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Borna disease virus (BDV) is a nonsegmented negative-strand RNA
virus that belongs to the Mononegavirales. Unlike other animal
viruses of this order, BDV replicates and transcribes in the nucleus
of infected cells. Previous studies have shown that BDV uses RNA
splicing machinery for its mRNA expression. In the present study,
we identified spliced RNAs that use an alternative 3* splice site,
SA3, in BDV-infected cell lines as well as infected animal brain cells.
Transient transfection analysis of cDNA clones of BDV RNA re-
vealed that although SA3 is a favorable splice site in mammalian
cells, utilization of SA3 is negatively regulated in infected cells. This
negative splicing activity of the SA3 site is regulated by a putative
cis-acting region, the exon splicing suppressor (ESS), within the
polymerase exon of BDV. The BDV ESS contains similar motifs to
other known ESSs present in viral and cellular genes. Furthermore,
our results indicated that a functional polyadenylation signal just
upstream of the BDV ESS is also involved in the regulation of
alternative splicing of BDV. These observations represent the first
documentation of complex RNA splicing in animal RNA viruses and
also provide new insight into the mechanism of regulation of
alternative splicing in animal viruses.

There are multiple posttranscriptional processes that are
essential for expression of eukaryotic and viral genes. These

include RNA capping, splicing, polyadenylation, and transport
(1–6). Pre-mRNA splicing is often complex in mammalian cells,
because the majority of pre-mRNAs have multiple introns, and
these sometimes contain more than one 59 andyor 39 splice site.
Alternative splicing of these pre-mRNAs involves the use of
alternative 59 or 39 splice sites and exon skipping or inclusion,
generating different pre-mRNAs potentially encoding multiple
protein isoforms with distinct functions. A number of factors,
including cis element in genomes and viral and cellular proteins,
which affect splicing efficiency and splice site choice, have been
identified (7–12). Splicing of HIV type 1 (HIV-1) tat RNA and
bovine papillomavirus type 1 (BPV-1) early and late genes are
regulated by suboptimal 39 splice sites and exon splicing en-
hancer and suppressor elements (ESE and ESS), which bind to
cellular regulatory factors (13–16). Such regulation is important
to achieve the balance between alternatively spliced RNAs or
spliced and unspliced RNAs. The proteins produced by regu-
lated splicing are required at different stages of the virus
replication or in different host cell environments and are in-
volved in regulation of the viral life cycle. It has been demon-
strated that reactivation of HIV-1 from the proviral latency
requires a threshold level of Rev protein, which is generated by
multiple splicing events (17, 18). Furthermore, the splicing level
of NS1 mRNA of influenza virus regulates efficient transport of
unspliced NS1 mRNA from the nucleus (19). In addition, the
splicing pattern of the BPV-1 late mRNA depends on the
differentiation stage of the infected cells (20, 21). Therefore,
regulated splicing of viruses is a key step for accomplishing their
life cycle in mammalian cells.

Borna disease virus (BDV) is a nonsegmented negative-strand
RNA virus that belongs to the Mononegavirales (22, 23). Despite
the similarity in genome organization to other members of this

order, BDV has several clearly distinguishing features. One of
the most striking characteristics of BDV is its localization for
transcription. BDV replicates and transcribes in the nucleus of
infected cells (24), whereas the other animal viruses of this order
undergo their life cycle in the cell cytoplasm. Previous studies
have demonstrated that BDV uses the RNA splicing machinery
for gene expression, and the genome contains two introns (intron
I and II; refs. 25 and 26). Transcripts that retain intron I serve
as messages for expression of the gp18 matrix protein (M) of
BDV, and those that retain intron II serve as messages for
expression of the envelope glycoprotein (G). Transcripts that
lack both introns serve as messages for expression of the Pol
protein (L) of BDV (27). As in other viruses, splicing of the BDV
genome is not 100% efficient. The 39 splice sites of BDV have
been shown to be suboptimal, and inefficiency of splicing is
because of inaccessibility of the splice sites to the splicing
complex (26). In view of the features of BDV biology, such as
low-level production of infectious virus and viral persistence in
infected cells, however, BDV must also regulate efficiency of
gene expression by another mechanism posttranscriptionally.
Furthermore, it is also likely that there are rare spliced RNAs
that are conditionally expressed at different stages of the virus
life cycle. Thus, research into the regulated RNA splicing of
BDV should lead to a better understanding of the biological
features of the virus. Here, we report spliced RNAs of BDV that
use an alternative 39 splice site. Our results demonstrate that a
cis-acting splicing suppressor and a polyadenylationytermination
(Pt) signal within the genome are involved in alternative splicing
of BDV. These observations provide new insight into the
mechanism responsible for regulation of alternative RNA splic-
ing in animal viruses.

Materials and Methods
Cells and Viruses. Madin–Darby canine kidney cell (MDCK), rat
glioma cell (C6), human oligodendroglioma cell (OL), and
COS-7 cell lines were maintained in DMEM containing 10%
heat-inactivated FCS. Three persistently BDV-infected cell
lines, MDCKyBDV (28), C6BV (29), and OLyBDV cells ob-
tained by establishing a persistent BDV strain HuP2br (30)
infection in OL cells, were maintained under the same conditions
as the parental cell lines. These cells produced infectious BDV,
and .90% of the cells were infected.

Animal Samples. BDV-infected rat brain samples were obtained
from 2 to 3 weeks after inoculating newborn Lewis rats intra-
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cerebrally with 20 ml of BDV stock prepared from a homoge-
nized MDCKyBDV-infected cell line.

Thermostable Reverse Transcription (RT)–Time-Release PCR Analysis.
Total RNAs were extracted from BDV-infected cultured cell
lines, rat brain cells, or plasmid-transfected cells by using an
RNA isolation kit (Nippon Gene, Toyama, Japan), and aliquots
of 1 mg of total RNA were reverse transcribed with 50 mM of
oligo(dT)20 primer. To prevent secondary structure formation of
RNA templates during the RT step, we used the Thermoscript
RT-PCR System (GIBCOyBRL), and RT was carried out for 1 h
at 60°C.

The resulting cDNAs were used as templates for PCR ampli-
fication with the following primer pairs: S-1yA-2, S-1yA-12,
S-1yA-9, and S-1yRVA-1. The sequences and nucleotide (nt)
positions of primers used for this study are listed in Supplemen-
tal Table 1 (see www.pnas.org). PCR was performed in a total
volume of 50 ml containing 3 ml of cDNA and 2.5 units of Taq
polymerase [Amplitaq Gold (Perkin–Elmer)]. For efficient am-
plification of rare spliced RNAs in infected cells, we used the
time-release PCR method (31). The reaction mixtures were
preincubated at 94°C for 3 min followed by 35 cycles of PCR at
94°C for 1 min, 63°C for 1 min, and 74°C for 1 min 30 sec.
Amplification products were analyzed by electrophoresis in 1.5%
agarose gels.

RNase Protection Assay (RPA). Aliquots of 10 mg of RNAs extracted
from infected or transfected cells were hybridized with
[32P]rUTP-labeled antisense riboprobe. To generate the ribo-
probe, an intronless BDV cDNA spanning splice site was
amplified by PCR with S-20 and A-32 primers and inserted into
pSPT19 (Boehringer Mannheim). The plasmid was transcribed
by using T7 polymerase, and RPA was performed with an RPA
III kit (Ambion, Austin, TX) according to the manufacturer’s
recommendations. The protected products were separated on
5% polyacrylamidey8 M urea gels for 1 h at a constant voltage
of 300 V. After electrophoresis, the gels were dried on Whatman
paper and then exposed to x-ray film for 1–3 days at 270°C. All
cited percentages of spliced RNAs are averages of results
obtained in at least three independent experiments.

Northern Blot Analysis. Poly(A)1 RNA was purified from total
RNA of OL and OLyBDV cell lines by using Oligotex-dT30
(Takara Shuzo, Kyoto). RNA samples were electrophoresed
through a 1% agarose gel containing 2.2% formaldehyde and
analyzed by Northern (RNA) blot hybridization with [32P]rUTP-
labeled antisense riboprobe. To generate the riboprobe, BDV
cDNA was amplified by RT-PCR and inserted into pSPT19.
Hybridization was performed with the probe (1.0 3 106 cpmyml)
at 68°C overnight. After washing, specific reaction was detected
to expose to x-ray film for 1–4 days at 270°C.

Plasmid Construction. The BDV cDNA expression plasmid
pCD2.1 used for transfection analysis was generated as follows.
BDV cDNA was amplified with S-1.1 and A-10 primers (Sup-
plemental Table 1; see www.pnas.org) by using RNA sample
from OLyBDV cells. The PCR product was digested with EcoRI
and SalI and cloned into pUC19. The pUC vector containing a
2.7-kb BDV cDNA clone was cut with EcoRI and filled with pCla
I linker. The resulting vector was digested with ClaI and SalI, and
then the fragment was inserted into HindIII-SalI sites of the
expression vector pRVSV (32) to create pCD2.1. Plasmid
pCD2.1 was used as a DNA template to create the other
expression plasmids. To generate pCD2.2, pCD2.3, pCD2.4,
pCD2.5, and pCD2.6, ApaI and XbaI sites in pCD2.1 were
digested, and cDNA fragments amplified with S-11 and A-2.2
(pCD2.2), A-2.3 (pCD2.3), A-2.4 (pCD2.4), A-2.5 (pCD2.5), or
A-2.6 (pCD2.6) primers (Supplemental Table 1) were inserted

into these sites of the plasmid pCD2.1. To generate deletion
clones of pCD2.5, the cDNA amplified with S-11 and A-25
primers was inserted into pCD2.1 lacking the ApaI and BamHI
fragment. The resulting plasmid was cleaved by BamHI, and
fragments amplified from pCD2.5 with S-5.1 (pCD2.5d1), S-5.2
(pCD2.5d2), or S-5.3 (pCD2.5d3), and A-28 primers were ligated
into the BamHI sites. The pCD2.6d1 plasmid was created by
insertion of the fragment from pCD2.6 amplified by S-6.1 and
A-28 primers into pCD2.5, which was cleaved at the BamHI sites.
To generate pCD2.6d2, the plasmid pCD2.6 was first digested
with Sal I and Spl I, and then blunted and self ligated.

The expression plasmid pS1-FLAG was generated by ampli-
fication of BDV cDNA with S1-FF and S1-RF primers (Sup-
plemental Table 1; see www.pnas.org) by using RNA sample
from OLyBDV cells. The PCR product was digested with PstI
and XbaI and cloned into pRVSV vector. The construction of an
expression plasmid of BDV X protein, pcORFx1-FLAG, has
been described elsewhere (33).

RACE Analysis. The 39 rapid amplification cDNA end (RACE)
assay was carried out to determine the Pt sites of BDV tran-
scripts. Total RNAs from BDV-infected cells were primed with
oligo(dT)-adapter primer, RACE-A1, and RT was performed
with Thermoscript (GIBCOyBRL) at 60°C for 1 h. The resulting
first-strand cDNAs were used as templates for PCR with S-2 and
RACE-A2 primer pair under the following conditions: 30 cycles
of 94°C for 30 sec, 59°C for 30 sec, and 72°C for 40 sec. Nested
amplification was performed by PCR with RACE-S3 and
RACE-A2 under the following conditions: 25 cycles of 94°C for
20 sec, 59°C for 20 sec, and 72°C for 20 sec. The products of the
nested PCR were cloned into pUC19 and sequenced.

Results
Detection of a 3* Splice Site and Alternative Splicing of BDV. We first
performed thermostable RT–time-release PCR to detect rare
spliced RNAs in BDV-infected cultured cells and animal brains.
The precise locations of PCR primers are indicated in Fig. 1A
and are described in Supplemental Table 1 (www.pnas.org). By
using the S-1yA-12 primer pair, we detected two fragments that
could correspond to intron II [nt 2410–3703 of BDV genome
(antigenome polarity)]-spliced RNAs, named SA2 spliced
RNAs, at 1,297 and 1,203 bp, as previously reported (Fig. 1B,
lanes 1, 3, 5 and 7) (25, 26). The S-1yA-9 primer pair amplified
small faint bands at 647 and 553 bp on the gel, in addition to the
fragments of 1,503 and 1,409 bp in all infected cells (Fig. 1C,
lanes 1, 3, 5, and 7). Fragments corresponding to unspliced RNA
species were also detected at 2,590 and 2,796 bp by using the
S-1yA-12 and S-1yA-9 primer pairs, respectively, but the am-
plification of these longer products was inefficient under our
conditions. To determine the sequence organization of the PCR
DNAs, we cloned and sequenced the fragments amplified by the
S-1yA-9 primer pair. Sequence analysis of several independent
clones confirmed that the cloned fragments had the BDV
genome sequence containing internal deletions. The DNA frag-
ment of 1,503 bp lacked the intron II sequence, whereas the
DNA fragment of 1,409 bp lacked both introns I (nt 1932–2025)
and II sequences, confirming that these fragments were derived
from SA2 spliced RNAs of BDV. The DNA fragment of 647 bp
lacked the region between nt 2410 and 4559 (deletion I), and the
fragment of 553 bp lacked both intron I and deletion I sequences
(Fig. 1D). The deletion I sequence shared its 59 end with intron
II. Furthermore, inspection of the BDV antigenome polarity
sequence at the boundary of deletion I revealed the presence of
sequence motifs with similarity to the mammalian 39 splice site
consensus sequences (Fig. 1E) (34). The branchpoint sequence,
in which six of seven nt positions matched the consensus
branchpoint sequence, was found 34 nt from the possible 39
splice site (Fig. 1E). The polypyrimidine tract also showed a
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suitable sequence, indicating that the deletion I sequence con-
tained a 39 splice site of BDV. Consequently, we designated
deletion I as intron III of BDV and the 39 splice site found at nt
4559 as SA3 (Fig. 1D).

To confirm whether RNA species lacking intron III, named
SA3 spliced RNAs, are generated during BDV infection, we
performed RPA of RNA from BDV-infected cultured cells and
rat brain cells by using an antisense riboprobe spanning nt
2150–4595 of BDV cDNA lacking the intron III sequence (Fig.
2A). By using this probe, fragments of 296 and 260 nt should be
generated as protected RNAs that represent SA3 spliced and
SA2 spliced or unspliced RNAs, respectively (Fig. 2 A). As shown
in Fig. 2B, SA3 spliced RNA was found as a faint band in both
BDV-infected cultured cells and rat brain cells, whereas un-
spliced and SA2 spliced RNAs were detected as major protected
signals (lanes 3 and 5). A 36-nt protected RNA corresponding to
nt 4559–4595 was also found (data not shown). This observation
demonstrated that the SA3 spliced RNAs do exist in BDV-
infected cells, and that BDV uses alternative splicing for gene
expression. Furthermore, RPA revealed that splicing efficiency
of intron III was only around 10%, confirming the RT-PCR
results shown in Fig. 1C.

In addition, Northern blot analysis was carried out to confirm
the generation of SA3 spliced mRNAs in OLyBDV cell line.

After short exposure of the hybridized membrane, two bands, 7.1
and 6.1 kb, were detected by a riboprobe, Rp1, as previously
described (Fig. 2 A and C, lane 1) (25, 26). To demonstrate rare
RNA species that hybridized with Rp1, an extended exposure of
the membrane was performed. After 4 days of exposure, an
additional band was detected at 1.6 kb in the infected cells (Fig.
2C, lane 5). A faint signal is also found at around 2.3 kb by the
longer exposure of the membrane. These bands were not seen
with the hybridization by using riboprobe, Rp3, which are
located in the intron III sequences (Fig. 1C, lanes 3 and 7),
indicating that these rare RNA species resulted from the splicing
of intron III.

SA3 Is a Favorable 3* Splice Site but Is Less Active in BDV-Infected
Cells. To characterize the splicing of intron III, called SA3
splicing, in more detail, a 2.7-kb BDV cDNA was cloned into an
eukaryotic expression vector pRVSV (Fig. 3A). After transfec-
tion of COS-7 cells with pCD2.1, RNA was isolated at 48 h and
reverse transcribed with oligo(dT) primer. BDV-specific cDNAs
were then amplified with the S-1 and A-2 primer pair. COS-7
cells transfected with pCD2.1 produced both SA2 and SA3
spliced RNAs (Fig. 3B, lane 1), indicating that BDV intron III
can be processed by the cellular RNA splicing machinery in the
absence of BDV infection. Upper and lower bands in each
spliced RNA correspond to RNA with and without intron I
splicing, respectively. Furthermore, SA3 splicing was found as
predominant product in the plasmid-transfected cells, whereas
faint signals were observed for SA2 splicing (Fig. 3B, lane 1).
This might have been because amplification of the smaller
product was more efficient than that of the longer fragment. It
is also possible that a weak detection of SA2 spliced RNAs in the
transfected cells is caused by preferential recognition of SA3 in
the alternative splicing of the viral RNAs. Despite this, however,
the SA2 spliced RNAs were present as the major product in
OLyBDV cells (Fig. 3B, lane 3; see also Fig. 1). This experiment
revealed that although the SA3 site functions as a favorable
splice signal within the genome, SA3 splicing is inefficient in
persistently BDV-infected cells. To investigate whether this
suppressive expression of SA3 splicing in the infected cells

Fig. 1. Detection of a 39 splice site of BDV. (A) SA2 splicing of BDV. The
outline of the BDV genome is indicated at the top. Arrows indicate approxi-
mate positions of primers used for RT-PCR. Positions of 59 and 39 splice site (SS)
and a polyadenylation site (T3) are indicated. (B and C) Thermostable RT-time-
release PCR of BDV RNA. RT-PCR was performed with S-1 and A-12 (B) or S-1
and A-9 (C) primer pairs. The images of agarose gels were captured electron-
ically, and the pixels were inverted. Lanes: 1, MDCKyBDV; 2, MDCK; 3, C6BV;
4, C6; 5, OLyBDV; 6, OL; 7, BDV-infected rat brain; 8, uninfected rat brain; 9,
MDCKyBDV RT(2). (D) Splicing patterns of BDV. Approximate location of a
newly identified BDV intron and 39 splice site (SA3) are shown. Lengths of PCR
products are indicated at the left of the patterns in parentheses. (E) Compar-
ison of the BDV intron III splice sequence with mammalian consensus se-
quence. A branchpoint nt is indicated by an arrow. Y, pyrimidine; R, purine; N,
any base.

Fig. 2. RNase protection and RNA blot assays of BDV RNA. (A) Schematic
maps of BDV ORFs are shown at the top. The riboprobes for RPA and RNA
blotting [Rp1 (nt 4560–4766) and Rp3 (nt 4075–4480)] are indicated by black
and shaded bars, respectively. Expected sizes of protected fragments are
indicated at the right of the patterns in parentheses. (B) RPA for SA3 splicing
RNAs. Lanes: 1, RNase-untreated riboprobe; 2, uninfected rat brain; 3, BDV-
infected rat brain, 4, OL cells; 5, OLyBDV cells. % of SA3 spliced RNAs is shown
at the bottom of the lanes. (C) RNA blotting for SA3 spliced RNAs. Poly(A)1

RNAs from OLyBDV (lanes 1, 3, 5, and 7) and OL cells (lanes 2, 4, 6, and 8) were
hybridized with Rp1 (lanes 1, 2, 5, and 6) or Rp3 (lanes 3, 4, 7, and 8) antisense
probe. Lanes 5 to 8 represent an extended exposure (4 days) of the lanes 1 to
4. Appropriate sizes of the fragments are shown.
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depends on the presence of viral proteins andyor transfected cell
types, pCD2.1 was transfected into OL or OLyBDV cells, and
RT-PCR was performed with a vector-specific primer, RVA-1.
As shown in Fig. 3C, splicing of intron III in infected cells was
as efficient as that observed in uninfected cells (lanes 1 and 3),
suggesting that SA3 splicing is suppressed in a virus protein-
independent manner in persistently BDV-infected cells.

Detection of Negative Regulatory Activity of SA3 Splicing in the BDV
Genome. The results described above suggested the presence of
elements with negative regulatory effects on SA3 splicing within
the BDV genome. As previous studies have demonstrated that
most of the viruses that use RNA splicing machinery contain
cis-acting ESE or ESS regions for their regulated splicing
(13–16), we next tried to identify the negative regulatory activity
and to determine the approximate region corresponding to the
activity within the BDV genome. We generated several plasmids
(Fig. 4A) and used the cDNA expression system in COS-7 cells.
Forty-eight hours after transfection, RNAs were isolated, and
the efficiency of SA3 splicing was analyzed by RT-PCR and
RPA. As shown in Fig. 4B, the cells transfected with pCD2.1, 2.2,
2.3, and 2.4 plasmids, which have 35-, 103-, 206-, and 306-nt
flanking sequences in the 39 portion from the SA3 site, respec-
tively, showed efficient SA3 splicing. In contrast, the efficiency
of SA3 splicing was markedly reduced in cells transfected with
plasmids pCD2.5 and 2.6, which contain 388 and 481 nt flanking
the 39 portion of the SA3 site, respectively. In addition, two
deletion forms of pCD2.5, pCD2.5d1, and 2.5d2, which lacked 68
(nt 4781–4848) and 103 nt (nt 4781–4883) also led to no
detectable SA3 splicing signals. The suppression of SA3 spliced
RNA was, however, released in cells transfected with pCD2.5d3
and 2.6d1, the plasmids lacking 137 (nt 4781–4917) and 91 nt (nt
4874–4964), respectively, although the levels of SA3 splicing did
not reach that obtained in cells transfected with pCD2.1. We
repeated this experiment at least six times and obtained similar
results in each experiment. Furthermore, RPA also confirmed
the efficiency of SA3 splicing in the cells transfected with these
clones (Fig. 4C). Almost 30% SA3 splicing was found in the
pCD2.2-transfected cells, whereas pCD2.5 showed less than 1%
SA3 splicing. The pCD2.6d1, however, recovered the SA3
splicing to 15%. These observations demonstrated that the BDV

genome indeed contains elements with negative regulatory
activity on SA3 splicing and that the region at around 350 nt
downstream of the SA3 site, at least nt 4873–4917, has an ESS
activity of BDV (Fig. 4A).

To elucidate the negative splicing activity of the BDV ESS
region, we analyzed the sequences surrounding the region and
compared the sequences with other known splicing suppressor
elements. Interestingly, the BDV ESS contained two putative
elements (Fig. 5A). Region 1 included three motifs, CUAGA (nt
4860), GGAUCC (nt 4868) and UUAG (nt 4891), similar to core
sequences of the ESS element present in the first and second
tat-coding exons of HIV-1 (ESS2 and ESS3; refs. 13, 14, and 35)
within a small 35-nt sequence. Two of these motifs, CUAGA and
UUAG, exactly matched the core motifs of the HIV-1 ESS, and
the other, GGAUCC, was one nt different from the HIV-1 motif.
Furthermore, we found a purine-rich region (region 2; nt
4896–4929), which was 70% A or G, immediately downstream of
the UUAG motif (Fig. 5A). Previous studies revealed that
purine-rich splicing elements are found in several cellular exons
(9, 11, 36) and also demonstrated that an AG-rich sequence of
BPV-1 ESS is required for strong suppression of BPV-1 late gene
splicing (15, 16).

A Possible Role of Polyadenylation in Alternative Splicing of BDV.
Sequence analysis revealed a more interesting finding regarding
regulation of alternative splicing of BDV. Just upstream of the
ESS region, we found a putative Pt signal (previously referred to
as t6; ref. 22), the utilization of which has not yet been identified
in BDV-infected cells (Fig. 5A). The sequence of the t6 exactly
matched the Pt signal consensus sequence of BDV (22). There-
fore, if there are BDV pre-mRNAs that are terminated at the t6
signal, the pre-mRNAs could efficiently splice the intron III
sequence, because the ESS region could be separated from the

Fig. 3. SA3 splicing is inefficient in persistently BDV-infected cells. (A)
Schematic representation of BDV cDNA expression plasmid pCD2.1. Positions
of splice sites and polyadenylation signal are indicated. Arrows show primers
for RT-PCR. (B and C) Splicing analysis of cDNA expression plasmid. Arrows
indicate SA2 or SA3 spliced products in the cells. Primer pairs used for analysis
are indicated at the bottom. Lanes: (B) 1, pCD2.1-transfected COS-7 cells; 2,
mock-transfected COS-7 cells; 3, OLyBDV cells; 4, OL cells. (C) 1, pCD2.1-
transfected OL cells; 2, mock-transfected OL cells; 3, pCD2.1-transfected OLy
BDV cells; 4, mock-transfected OLyBDV cells.

Fig. 4. The BDV genome contains elements with negative regulatory effects
on SA3 splicing. (A) A series of cDNA expression plasmid. Deletion sites are
indicated by nt numbers. The putative ESS position is shown by a box. (B)
RT-PCR analysis of deletion mutants. The mutants were transfected into COS-7
cells and SA3 splicing was detected by RT-PCR by using S-1yA-2 primer pairs. (C)
RPA of deletion mutants. RNAs from the mutant-transfected cells were hy-
bridized with the riboprobe shown in Fig. 2. Percent of SA3 splicing was
indicated. Mutants used for the analysis are shown at the top of the lanes. Cr,
mock-transfected COS-7 cells.
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pre-mRNAs by stuttering of RNA-dependent RNA polymerase
before accomplishment of splicing. To test this hypothesis, we
investigated utilization of the t6 signal during BDV infection. To
detect poly(A)1 mRNAs that terminated at the t6 signal, we
performed 39RACE by using total RNAs from BDV-infected
cells. An oligo(dT)-adapter primer was used as an RT primer,
and specific fragments were amplified by nested PCR. By using
the primer pair, mRNAs that are terminated at the t6 signal
should yield fragments of around 270 bp. As shown in Fig. 5B,
we detected amplified products of the expected size in all
BDV-infected cell lines (lanes 1, 3, and 5), and sequence analysis
of the products confirmed polyadenylation at the t6 site with
20–25 adenylate residues (data not shown). This result revealed
that the t6 is a functional Pt signal within the BDV genome.

The SA3 Spliced RNAs Can Form ORFs. Sequence analysis of SA3
spliced RNAs revealed that the splicing could form predicted
ORFs in all three frames. Frame 1 generated the largest ORF,
which encodes the first 58 amino acids of G protein fused to L
protein lacking one-quarter of the N terminus. Frames 2 and 3
generated ORFs encoding putative products of 75 (S1) and 8
(S2) amino acids, respectively (Fig. 6A). Interestingly, S1 ORF
shared a start codon (nt 2393) with the L protein, which was
formed by SA2 splicing (Fig. 6A; ref. 27). The AUG codon is
flanked by a strong context for protein translational initiation
(37), and the termination codon of the S1 ORF overlapped the
t6 signal (Fig. 6A). To demonstrate whether the SA3 spliced
RNA has a potential for production of polypeptides, we con-
structed an SA3 spliced cDNA expression plasmid, pS1-FLAG,
which tags FLAG epitope in the C terminus of the predicted S1
ORF. After transfection of COS-7 cells, synthesis of the S1
protein was analyzed by Western blotting by using anti-FLAG
antibody. As shown in Fig. 6B, the SA3 spliced cDNA clearly
generated a protein (lane 2), with molecular weight that is almost
the same as that of the X protein, indicating that the SA3 spliced
RNA has a potential to translate a protein from the AUG signal
of S1 ORF.

Discussion
In this study, we found spliced RNAs of BDV that use an
alternative 39 splice site. This splice site, SA3, was indeed used
in BDV-infected cell lines as well as infected rat brain cells,
demonstrating alternative RNA splicing of BDV. Although the
influenza virus is known as the only other RNA virus that uses
alternative splicing for gene expression (38), the nonsegmented
genome and alternative 39 splice site of BDV indicated a manner
and complexity of alternative splicing in this virus. Interestingly,
cDNA expression analysis indicated that although the SA3 could
be a favorable splice site in mammalian cells, utilization of SA3
is inefficient in infected cells. This analysis also revealed that
viral proteins do not participate in the regulation of the SA3
splicing. It is still possible that the plasmid sequences at the 59
and 39 ends of the plasmid-derived RNA may contribute to some
effects on the splicing (i.e., increasing the stability or splicing rate
of the RNA) in the transfected cells. Our results demonstrated,
however, that BDV contains elements that negatively regulate
SA3 splicing activity within the genome. This suppression of SA3
splicing was controlled by a putative ESS, located at around 350
bp downstream of the SA3 site in an exon of BDV L protein.
Recent studies on splicing suppressors or ESSs in eukaryotic
pre-mRNAs have revealed that each ESS is located downstream
of a suboptimal 39 splice site in a regulated exon of its pre-mRNA
and plays a negative role in splicing of the upstream intron (7, 8,
13–16, 39, 40). These ESSs are frequently located downstream of
a juxtaposed ESE and form a bipartite splicing regulatory
element in that exon. In BDV, however, we could not identify
ESE activity in a juxtaposed upstream sequence of the ESS,
because efficient SA3 splicing was detected in cDNA clones
containing a series of deletions in upstream sequences of the ESS
region (Fig. 4). This observation suggested that a juxtaposed
ESE is not necessarily required for the ESS function. Therefore,
it is likely that the BDV ESS directly inhibits the function of the
SA3 site.

Sequence analysis of BDV ESS revealed that the region
contained two putative elements that have motifs similar to the
other ESS elements present in viral and cellular genes. Previous
studies have shown that the core sequence necessary for HIV-1
tat ESS2 activity is CUAGA, and that the core sequences
necessary for tat ESS3 activity are AGAUCC and UUAG (14,
35). Region 1 of BDV ESS contained all of the three motifs
within a 35-nt sequence (Fig. 5A). A recent study revealed that

Fig. 5. Detection of a functional polyadenylation signal upstream of the ESS
region. (A) Sequences of the BDV ESS region. Schematic map of BDV ORFs is
shown at the top. Splice and polyadenylation sites of BDV are shown by bars.
Primers for 39RACE analysis and putative elements of BDV ESS are also indi-
cated. A polyadenylation signal (t6) and possible motifs for ESS are boxed. (B)
39RACE analysis of BDV. RNAs from BDV-infected cells were subjected to
39RACE analysis by using the primers shown in A. lanes: M, marker; 1, MDCKy
BDV cells; 2, MDCK cells; 3, C6BV cells; 4, C6 cells; 5, OLyBDV cells; 6, OL cells.

Fig. 6. The SA3 spliced RNA forms ORFs. (A) Schematic diagram of the new
predicted BDV ORFs generated by SA3 splicing. Splice and polyadenylation
sites in the BDV genome are indicated. ORFs and amino acid numbers of G-, S1
and S2 ORFs predicted by the BDV genome sequence are indicated. (B)
Translation of predicted S1 protein in cDNA transfected COS-7 cells. Lanes: 1,
pcORFx1-FLAG; 2, pS1-FLAG; 3, Mock. Appropriate sizes of molecular weight
are shown.
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these motifs in HIV-1 ESSs are important for binding to
heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) that
is widely expressed in mammalian cells and are required for the
negative regulation of HIV-1 tat splicing (41). Furthermore,
sequence comparison of several other potential ESS elements
demonstrated that most contain a UAG motif, and a UAG motif
is necessary for binding hnRNP A1 to regulate viral or cellular
splicing or RNA transcription (41). Region 1 of BDV also
contains two UAG motifs. Therefore, it is likely that the hnRNP
A1 binds the cis-acting region of BDV and suppresses the SA3
splicing of its pre-mRNAs. In addition, a purine-rich sequence in
the BDV ESS region 2 was similar to those observed in BPV-1
ESS and other cellular ESEs. Previous studies demonstrated that
AG-rich elements present in cellular exons selectively bind to
serineyarginine-rich (SR) proteins and enhance splicing effi-
ciency of several cellular pre-mRNAs (9, 11, 36). In contrast,
however, it has also been reported that the AG-rich sequence of
BPV-1 ESS is important for suppression of splicing of the late
mRNAs. A recent study suggested that the AG-rich region of
BPV-1 could limit the amounts of SR proteins available for 59
and 39 splice sites interaction during pre-mRNA splicing and
suppress efficient splicing of the mRNAs (16). It is also possible
that the AG-rich element in BDV ESS binds to SR proteins and
suppresses activated SA3 splicing.

Despite the sequence similarity between BDV ESS and other
viral ESSs, the presence of a functional Pt signal, t6, upstream of
the ESS revealed a mechanism for regulated alternative splicing
of BDV. The pre-mRNAs that are terminated at the t6 signal
could splice the intron III sequence efficiently, because the
pre-mRNAs could not carry the ESS region in the sequences. On

the other hand, SA3 splicing could be inefficient in the t6
readthrough pre-mRNAs. Strongly supporting this hypothesis,
39RACE analysis clearly demonstrated that t6 is a functional
signal during viral transcription. Although alternative Pt or
readthrough mechanisms of RNA viruses have not yet been
defined, alternative Pt of BDV pre-mRNAs could have an initial
role in regulation of SA3 splicing, because the splicing reaction
must involve 39-end-processing of pre-mRNAs (2, 6).

The results presented here suggested that coupling of poly-
adenylation and splicing suppression are involved in alternative
gene expression of the nonsegmented negative-strand RNA
virus. Further studies with new techniques such as reverse-
genetic systems are required to identify the detailed mechanism
of RNA virus pre-mRNA splicing and its regulation in mam-
malian cells. Furthermore, the regulated alternative splicing of
BDV suggested the functional importance of the proteins en-
coded by the SA3 spliced RNA in the life cycle of the virus. In
a recent study, it has been demonstrated that AUG of the
predicted S1 ORF is used to initiate translation of BDV L with
SA2 splicing (27). This observation strongly supports the trans-
lational potential of the S1 ORF in infected cells that was
demonstrated in the SA3 spliced cDNA-transfected cells. Fur-
ther experiments are currently in progress to identify the pro-
teins encoded by SA3 spliced RNAs in infected cells by using
specific antibodies to the proteins produced from Escherichia
coli and baculovirus systems.
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