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Only a fraction of retroviral primary transcripts are spliced to subgenomic mRNAs; the unspliced transcripts
are transported to the cytoplasm for packaging into virions and for translation of the gag and pol genes. We
identified cis-acting sequences within the gag gene of Rous sarcoma virus (RSV) which negatively regulate
splicing in vivo. Mutations were generated downstream of the splice donor (base 397) in the intron of a proviral
clone of RSV. Deletion of bases 708 to 800 or 874 to 987 resulted in a large increase in the level of spliced RSV
RNA relative to unspliced RSV RNA. This negative regulator of splicing (nrs) also inhibited splicing of a
heterologous splice donor and acceptor pair when inserted into the intron. The nrs element did not affect the
level of spliced RNA by increasing the rate of transport of the unspliced RNA to the cytoplasm but interfered
more directly with splicing. To investigate the possible role of gag proteins in splicing, we studied constructs
carrying frameshift mutations in the gag gene. While these mutations, which caused premature termination of
gag translation, did not affect the level of spliced RSV RNA, they resulted in a large decrease in the

accumulation of unspliced RNA in the cytoplasm.

Retroviral pre-mRNA splicing differs dramatically from
that of cellular mRNAs. Nearly all eucaryotic transcripts
either are spliced to completion, so that no unspliced RNA is
detectable in the cytoplasm, or do not contain introns and so
require no splicing (reviewed in references 14 and 27).
Retroviruses, on the other hand, produce a single primary
transcript which is utilized in both spliced and unspliced
forms; unspliced RN As serve as genomic RNA and also as
mRNA for the gag and pol genes, while spliced mRNAs are
translated to form env products (32, 36). In the case of the
avian transforming retrovirus Rous sarcoma virus (RSV),
alternative splicing of the primary transcript from a common
splice donor also generates the src mRNA (32, 36). Retrovi-
ral RNA must be spliced to an intermediate degree rather
than to completion, so that the proper balance of unspliced
and spliced RN As reaches the cytoplasm. Since retroviruses
must use the same splicing machinery as the eucaryotic cells
they infect, the retroviral transcripts need to be partially
spliced by a machinery which seems geared to all-or-none
splicing.

There may be regulatory functions within retroviruses
which mediate incomplete splicing (reviewed in references
10 and 32). One possible mechanism is that the retroviral
splice donors and acceptors may be recognized inefficiently
by splicing factors. Alternatively, cis-acting sequences else-
where in the viral genome may directly interfere with splic-
ing processes or may facilitate transport of the unspliced
precursor RNA away from the splicing machinery, indirectly
resulting in a decrease in the level of spliced RNA. A third
possibility is that viral proteins may be involved in regulating
the level of splicing. A final possibility is that the regulation
occurs at the level of RNA stability as well as of splicing.

Splicing of cellular mRNAs such as globin does not seem
to require specific intron sequences but only splice donor,
branch point, and splice acceptor sequences (28, 34, 37).
Although there appears to be a minimal intron size, replace-
ment of the intron sequences with pBR322 or polyomavirus
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fragments allows normal splicing to occur (28, 36). In con-
trast, there are indications from previous work that se-
quences within the intron may affect splicing of retroviral
RNAs (1, 6, 8, 11, 15, 16, 18, 25, 26, 33).

We have identified cis-acting sequences within the intron
of RSV RNA that act as a negative regulator of splicing (nrs).
The nrs element was capable of exerting its effect upon a
heterologous splice donor and acceptor pair. Since the nrs
sequences do not function by increasing the rate of transport
of the unspliced RNA to the cytoplasm, they presumably
interfere more directly with the splicing process. Frameshift
mutations did not affect the levels of spliced RNA; therefore,
viral proteins do not appear to be necessary for the splicing
inhibition. Surprisingly, frameshift mutations at several sites
in the gag gene resulted in a large decrease in the steady-
state level of unspliced RNA. These mutations, which cause
premature termination of gag gene translation, appear to act
by destabilizing the unspliced RNA in the cytoplasm.

MATERIALS AND METHODS

Construction of recombinant clones. pATV-8K (9), an
infectious, proviral clone of the Prague-C (Pr-C) strain of
RSV in which the pBR322 vector is inserted into a unique
Kpnl site in the pol gene (Fig. 1), was obtained from R. Katz
and A. M. Skalka. Deletion mutant TD was derived from
pATV-8K by digestion with Ms¢II, filling in with the Klenow
fragment, and religation. This resulted in the removal of
bases 7155 to 8885 (29), consisting of most of the src gene.
Clone Sacll was derived from pATV-8K by digestion with
Sacll and religation, removing bases 547 to 1809. Sacll+1
was constructed by digestion of pATV-8K with Sacll,
generation of blunt ends with T4 DNA polymerase, and
religation, deleting bases 545 to 1809.

The following deletions were made initially in a plBam
subclone (5) and subsequently reinserted into clone Sacll
after digestion with Sacll. This process reconstructed the
deletions in the proviral clone, pATV-8K. Reinsertion of the
wild-type (WT) Sacll fragment in the antisense orientation
resulted in clone Sacll—. XS was constructed by digestion
with Xhol and Sphl, generation of blunt ends with T4
polymerase, and religation with a 10-mer BamHI linker,
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FIG. 1. Proviral clone of the Pr-C strain of RSV used to con-
struct deletion mutants. A diagram of the genomic organization of
pATV-8K is shown. pATV-8K contains a single long terminal repeat
(LTR) and is permuted around the KpnlI site (K). The normal splice
donor (SD) and splice acceptor (SA) sites for env and src mRNAs
are shown.

removing bases 635 to 1010. Upon sequencing (39), it was
determined that XS had lost a base from the BamHI linker,
resulting in a frameshift relative to the normal gag reading
frame. NB was constructed by digestion with Nrul and
Bglll, filling in with the Klenow fragment, and religation
with an 8-mer linker, removing bases 1354 to 1630. XNC was
derived by digestion with Xhol and Narl, filling in with the
Klenow fragment, and religation with a 10-mer Clal linker,
removing bases 635 to 797. Construct NN was derived by
digestion with Narl and Nrul, filling in with the Klenow
fragment, and religation, removing bases 799 to 1353. In-
frame deletion mutant 189 (A799-987) and frameshift mutant
76 (A799-874) were gifts from K. Carlberg (5).

Frameshift mutant X+2 was derived by digestion with
Xhol, filling in with the Klenow fragment, and religation with
a 10-mer Clal linker. This resulted in a 14-base insertion,
which caused a frameshift at the Xhol site (nucleotide [nt]
634). N, N+1, and N+2 were derived by digestion with
Narl, followed by repair with the Klenow fragment and the
addition of a 10-mer Clal linker, an 8-mer Kpnl linker, or no
linker, respectively. These insertions resulted in either a
10-base insertion (N+1) or a 2-base insertion (N +2), both of
which caused frameshifts. The third insertion mutant at the
Narl site (nt 799) was a 12-base, in-frame linker insertion
(N). Nr+1 and B+1 were constructed by digestion at an
Nrul site (nt 1351) or at a Bg/II site (nt 1630). A 10-mer Clal
linker was inserted at the Nrul site, whereas the BgllII site
was repaired with the Klenow fragment and religated.

H+ and H— were constructed by insertion of an Hpall
fragment (nts 708 to 800), in both sense (H+) and antisense
(H-) orientations, into the unique Clal site of XNC. Neither
H+ nor H— interrupts the normal reading frame for gag
proteins.

The pRSVNeo-int constructs were derived by insertion of
the respective Sacll fragments (nts 543 to 1806) from the
pATV-8K constructs into the unique Sacll site within the
c-myc intron of pRSVNeo-int (20) (see Fig. 5).

Cell culturing and DNA transfection. Secondary chicken
embryo fibroblasts (CEFs) were cultured in medium 199
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(GIBCO Laboratories) supplemented with 1% calf serum,
1% chicken serum, and 2% tryptose phosphate broth
(GIBCO). Purified plasmid DNA (10 or 20 pg) in 3.0 ml of
Dulbecco modified Eagle medium supplemented with 5%
fetal calf serum (GIBCO) was transfected onto a 9-cm plate
in the presence of DEAE-dextran (200 pg/ml), followed S h
later by a 1.5-min shock with 10% dimethyl sulfoxide, as
described previously (21).

RNA isolation and mapping. At 48 h after transfection, the
cells were scraped from the plate into TEN (0.04 M Tris
hydrochloride [pH 7.4], 1 mM EDTA, 0.15 M NaCl) and
pelleted by low-speed centrifugation. Cells were lysed in
guanidinium isothiocyanate buffer, and total RNA was pel-
leted through a 5.7 M CsCl cushion as described previously
(7). Nuclear and cytoplasmic RNAs were prepared essen-
tially as described previously (17), with the modifications
that the lysis buffer contained 0.5% Nonidet P-40 and cells
were Dounce homogenized three times.

The pATV-8K-specific riboprobe template was con-
structed by insertion of a 585-base-pair EcoRI-BamHI frag-
ment from pATV-8K into pGEM-2 (Promega Biotec). The
pRSVNeo-int-specific riboprobe template was derived by
insertion of a 793-base-pair Sphl-PstI fragment from pRSV-
Neo-int (20) into pGEM-2. Prior to transcription, the pATV-
8K-specific template was linearized with EcoRI to define a
626-base riboprobe, and the pRSVNeo-int-specific template
was linearized with Ncol to define a 782-base riboprobe.
Transcription of plasmids with T7 polymerase (Pharmacia,
Inc.) and hybridizations to the resulting riboprobes were
performed as previously described (23). The pATV-8K hy-
brids were digested with 5 ug of RNase A and 10 U of RNase
T, per ml, whereas the pRSVNeo-int hybrids were digested
with 10 U of RNase T, per ml alone. After ethanol precipi-
tation, the protected fragments were denatured in 95%
formamide for 5 min at 90°C and run on a 4 or 6% acryl-
amide-8 M urea sequencing gel (22). RNA levels were
quantitated by densitometry of resultant autoradiograms.

RESULTS

Negative regulation of splicing by an element within the
RSV gag gene. We wished to investigate both cis and trans
functions which might be important in the regulation of the
splicing and stability of retroviral RNA. Various deletions
(Fig. 2) were made in a proviral clone of the Pr-C strain of
RSV (Fig. 1). These constructs were transfected into CEFs,
and total RNA was prepared 48 h posttransfection. The
RNAs were subjected to an RNase protection assay with an
antisense RNA probe complementary to the 5’ end of the
RSV RNA. This probe spanned the only known splice donor
site, allowing the simultaneous detection of unspliced RNAs
and all RNAs spliced at this donor site (Fig. 3).

A number of large deletions in the viral genome had little
effect on RNA levels or on splicing. RNA synthesized from
deletion mutant TD (A7155-8885; nucleotide numbering ac-
cording to Schwartz et al. [29]), which is lacking the src
gene, appeared to be identical to WT RNA, both in the
absolute amounts of RNA and in the ratios of spliced RNA
to unspliced RNA (Fig. 3). Since the Pr-C strain of RSV has
an unusually low level of spliced src mRNA but a normal
level of env mRNA (33), deletion of src would not be
expected to affect the total amount of spliced RNA signifi-
cantly. RNA identical to WT RNA was also obtained from
constructs bearing a large deletion in the pol gene (A2725-
4268) (data not shown) or a deletion of part of the gag gene
(mutant NB, A1354-1630) (Fig. 3). Approximately 5% of the
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FIG. 2. Splicing and stability of proviral constructs with mutations in the gag gene of RSV. Schematic representation of mutants bearing
deletions (empty boxes), insertions (vertical bars), and substitutions (shaded boxes). The steady-state level of spliced RNA for each of the
mutants is represented by one to four plus signs: +, approximately 5% of the total RNA is spliced; ++, 10 to 15% is spliced; +++, 40 to
50% is spliced; and ++ + +, 50 to 70% is spliced. The stability of the unspliced RNA is also shown on the basis of steady-state levels of RNA:
+, WT levels (or levels two- to threefold lower in the case of oversplicing mutants); —, levels at least 10-fold lower than WT levels. The gag

gene translational termination codon is also shown for each construct.

viral RNA was spliced in all of these transfections. While
this is a lower amount of spliced RNA than is seen in
infected cells with this assay (K. Carlberg and K. Beemon,
unpublished results), it is similar to the level of splicing
observed by Meric and Spahr (24) in transient Northern
(RNA) assays with a nonpermuted clone of Pr-C RSV.

In contrast, gag gene deletion mutants Sacll (A547-1809)
and XS (A635-1010) demonstrated a greater-than-10-fold
increase in the amount of spliced RNA, with a concomitant
decrease in the amount of unspliced RNA (Fig. 3). It
appeared that in both of these deletion mutants a sequence
from the RSV gag gene that acted as a negative regulator of
splicing (nrs) was removed. The total amount of RNA
synthesized from mutant Sacll was comparable to that
synthesized from the WT; however, mutant XS produced
only about half that amount. While XS and Sacll had similar
levels of spliced RNA, XS had approximately 10-fold less
unspliced RNA.

Localization of the negative regulator of splicing (nrs). To
determine which sequences within gag were responsible for
the inhibition of splicing, we made further deletions in the
proviral clone (Fig. 2). These constructs were tested for their

ability to inhibit splicing in the RNase protection assay (Fig.
3). Two representative assays are shown in Fig. 4A, and the
results with all of the constructs tested are summarized in
Fig. 2. Deletion mutant XNC (A635-797) demonstrated an
increase in the percentage of spliced RNA to 50 to 70%
spliced, a percentage which was identical to that seen with
mutant Sacll (A547-1809). The replacement of a fragment
containing nts 708 to 800 into deletion mutant XNC restored
most of the negative regulation of splicing, but only when
this fragment was inserted in the sense orientation (mutant
H+) and not in the antisense orientation (mutant H—) (Fig.
4A). The high percentage of spliced RNA observed with H—
was identical to that seen with XNC. However, H+ resulted
in an intermediate amount of spliced RNA (10 to 15%
spliced), not quite fully restored to WT levels (5% spliced).
Thus, sequences within nts 708 to 800 (upstream of the Narl
site) appear critical for the negative regulation of splicing,
and this regulation is lost if these sequences are in the
opposite orientation.

Deletion mutant 189 (A799-987, downstream of the Narl
site) demonstrated an increase in the percentage of spliced
RNA to 40 to 50% of the total (Fig. 4A). This level was
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FIG. 3. Oversplicing of proviral clones which have deletions of
gag sequences. (A) Results of an RNase protection assay with
one-half of the total RNA from a 90-mm plate of CEFs transfected
with 10 pg of the indicated deletion mutants. (B) Schematic repre-
sentation of the RNase protection assay. The probe was generated
by T7 polymerase transcription of an EcoRI (R)-BamHI subclone of
pATV-8K in pGEM-2. This 626-base antisense probe spans the
splice donor (SD) site of RSV as well as the RNA cap site. This
probe allows simultaneous detection of both spliced and unspliced
RNAs from the normal splice donor site. The protected fragments
for unspliced and spliced RNAs contain 532 and 397 bases, respec-
tively. The location and extent of gag deletion mutants are shown.
TD is a transformation-defective clone from which the src gene has
been deleted. LTR, Long terminal repeat. The asterisk denotes the
position of the full-length probe.

slightly lower than the level of splicing seen with deletion
mutant XNC. A mutant with a larger deletion, NN (A799-
1353), demonstrated a similar increase in the level of spliced
RNA (to 40 to 50% spliced). Interestingly, a smaller deletion
mutant with the same 5’ endpoint, mutant 76 (A799-874),
demonstrated WT levels of spliced RNA. A similar result
was obtained with mutant 82 (A799-880), which was a gift
from K. Carlberg (data not shown).

Deletion mutants 76 and 82 have been shown to have
deletions of sequences critical for the function of a transcrip-
tional enhancer in the gag gene (5). Therefore, the nrs
sequence and the gag enhancer (2) appear to be distinct
cis-acting regulatory elements. These results imply that
sequences upstream of base 799 as well as downstream of
base 880 are important in negatively regulating splicing. We
conclude from these experiments with deletion mutants that
there are at least two noncontiguous regions within gag
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which constitute the nrs element and that both of these
regions are necessary for full inhibition of splicing.

The proviral clone pATV-8K and all of the deletion
mutants made from it contained pBR322 sequences inter-
rupting the normal configuration of the virus (Fig. 1). We
wished to determine whether the inhibition of splicing which
was observed was dependent on the presence of vector
sequences. To test this, DNAs from both the WT construct
and an oversplicing mutant, XNC, were digested with Kpnl,
purified away from pBR322 sequences on a sucrose gradient,
and religated. DN As lacking pBR322 sequences (Fig. 4C, —)
were transfected into CEFs, and these transfections were
compared with transfections of the supercoiled constructs
which contained pBR322 (Fig. 4C, +). The effect of the nrs
sequences on splicing was not dependent on the presence of
pBR322 sequences (Fig. 4C). A similar experiment was
performed with purified and religated XS and WT con-
structs. Both the 5’ riboprobe shown in Fig. 3 and an
antisense riboprobe spanning the src splice acceptor site
were used. The results demonstrated that the increase in
splicing at the splice donor site with mutant XS was reflected
in an increase in splicing at the src splice acceptor site (data
not shown). We recently examined a Sacll deletion mutant
(A547-1809) generated from a nonpermuted proviral con-
struct, pAPrC (24). Deletion of the nrs element from this
construct also increased the ratio of spliced RNA to un-
spliced RNA (data not shown).

cis-Acting and orientation-dependent inhibition of splicing.
To examine the possibility that splicing inhibition required a
viral protein, we constructed frameshift mutations at sites
near the N terminus of the gag gene (Fig. 2). The results of
RNase protection experiments with the resulting constructs
are shown in Fig. 4B. Frameshift mutants X+2 and N+2
exhibited WT levels of spliced RNA. Since the mutations in
these constructs prevented the synthesis of all gag proteins
and also of a putative gag-encoded transactivator protein
(4), we concluded that the negative regulation of splicing
observed above was independent of gag protein production.
These experiménts suggest that the negative regulation of
splicing is due to cis-acting nrs sequences within the gag
gene.

When a portion of the nrs element (nts 708 to 800) was
inverted to generate construct H— (Fig. 2), the negative
regulation of splicing was eliminated (Fig. 4A). To determine
whether the entire nrs elément could function regardless of
orientation, we reversed the orientation of the Sacll frag-
ment to generate the proviral construct Sacll— (Fig. 2). This
construct exhibited a high level of spliced RNA and a low
level of unspliced RNA that were identical to the levels in
XS (data not shown). Thus, this change in orientation
abolished the inhibitory effect of the nrs sequences. It
appeared that the cis-acting nrs element could only éxert its
effect when present in the sense orientation.

Ability of the nrs element to exert its effect on a heterologous
splice donor and acceptor pair. It was possible that the nrs
element could only exert its negative effect on RNA splicing
within its normal context in RSV RNA. To test the ability of
the nrs element to inhibit splicing of a heterologous splice
donor and acceptor pair, we inserted various Sacll frag-
ments (nts 547 to 1809) from mutant and WT RSV proviral
constructs into the center of the second intron of the chicken
c-myc gene in pRSVNeo-int (20) (Fig. 5). The c-myc splice
donor and acceptor are present in this plasmid, as is about 30
bases of flanking exon sequences. The RSV Sacll fragments
were inserted into the c-myc intron at a unique Sacll site
which is 360 bases downstream from the c-myc splice donor
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FIG. 4. Effects of RNA splicing and stability of mutations within the gag region of RSV. (A) Effects of deletion and substitution mutations.
Results shown are from two RNase protection assays with one-third of the total RNA from a 90-mm plate of CEFs transfected with 10 pg
of the indicated constructs, which are shown in Fig. 2. The probe used was the same as in Fig. 3. (B) Effects of insertion mutations. The RNase
protection assay was carried out with the insertion mutants shown in Fig. 2. The overall increase in total RNA in N as compared with WT
was not reproducible and most likely represents a higher transfection efficiency in this particular experiment. (C) Comparison of RNA from
proviral constructs with and without pBR322. An RNase protection assay was carried out as described in panel A. The presence of pBR322
sequences is indicated by a plus sign. The minus sign indicates that the pBR322 sequences were removed from the plasmids by digestion with
Kpnl, purification of proviral DNA on a sucrose gradient, and religation.

site (Fig. 5). The c-myc intron is located downstream of the
termination site for translation of the neo gene. Constructs
containing RSV Sacll fragments derived from the WT (in-
serted in sense and antisense orientations) as well as from
H+ and H— mutants (Fig. 2) were analyzed by an RNase
protection assay with an antisense riboprobe which spans
the splice donor site of c-myc (Fig. 5).

We initially compared levels of spliced and unspliced total
RNAs from CEFs transfected with these constructs (data
not shown). Figure 6 shows a similar experiment in which
cells were fractionated into nucleus and cytoplasm before
RNA was prepared. The pRSVNeo-int construct containing
no RSV insert yielded from 0 to 20% total unspliced RNA in
different experiments. Insertion of the WT RSV Sacll frag-
ment in the sense orientation led to an increase in the amount
of unspliced RNA, so that approximately 50% of the total
RNA molecules were unspliced. A construct containing an
antisense RSV Sacll fragment (Sacll—) showed no increase
in the level of unspliced RNA. Insertion of the sense Sacll
fragment from construct H+ resulted in an intermediate
level of unspliced RNA, between that of the WT (sense)
insert and a construct with no insert. Insertion of the sense
Sacll fragment from construct H— appeared to have no
effect on the level of unspliced RNA. Although the H+ and

H- constructs differed only in the orientation of a 92-base
segment of the 1.2-kilobase insert in the c-myc intron, only
the H+ construct inhibited splicing (Fig. 6), as was seen
above with the proviral constructs (Fig. 4A).

Consistent with previous experiments with pRSVcat con-
structs (2), we observed a two- to three-fold increase in the
total level of RNA produced by those pRSVNeo-int con-
structs which contained an intact gag enhancer element (i.c.,
those with WT or H+ inserts). Since this enhancer is
somewhat orientation dependent (2), the Sacll— insert
would not be expected to yield detectable enhancement. In
addition, the H— insert disrupts a critical domain of the
enhancer (5). This enhancer effect is distinct from the effect
of the nrs element on splicing, as discussed above. The effect
of this enhancer on the proviral clones was difficult to
determine, owing to the effects on stability and splicing of
most deletions which remove the gag enhancer.

These experiments showed an inhibitory effect on splicing
from the c-myc splice donor when the nrs element was
inserted into the intron in the proper orientation, showing
that it can function in the absence of other viral sequences.
Deletions within the nrs element which affected the level of
splicing inhibition in the proviral constructs were repro-
duced qualitatively in this heterologous system. These re-
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FIG. 5. Construction of pRSVNeo-int constructs containing the
nrs element. Diagram of the pRSVNeo-int plasmid (20) into which
various Sacll fragments (nts 543-1810) from the proviral clones
shown in Fig. 2 were inserted. The unique Sacll site (S) which was
used for these insertions is indicated by the vertical arrow. This
plasmid contains as RSV long terminal repeat driving the transcrip-
tion of the neo gene. The second intron of c-myc, as well as
approximately 30 bases of adjacent exon sequences, is inserted
between the coding region for neo and the simian virus 40 (SV40)
polyadenylation signals. The splice donor (SD) and splice acceptor
(SA) sites for c-myc are shown. A Sphl (Sp)-Pstl1 (P) fragment
inserted into pGEM-1 was used as a template for T7 polymerase
transcription to generate an antisense riboprobe. This probe allows
the simultaneous detection of both spliced and unspliced RNAs
from the c-myc splice donor. The protected fragments for unspliced
and spliced RNAs contain 766 and 441 bases, respectively.

sults also confirm that a viral protein product is not neces-
sary for this negative regulation of splicing.

The nrs element does not facilitate transport of RNA from
the nucleus. It was possible that the decrease in the level of
spliced RNA in the constructs containing the nrs element
was a consequence of facilitated transport of the unspliced
RNA from the nucleus to the cytoplasm. A rapid removal of
unspliced RNA from the nucleus might result in a decrease
in the pool of unspliced RNA available for splicing. To
examine this possibility, we analyzed nuclear and cytoplas-
mic RNA fractions synthesized from the pRSVNeo-int con-
structs by using the RNase protection probe described in the
legend to Fig. 5.

Most of the spliced RNA produced by all of the constructs
was found in the cytoplasmic fraction (Fig. 6). The cytoplas-
mic fraction from transfections with all of the constructs
contained only a trace amount of unspliced RNA. Appar-
ently, the unspliced RNA either was unstable in the cyto-
plasm or was not efficiently transported out of the nucleus. If
the nrs element were inhibiting splicing by facilitating trans-
port of the unspliced RNA from the nucleus, we would have
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expected to observe a reduction in the level of unspliced
RNA in the nuclear fraction with constructs containing the
nrs element. Contrary to this hypothesis, inspection of the
nuclear fraction revealed that the presence of the nrs ele-
ment resulted in a large increase in the level of unspliced
RNA within the nuclear fraction. We conclude that the nrs
element exerts its effect on RNA by inhibiting splicing
processes within the nucleus and not by facilitating transport
of the unspliced RNA to the cytoplasm.

Decreased accumulation of unspliced RSV RNA caused by
frameshift mutations within the gag gene. We have observed
very low levels of unspliced RSV RNA synthesized from
several proviral mutants having an alteration in the gag gene
reading frame. These included deletion mutant XS (A635-
1010) (Fig. 3) and insertion mutants X+2 and N+2, which
shift frames at nts 634 and 799, respectively (Fig. 4B). To
further investigate this effect, we generated several addi-
tional insertion mutations in the gag gene. Constructs N+1,
Nr+1, and B+1 incurred frameshifts at nts 799, 1351, and
1630, respectively. All of these gag frameshift mutants
exhibited a greater-than-10-fold decrease in the level of
unspliced RNA relative to that in the WT (Fig. 4B). Signif-
icantly, the level of spliced RNA appeared to be the same as
that in the WT. A relatively uniform decrease in the level of
unspliced RNA was observed with all of these mutants (Fig.
4B), which prematurely terminated translation at sites rang-
ing from nt 680 (X+2) to nt 1668 (B+1) (Fig. 2). Since
translation of the gag gene is normally terminated at nt 2485
(29), more than 60% of the entire gene was translated by
mutant B+1. Furthermore, construct SacII+1, which has an
out-of-frame deletion of nts 545 to 1809, causing it to
terminate translation at nt 1838, had much lower levels of
unspliced RNA than did a companion in-frame deletion
mutant, Sacll (Fig. 7).

This decreased accumulation of unspliced RNA appeared
to be restricted to mutants which cause premature transla-
tion termination in the gag gene. For example, insertion of a
12-base-pair in-frame linker at the Narl site (nt 799), to
generate construct N, resulted in wild-type levels of both
unspliced and spliced RNAs (Fig. 4B). Similarly, construct
H-, which has an in-frame, extended missense mutation
involving 31 codons, had levels of unspliced RNA compara-
ble to those in other constructs with in-frame nrs mutations
(Fig. 4A). Although the pol gene is translated as a gag-pol
readthrough product (36), frameshift mutations in the pol
gene, unlike those in the gag gene, did not affect the levels of
spliced or unspliced RNA (data not shown).

Since all of these constructs contained pBR322 sequences
inserted within the RSV genome (Fig. 1), the effect of vector
sequences on RNA accumulation was investigated. Figure
4C shows the result of an experiment in which pBR322
sequences were removed as described above from a proviral
clone of frameshift mutant X+2. This mutant demonstrated
a large decrease in the level of unspliced RNA relative to
that in the WT, both with and without vector sequences. We
have also seen this same effect with the B+1 frameshift
mutation in nonpermuted proviral constructs (G. Barker and
K. Beemon, unpublished results).

Difference in the cytoplasmic level of unspliced RNA caused
by altered RNA stability. To determine where in the cell the
difference in unspliced RNA levels could be detected, we
assayed nuclear and cytoplasmic RNA fractions separately.
Figure 7 shows the result of an experiment with fractionated
CEFs transfected with WT, Sacll, and Sacll+1 proviral
constructs. (Sacll and Sacll+1 are a pair of in-frame and
out-of-frame deletion mutants [Fig. 2].) Both mutants have
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FIG. 6. Splicing inhibition but no increase in the level of unspliced RNA in the cytoplasm caused by insertion of RSV gag sequences into
the c-myc intron of pRSVNeo-int. Results of an RNase protection assay with the riboprobe shown in Fig. 5 and RNAs from nuclear and
cytoplasmic fractions are shown. Aliquots of the RNA from a 90-mm plate of CEFs transfected with 20 pg of pPRSVNeo-int constructs were
used for both nuclear and cytoplasmic assays. The two WT inserts represent two independent clones of the WT RSV Sacll fragment (nts 543
to 1310) inserted into pRSVNeo-int. The H+, H—, and Sacll—, inserts are the mutated or inverted RSV Sacll fragments (Fig. 2).

deleted nrs sequences and showed elevated levels of spliced
RNA (Fig. 7). However, SacII+1 had less unspliced RNA in
the whole-cell assay than did Sacll (Fig. 7, Total).

In the cytoplasmic fraction, Sacll+1 had much less un-
spliced RNA than did Sacll, whereas the level of spliced
RNA appeared identical in the two mutants and was signif-
icantly higher than that in the WT (Fig. 7). In contrast, both
Sacll and SaclI+1 mutants demonstrated essentially identi-
cal levels of unspliced and spliced RNAs in the nuclear
fraction (Fig. 7). Thus, the decreased accumulation of un-
spliced RNA with the out-of-frame construct was only
detected in the cytoplasm. The WT construct yielded signif-
icantly more unspliced RNA in the nucleus (about 50% of the
total unspliced RNA) than did either mutant. Since none of
the constructs showed an appreciable amount of spliced
RNA in the nucleus, this experiment suggests that spliced
RSV RNA may be transported more rapidly than unspliced
RNA (Fig. 7).

Since the amounts of both RNA species in the nucleus and
of the spliced RNA in the cytoplasm were identical for the
two mutants (Fig. 7), differences in transcription or splicing
seem unlikely to be responsible for the differences in un-
spliced RNA levels observed in the cytoplasmic fraction. A
decrease in the rate of transport of the unspliced RNA to the
cytoplasm with SacII+1 would be expected to result in its
accumulation in the nuclear fraction; however, such accu-
mulation was not seen. Similarly, if RNA from the out-of-
frame constructs was preferentially degraded in the nucleus,
we would have expected to see a difference in the levels of
unspliced RNA there. The simplest explanation of this data

is that frameshift mutations in the gag gene result in insta-
bility of the unspliced RNA in the cytoplasm.

When direct comparisons of the RNA stabilities of the WT
and the B+1 frameshift mutant were carried out in the
presence of actinomycin D, the unspliced RNA of the
frameshift mutant was found to be considerably less stable
than that of the WT (G. Barker and K. Beemon, unpublished
results). This difference in stability could account for the
observed differences in steady-state levels of unspliced
RNA.

The in-frame Sacll deletion mutant (A547-1809) had lost
most of the coding sequences for the p19, p2, pl0, and p27
gag proteins, yet its RNA appeared stable (Fig. 7). This
result suggests that these proteins are not required to stabi-
lize the unspliced RNA. Additional in-frame deletions in the
remaining gag proteins, p12 (24) and p1S5 (S. Arrigo and K.
Beemon, unpublished results), did not result in the severe
alteration in RNA stability seen with the frameshift mutants.
This result suggests that the stability of unspliced RNA does
not require the synthesis of specific gag proteins, which
could act in trans. However, translation through the gag
region appears to be necessary for this RNA stabilization.

DISCUSSION

Using an RNase protection assay to measure levels of
spliced and unspliced RSV RNAs transiently expressed, we
identified an orientation-dependent sequence within the gag
gene of RSV which negatively regulates the level of splicing
from the normal splice donor. No viral proteins were re-
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out-of-frame RSV mutants, both of which have deleted nrs sequences.

quired for the inhibition of splicing by this nrs element. This
fact was demonstrated by introducing frameshift mutations
into the gag gene of RSV, as well as by moving the nrs
element into a heterologous system. When inserted into a
construct containing the second intron of c-myc (pPRSVNeo-
int), the intact nrs element and mutated forms of it exhibited
an inhibition of splicing qualitatively similar to that seen with
the proviral clones. In the pRSVNeo-int construct, the nrs
element is located almost 200 bases further downstream
from the splice donor site than in the proviral constructs.
Apparently, the exact position of this element within the
intron is not critical to its inhibitory effect on splicing. The
nrs element may be useful for modulating the levels of
spliced and unspliced products of retroviral vectors.

We have also found evidence that frameshift mutations,
which cause premature termination of translation within the
gag gene, result in a large decrease in the steady-state level
of unspliced RNA in the cytoplasm. This effect, which does
not require the production of gag proteins, appears to be due
to a decrease in the stability of the unspliced RNA in such
mutants. Negative effects of nonsense codons on mRNA
accumulation were observed recently for B-globin (3) and
triosephosphate isomerase (12) mRNAs.

Both positive and negative effects of intron mutations on
gene expression from spliced retroviral mRNAs have been
observed. Cullen et al. (11) reported that a large deletion
(A534-4715) in the env mRNA intron of avian leukosis virus
significantly increased env gene expression, as measured by
a complementation assay. Interestingly, this deleted region
includes the nrs element. Another deletion (A1631-4236),
which is downstream of the nrs sequences, did not affect env
gene expression (11). Temin and co-workers observed that
insertion of viral or foreign DN A sequences into the intron of
reticuloendotheliosis virus negatively affected the level of
splicing (6, 25, 26). It is not clear whether this group

identified a similar element; apparently, insertion of any
foreign DNA sequences into the intron negatively regulates
splicing in this system. Further, MuSVts110, which was
generated by a 1,487-base deletion from the gag and mos
genes of Moloney murine sarcoma virus, was spliced at sites
which flank the deleted region and which are not used in the
parental virus (8). In contrast, sequences residing in the env
mRNA intron of Moloney murine leukemia virus were
shown to be necessary for efficient splicing of murine leuke-
mia virus-derived retroviral vectors containing the murine
leukemia virus splice donor site and the env splice acceptor
site (1, 15). Similarly, deletions and insertions within the env
intron of Friend spleen focus-forming virus decreased the
level of env protein production (16).

In addition to intron sequences, sequences near retroviral
splice acceptors also appear to be important in the regulation
of the level of splicing. Sequences near the RSV src splice
acceptor site have been implicated by Stoltzfus et al. (33) in
the regulation of the level of src mRNA splicing. Strain-
specific differences in src mRNA levels were localized to
sequences within a region extending from 100 bases up-
stream to 30 bases downstream of the splice acceptor site
(33). Recently, a small insertion upstream of the env splice
acceptor site in RSV was seen by Katz et al. (18) to result in
marked oversplicing of the env mRNA. It will be interesting
to investigate possible interactions between the nrs se-
quences and sequences near the splice sites.

We have shown that the nrs element exerts its effect on
splicing within the nucleus and does not increase transport of
the unspliced RNA to the cytoplasm. We envision three
possible mechanisms for nrs-mediated inhibition of splicing.
Since RNA secondary structure has been implicated in
alternate splice site selection and utilization in simian virus
40 and adenovirus systems (13, 19, 30, 31), it may well play
a similar role in retroviruses, which are thought to have
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extensive secondary structure (36). Another possibility is
that the binding of cellular proteins or RNAs to sites within
the nrs element inhibits splicing, perhaps by interfering with
the assembly of splicing components. A third possibility is
that the nrs sequences prevent splicing by transport of the
RNA away from the splicing apparatus but not out of the
nucleus.

While removal of the entire nrs element from RSV con-
structs increased the level of spliced RNA more than 10-fold,
no more than 70% of the steady-state RNA was spliced in
these mutants. Interestingly, the deletion mutant still accu-
mulated some unspliced RNA in the cytoplasm, unlike
normal eucaryotic mRNAs. There are probably additional
viral regulatory sequences, including those near the splice
acceptors (18, 33), which can inhibit splicing, increase RNA
stability, or facilitate transport of the unspliced RNA. How-
ever, the nrs element, together with the stabilizing effect of
translation of sequences within the gag gene, likely contrib-
utes to the high levels of unspliced viral RNA present in the
cytoplasm of RSV-infected cells. These two mechanisms
could allow the retrovirus to escape from the normal splicing
pathways of eucaryotic cells and to accumulate high levels of
unspliced RNA in the cytoplasm.
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