mutation
resulted in wild-type levels of splicing; however, all of the
splicing occurred at the src 3' splice site (3' ss) (4). Again,
the fact that the distance from the cap site to the poly(A) site
in pJTM28 was greater than that of several other constructs
(pJTM54, pJTM19, and pJTM29) demonstrating wild-type
levels of read-through products indicated that a reduction in
this distance was not correlated with increased levels of
read-through RNA.
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FIG. 3. Analysis of RNA stability in CEF transfected with wild-type and mutant constructs. Steady-state levels of the wild type (A), a
region I deletion (B), a region II deletion (C), and a region I plus region II deletion mutant (D) are shown. RNA at various times after the
addition of dactinomycin (1 ,ug/ml) as determined by the RNase protection assay is shown. The identities and locations of the protected RNAs
are as indicated in the legend to Fig. 1.

It was also possible, however, that the deleted sequences
in region I or II functioned to stabilize the correctly proc-
essed messages. In order to examine this possibility, time
course studies utilizing dactinomycin, an inhibitor of RNA
synthesis, were performed with the wild-type clone, a region
I deletion mutant (pJTM21), a region II deletion mutant
(pJTM28), or a construct which removed both regions
(pA5-14 3'CAT). The drug was added 48 h after transfection;
whole-cell RNA was harvested at 0, 3, 6, 9, and 12 h
postaddition; and the samples were assayed by RNase
protection for levels of correctly processed and read-through
transcripts (Fig. 3). The steady-state levels of RNAs proc-
essed at the 3' LTR and the read-through RNAs at various
times after addition of the drug are given in Table 1. The
ratios of read-through to correctly processed RNAs in the
deleted clones remained relatively constant at the various
chase times, indicating that the mutations did not cause a
selective degradation of transcripts processed at the ASV
poly(A) site. In contrast, note in Table 1 that the ratios of
spliced RNA to unspliced RNA for pJTM14, pJTM28, and
pA5-14 3'CAT increased over time, as expected from the
previous data indicating that the unspliced RNA is more
labile than the spliced RNAs (2, 53). These data suggested
that the read-through transcripts were present in both the
spliced and unspliced pools of RNA. This fact was confirmed
by Northern blot analyses (see below). Surprisingly, as

shown in Table 1, the ratio of spliced RNA to unspliced
RNA for pJTM21 did not increase significantly during the
dactinomycin chase. We do not yet understand this differ-
ence compared with those of the other mutants, and it is
currently under investigation in our laboratory.

Analysis of poly(A)+ RNA isolated from CEF transfected
with mutants containing deletions spanning region I or II
(data not shown) gave results similar to those shown in Fig.
2, indicating that the read-through transcripts are polyade-
nylated at a downstream site and that these RNAs do not
arise as a result of aberrant transcription termination.

3'-end processing efficiency is not directly coupled to the act
of RNA splicing. Both regions that influenced 3-end proc-
essing contained signals affecting splicing of the viral RNA.
Region II contained the env 3' ss at nt 5078 (11) and also part
of an exon sequence necessary for maintenance of wild-type
splicing levels (29); region I contained a cis-acting negative
regulator of splicing (NRS) (2, 54). Thus, we tested whether
the act of RNA splicing was directly coupled to 3'-end
processing. First, we tested a mutant (pMPM7, Fig. 2)
containing a G-to-T point mutation at the consensus AG of
the env 3' ss, which abolishes env splicing. In cells trans-
fected with this mutant, the overall level of viral RNA
splicing does not change; however, the proportion of RNA
normally spliced at env is shifted to src (4). The levels of
read-through transcription obtained with this clone were

J. VIROL.



cis ELEMENTS CONTROL ASV 3'-END FORMATION 4247

TABLE 1. Comparison of levels of spliced and unspliced
RNAs and 3' processed RNA at various times

after dactinomycin treatment"

Time" % RNA processed % RNA
Plasmid meSD' SD

(h) At 3' LTR As RTV Spliced Unspliced

pJTM14 0 82 18 1 44 56 1
3 84 16 2 48 52 6
6 85 15 2 50 50 4
9 90 10 9 54 46 4

12 84 16 2 60 40 3

pJTM21 0 53 47 7 57 43 4
3 53 47 3 57 43 5
6 53 47 5 57 43 5
9 47 53 3 52 48 3

12 52 48 0 54 46 1

pJTM28 0 53 47 3 54 46 3
3 44 56 1 57 43 2
6 37 63 3 64 36 3
9 45 55 5 67 33 1
12 NDe ND ND ND ND ND

pA5-14 3'CAT 0 43 57 2 84 16 2
3 44 56 3 93 7 2
6 45 55 1 92 8 2
9 49 51 10 94 5 3

12 36 64 2 95 5 2

RNase protection assays for 3' processing and splicing were carried out as
described in the legend to Fig. 1 and in Materials and Methods.

"Time at which the RNA was harvested after the addition of dactinomycin.
cThe standard deviation resulting from a duplicate experiment with each

pair [viral poly(A) and read-through RNAs; spliced and unspliced RNAs].
d RT, RNA which read through the ASV poly(A) signal.
e ND, not done.

slightly, but significantly, elevated (25% versus 16%; P <

0.05), compared with the levels of wild-type (Fig. 1B, lane 5;
Fig. 2). Several mutations in the region of the src 3' ss were
also examined. One mutant (pMPM13) contained a 4-nt
deletion encompassing the src 3' ss at nt 7054, preventing
splicing at the src 3' ss. This construct demonstrated an
increase in the amount of unspliced RNA, with little or no
change in the amount of env message (4). Similar results
were obtained by using a mutant deleted between nt 6983
and nt 7127 (data not shown). Another mutant (pJTM46)
contained a 22-nt deletion upstream of the src 3' ss, which
was previously shown to demonstrate an approximately
twofold increase in the amount of spliced src mRNA with a
concomitant decrease in the level of unspliced RNA (4). The
amount of viral RNA resulting from read-through of the viral
poly(A) site obtained with any of the above three clones was
not significantly different (P > 0.1) from that of the wild type
(Fig. 2).

In order to further test the relationship of ASV RNA
splicing to 3'-end formation, we examined two additional
constructs which would not be expected to undergo splicing.
First, we investigated a mutant which combined the pMPM7
env 3' ss mutation and pMPM13 src 3' ss mutation
(pJTM77). This clone, as expected, demonstrated little or no

splicing by using the ASV 5' ss (data not shown) but
exhibited levels of read-through RNA comparable to those
of the wild-type clone (Fig. 2). Because the limited number
of repetitions did not allow us to determine statistical signif-
icance, we cannot yet determine whether there is a slight
elevation of read-through RNA with pJTM77 similar to that

TABLE 2. Effect of SV40 small-t intron on 3' processing levels"

% RNA processed % RNA processed

Clone With small-t SDb Without small-t SDintron intron

At 3' LTR As RT' At 3' LTR As RT

pJTM14 84 16 5 87 13 4
pJTM21 51 49 12 54 46 NA"
pJTM28 50 50 8 50 50 NA

a RNase protection assays for 3' processing were carried out as described
in the legend to Fig. 1 and in Materials and Methods.

h The standard deviation resulting from two or more experiments with each
pair [viral poly(A) and read-through RNAsJ.

' RT, RNA which read through the ASV poly(A) signal.
d NA, not applicable. These data were based on the results of one

experiment.

with the env 3' ss mutant pMPM7 (Fig. 2). Second, we
studied a src cDNA clone (pJS2CAT) that does not require
splicing in order to express src mRNA and which lacks both
regions I and II. This clone demonstrated levels of read-
through RNA comparable to those of spliceable clones
deleted in both regions (Fig. 1C, lane 7; Fig. 2). These results
suggested that the extent of read-through RNA transcription
is not directly coupled to the act of splicing but to the
absence of cis elements in region I or II or both.

In all of the above constructs, the sequence downstream
of the 3' LTR contained the intron of the SV40 small-t
antigen. The presence of this intron in the 3' untranslated
region of a gene has been shown, in some cases, to inhibit
gene expression at the posttranscriptional level and to cause
aberrant splicing (24). In order to determine whether this
intron was influencing 3'-end formation, both wild-type and
mutant constructs that contained an appropriately sized src
exon fragment (nt 7127 to 7736) substituted for the above
sequence were examined by the RNase protection assay.
The amounts of read-through RNA detected with the wild-
type (13% versus 16%), region 1 (54% versus 49%), or region
II (50% versus 50%) deletions were comparable to those
obtained with constructs containing the small-t antigen in-
tron, suggesting that the presence of this intron does not
influence 3-end formation in this assay (Table 2).
Read-through transcripts are present in both spliced and

unspliced RNA pools. To confirm the RNase protection assay
results and to examine the proportion of read-through tran-
scripts present in the spliced and unspliced pools of RNA
from transfected cells, Northern blot analysis was performed
with the probe diagrammed in Fig. 1A (Fig. 4). The expected
sizes for the read-through transcripts which were cleaved
and polyadenylated at the SV40 poly(A) site downstream is
approximately 1.6 kb larger than the correctly processed
RNAs. As expected, the wild-type construct, pJTM14, ex-
hibited a low level of unspliced read-through products
present in the 10.9-kb band. The same was true for a clone
deleted in the 3' gag and 5'pol genes (pJTM29, 8.9 kb). An
elevated level of unspliced read-through transcripts com-
pared with that of the wild type was present in clones which
were mutated in region I (pJTM21, 9.6 kb; pJTMS0, 10.9 kb)
or II (pJTM28, 10.8 kb). It was difficult to detect the amount
of spliced read-through products because of the low amount
of total spliced RNA in all of these clones. However, it was
clear from the data obtained with mutants with which the
amount of splicing was significantly increased that both the
spliced and unspliced pools of RNA contained read-through
transcripts which were processed at the SV40 poly(A) site.
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The inversion mutant pJTM50 demonstrated elevated levels
of read-through products resulting from the spliced pools
(env, 6.3 kb, and src, 4.3 kb) as well as from the unspliced
pools (10.9 kb). The region I-region II deletion mutant
pA5-14 3'CAT demonstrated the same phenomenon for the
spliced src RNA (4.3 kb). In this case, the ratio of src
read-through products processed at the SV40 poly(A) site to
correctly processed src RNAs appeared to be somewhat
lower than the values detected by the RNase protection
assay, the results of which are shown in Fig. 2. One
explanation may be that Northern blot analysis is able to
clearly detect only those transcripts which are complete,
whereas RNase protection can detect nicked species, lead-
ing to a value higher than that detected by the Northern blot.
In addition, the large amount of 28S rRNA which migrates
similarly may interfere with transfer or hybridization of the
probe to the 4.3-kb read-through RNA species. Alterna-
tively, there may be transcripts which have been processed
at heterologous locations downstream that are not readily
detectable by Northern blot analysis.
The effect of upstream sequences on 3'-end processing of

ASV RNA can be alleviated by substitution of a heterologous
poly(A) signal. In order to determine whether the require-
ment for regions I and II was specific to the ASV poly(A)
site, constructs in which an efficient heterologous poly(A)
signal was substituted for the viral poly(A) site were created
(Fig. SA). These constructs contained the cat and SV40
downstream sequences. Clone pJTM60 contains the SV40
early poly(A) signal in place of the ASV signal; the remain-
der of the plasmid is identical to the wild-type clone.
Northern blot analysis revealed that less than 1% of viral
RNAs resulted from read-through transcription and were

processed at the downstream SV40 poly(A) site (compare
the 10.9-kb band in Fig. 4, lane 1, to that in Fig. SB, lane 3).
This result suggested that the SV40 early poly(A) signal is
more efficient than the ASV poly(A) signal. To determine
whether region I or II or both were required for this efficient
3'-end processing, mutant constructs containing the SV40
early poly(A) signal were examined (Fig. 5A, pJTM58 and
pJTM62). The amount of read-through transcripts detected
with either of these mutants was negligible (Fig. SB, lanes 4

and 5; compare to either the deletion mutant pA5-25 3'CAT
or the src cDNA clone pJS2CAT, Fig. 5B, lanes 1 and 2),
suggesting that neither region I alone nor regions I and II
together were required for this efficient 3'-end processing.
RNA from cells transfected with constructs identical to the
above clones containing the SV40 late poly(A) signal instead
of the ASV poly(A) signal was also examined by Northern
blot analysis, with similar results (data not shown). To
confirm the results obtained by Northern blot analysis, an
RNase protection assay was performed with the above RNA
samples with the antisense riboprobes spanning the SV40
early or late poly(A) sites. The amount of read-through
products was less than 1% of the total amount of viral RNA
transcripts. Conversely, genomic clones deleted in region I
or II or both containing the ASV 3' LTR poly(A) site, as
expected from the previous data, demonstrated an elevated
level of RNA transcripts processed at the downstream SV40
early poly(A) site (data not shown). These data suggest that
the ability of the upstream regions to facilitate 3'-end forma-
tion is specific for the relatively weak ASV poly(A) signal.

DISCUSSION

The results show that the efficiency of 3'-end processing at
the ASV poly(A) addition site in the 3' LTR is reduced by
the deletion of two distant upstream regions. Region I
mapped to the gag gene between nt 630 and 1149 and
contained both an NRS (2, 54) and an enhancer element (3,
27, 52), either of which may coincide with the sequences
responsible for the effects on viral 3'-end processing. The
effect on 3'-end formation was absolutely dependent on a
positive orientation. Therefore, it is possible that the NRS,
whose effect on splicing is also absolutely orientation depen-
dent (2), is responsible for the phenomenon, but further
work is required to map more precisely the cis element
responsible for the effect. Region II was located in the 3' pol
and 5' env sequences between nt 4995 and 5131 and contains
the env 3' ss at nt 5078 (11, 48). This region also contains part
of an element shown by deletion to be important in regulat-
ing ASV splicing (29). The importance of the 3' pol-5' env
region in determining the efficiency of 3'-end processing of
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FIG. 5. Effect of substituting of a heterologous poly(A) signal on

RSV 3'-end formation. (A) Schematic representation of clones with
the inserted SV40 gene fragment containing the early poly(A) signal.
The wild type (pJTM60). an inversion of region I (pJTM62), and a

deletion of regions I and II (pJTM58) are shown. (B) Northern blot
analysis of RNA from CEF transiently transfected with the con-

structs diagrammed in panel A. An src cDNA clone (pJS2CAT) and
a region I and region II deleted mutant (pA5-25 3'CAT), both
containing the RSV poly(A) signal, are also shown for comparison.
Identities and sizes of the bands indicated are as described in the
legend to Fig. 4.

ASV RNA was previously suggested by the experiments of
Wang (59), who showed that the presence of aberrantly large
RNA species in CEF cell lines transformed by defective
ASV correlated with deletion of this region. This result was

shown to be a cis effect and could not be complemented by
expression of a helper virus genome. The aberrant RNA
species contained cellular sequences at their 3' ends, result-
ing from read-through transcription followed by cleavage
and polyadenylation at cellular processing sites downstream
of the integrated proviruses.
Our data indicated that, although both regions I and 11

contained ci.s elements that influenced the level of viral RNA
splicing (2, 28, 29, 54), the increased level of read-through
transcripts was not directly couplcd to thc act of viral RNA
splicing. Previous studies have indicated that 3' cleavage and
polyadenylation of other cellular and viral RNA polymerase
II transcripts may be facilitated by the presence of cis
splicing signals. Several studies showed that the presence of
introns in a transcriptional unit are associated with signifi-

cant increases in the level of exprcssion of the gene (12, 13,
23, 37). One study has shown that this increased level of
expression was not correlated with the level of transcription
but with the level of poly(A)+ RNA in the nucleus (23). This
poly(A)' RNA included both unspliced precursors and
spliced RNA species, suggesting that the increase in effi-
ciency of 3-end processing was correlated with the potential
of the RNA to be spliced, i.e., the presence of functional
splicc sitcs, rather than with the splicing event itself. Results
from a coupled in vitro splicing and polyadenylation system
have also supported a role for splice sites in determining the
efficiency of 3'-end processing. It was found that the rate of
3'-end processing was stimulated when RNA substrates
containing introns were used. This effect required an intact
3' ss but not a 5' ss, suggesting that the presence of the 3' ss
processing signals and the ability to "define" the terminal
exon rather than splicing itself may determine 3-end proc-
essing efficicncy (36). Recent in vivo studies involving the
SV40 late leader sequences by Chiou et al. (12) have
supported these data, by finding that the decrease in the level
of polyadenylation efficiency was more pronounced when
mutant upstream 3' ss were present, rather than when
upstream 5' ss were mutated. The previous studies (12, 36)
showed that increased 3'-end processing efficiency was
correlated with the presence of a functional 3' ss that was
upstream of the AAUAAA hexanucleotide and flanked the 3'
terminal exon of the pre-mRNA. It is interesting to note that
this finding was not the case in our system. Mutation or
deletion of the src 3' ss did not affect the efficiency of 3'-end
processing at the ASV poly(A) site. Rather, deletion of a
fragment containing the more distal env 3' ss exhibited the
lower 3'-end processing phenotype. Under these conditions,
the presence of an intact src 3' ss was not sufficient to
maintain wild-type 3'-end formation efficiency. These results
suggest that 3'-end formation in retroviruses may require a
selective interaction between specific splicing signals and the
viral poly(A) site. These different rules for 3'-end processing
may apply to retroviruses, which must maintain a significant
pool of unspliced RNA, in contrast to those that apply to
cellular pre-mRNAs, which are almost completely spliced.
The striking effect of upstream sequences on the efficiency

of ASV RNA 3' processing may result from the relative
weakness of the 3' LTR poly(A) signal. Consistent with this
hypothesis, we found that when the viral 3' LTR poly(A)
signal was replaced with the efficient SV40 early or late
poly(A) signal, the requirement for the upstream sequences
was alleviated and read-through transcription was essen-
tially eliminated. Alternatively, this result may indicate that
3'-end processing in ASV requires more-specific interactions
between the 3' LTR poly(A) site and the upstream sequences
to maintain cleavage and polyadenylation at wild-type levels
than are required for the SV40 signals.
The efficiency of 3'-end processing has been correlated

with the binding of a cleavage factor to the GU- or U-rich
element downstream of the poly(A) cleavage site. The se-
quence of this element is highly variable in different poly(A)
sites, and these differences in sequence apparently deter-
mine the level of factor binding (19, 61). One possible
explanation for the effect of the upstream ASV sequences on
the efficiency of 3'-end processing could be that the up-
stream sequences bind additional factors that interact with
the cleavage factor to stabilize its binding to the viral poly(A)
addition site. Sincc region II contains part of a splicing
regulatory elemcnt and the env 3' ss, these additional factors
may bc splicing factors. The mechanism by which the NRS
clement in region I acts to inhibit splicing is also not yet
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known. One possible model is that the NRS inhibits splicing
by acting as a "decoy" splice site that competes with the
authentic splice site for splicing factors (51). Thus, the NRS
element in region I may also bind splicing factors that
interact with factors bound at the poly(A) addition site.
Alternatively, region I or II or both may contain secondary
structure elements that are recognized by the 3' processing
complex in order to achieve efficient cleavage and polyade-
nylation at the viral poly(A) site.
There have been several previous reports indicating that

3-end processing of other retroviruses and pararetroviruses
is dependent on upstream sequences within 500 nt of the
poly(A) signal (9, 16, 42, 43, 46, 57); however, these up-
stream sequences do not appear to contain splicing signals.
It is possible that ASV may also contain such elements; we
would not have detected their effect in our studies since we
have analyzed 3-end processing in the presence of the
region which corresponds in location to these previously
defined elements. In a series of experiments analyzing the
genome of the Drosophila melanogaster retrotransposon
copia, it has been found that deletion of a 518-nt region
beginning 312 nt upstream from the 3'-end processing site
inhibits cleavage and polyadenylation at the copia 3' LTR
and results in an increase in the amount of read-through
transcripts (30). The deleted region contains a 3' ss, which is
used to synthesize a subgenomic copia mRNA. The 3'-end
processing of both the unspliced and the spliced 2-kb copia
RNAs was affected by deletion of this region, suggesting the
possibility that a region containing cis-acting splicing signals
may, in this case, facilitate copia 3'-end processing by a
mechanism similar to that proposed above for ASV RNA.
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