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Expression of the Li region of adenovirus is temporally regulated by alternative splicing to yield two major
RNAs encoding the 52- to 55-kilodalton (52-55K) and lIa polypeptides. The distal acceptor site (IHa) is utilized
only during the late phase of infection, whereas the proximal site (52-55K) is used at both early and late times.
Several parameters that might affect this alternative splicing were tested by using expression vectors carrying
the Li region or mutated versions of it. In the absence of a virus-encoded or -induced factor(s), only the 52-55K
acceptor was used. Decreasing the distance between the donor and the IlIa acceptor had no effect. Removal of
the 52-55K acceptor induced IIIa splicing slightly, implying competition between the two acceptors. Fusion of
the Hla exon to the 52-55K intron greatly enhanced splicing of the HIa junction, suggesting that the Ila exon
does not contain sequences that inhibit splicing. Thus, the lack of splicing to the Ila acceptor in the absence
of a virus-encoded or -induced factor(s) is probably due to the absence of a favorable sequence and/or the
presence of a negative element 5' of the Hla splice junction, or both. The presence of several adenovirus gene
products, including VA RNAs, the E2A DNA-binding protein, and the products of ElA and ElB genes, did not
facilitate use of the lIla acceptor. In contrast, the simian virus 40 early proteins, probably large T antigen,
induced IlIa splicing. This result, together with those of earlier studies, suggest that T antigen plays a role in
modulation of alternative RNA splicing.

Most eucaryotic genes contain introns that are removed
from the transcript during mRNA maturation. During proc-
essing of the precursor RNA of some of these genes,
different combinations of splice donor and acceptor sites are
joined to form different mRNAs. It is now clear that this
alternative RNA splicing not only increases the complexity
of products that are encoded by a given gene but also serves
as an important regulatory mechanism. For example, both
the rat fibroblast tropomyosin 1 and the skeletal muscle
,-tropomyosin are expressed from a single rat gene via
alternative RNA splicing (25). Many other examples of
tissue-specific (9, 32) or developmentally regulated alterna-
tive splicing are known (7, 12; for reviews, see references 11
and 33).
Although many studies are being conducted to character-

ize alternative splicing, the mechanisms that govern this
process are still ill defined. Specifically, it is not known how
alternative splicing sites are chosen or even whether dif-
ferent signals are used during processing of transcripts that
undergo simple versus complex patterns of splicing. Both
simple and complex transcriptional units use more or less
conserved consensus sequences identified at the donor and
acceptor splice sites and the branch point (24, 36, 39).
Moreover, sequence comparisons between splice junctions
of constitutive and alternative exons have not revealed
significant differences (11). Therefore, it is likely that regu-
lation of alternative splice site usage requires other cis-acting
elements. Furthermore, the results of a number of studies
argue that trans-acting factors, which may interact with
these cis-acting elements, are involved in differential splicing
(9, 12, 20, 32). These putative trans-acting factors and the
signals with which they interact have yet to be identified.
Human adenovirus is an extreme example of alternative

splicing. The primary transcript(s) from each of five early
regions (ElA, ElB, E2, E3, and E4) is alternatively spliced
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to, in general, yield several mRNAs encoding different
proteins (8, 15; for reviews, see references 40 and 45).
Similarly, during the late phase of adenovirus infection, the
-30-kilobase-long transcript initiated from the major late
promoter (at nucleotide [nt] 6008 [42]) is processed by
differential cleavage and polyadenylation into five families
(Li to L5) of RNAs. Alternative splicing of the tripartite
leader (itself formed by splicing together of three exons
encoded proximal to the promoter) to different acceptor sites
within a family yields different family members that share
the common 5' tripartite leader and the same 3' end (for
reviews, see references 40, 45, and 53).
The adenovirus Li late region is particularly intriguing.

Although the Li gene family is part of the major late
transcriptional unit, it is expressed early as well as late in
infection (2, 37, 46). During the early phase, the donor site
(at nt 9723) is spliced to the proximal acceptor site (at nt
11040) to form a messenger encoding two related polypep-
tides (52 to 55 kilodaltons; designated 52-55K polypeptides)
of unknown function. During the late phase, the distal
acceptor site for the IIIa capsid protein mRNA as well as the
52-55K mRNA acceptor site are utilized (2, 37). Thus the
alternative splicing of Li is regulated in concert with the
viral infectious cycle. We have chosen to study the adeno-
virus Li family as a model of regulated alternative splicing to
learn more about the cis-acting element(s) and trans-acting
factor(s) involved in this regulation.

MATERIALS AND METHODS
Construction of Li expression vectors. Most of the cloning

steps were done in pGEM3*, a variant of the pGEM3 vector
(Promega Biotec) that lacks the PvuII site. Numbers in
parentheses denote the nucleotide sequence number of the
adenovirus serotype 2 (Ad2) genome (42).
The tripartite leader of late viral mRNAs and its flanking

sequences including the splice donor site was constructed as
follows. An Ad2 ThaI fragment (6029 to 6169) containing the
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first leader of the tripartite leaders was inserted in the unique
SmaI site of pGEM3*, giving plasmid pT. An Ad2 Sall
fragment (9455 to 9832) carrying the third late leader was
inserted in the unique Sall site of pT, yielding plasmid pTS.
pTS, carrying both inserts in the same orientation, was
cleaved with PvuII and XhoI, which cut in the Ad2 inserts at
6069 and 9689, respectively. A PvuII-XhoI fragment, derived
from the tripartite leader region of a cDNA copy of the fiber
mRNA (pJAW [16]), was inserted into the PvuII-XhoI-
deleted pTS to give plasmid pTSC, which carries 11 base
pairs (bp) of the genomic sequence in front of and 108 bp
after the full-length Ad2 tripartite leader. pTSC contains the
third-leader splice donor site. The BamHI-SalI fragment of
pTSC was introduced between BamHI and Sall sites of
pIC20R (34), yielding plasmid pICTSC. Another plasmid,
pICXS, carrying only part of the Ad2 third leader, including
its splice donor sites, was made by inserting the Ad2
XhoI-SaiI fragment (9689 to 9832) in pIC20R.

Plasmids containing the complete or the deleted Ad2 late
Li region were made as follows. An Ad2 BamHI-KpnI
fragment (10680 to 14281), containing the entire Li region,
was isolated from a pGEM3*Ad2 BamHI plasmid (10680 to
15403) and inserted in plasmid pICTSC, yielding plasmid
pICTSCK1. The EcoRI fragment of pICTSCL1 was then
inserted in the EcoRI site of the expression vector p91023B
(28), giving plasmid pKl. pICTSCL1 was deleted of a BstEII
fragment (10708 to 11507), giving plasmid pICTSCLiB,
whose EcoRI insert was moved to p91023B to give the pK2
vector. It contains a -800-bp deletion that essentially re-
moves the 52-55K acceptor site.

Construction of the pK3 vector, which contains the 3'
portion of the third leader upstream of a deleted and trun-
cated Li gene, was more complex. pGEM3*Ad2 BamHI
(10680 to 15403) was linearized with MluI, blunt ended with
Klenow fragment (New England BioLabs, Inc.), and then
religated in the presence of EcoRI linkers (New England
BioLabs). The BamHI-EcoRI fragment was isolated and
inserted between BamHI and EcoRI sites of pGEM3*. The
resulting plasmid, pL1E, was cut by SacIl (11155) and PvuII
(12175), treated with Klenow fragment to obtain blunt ends,
and religated to give pLlESP. pLlESP was further deleted
between an AvaI site of the multicloning site ofpGEM3* and
the Ad2 AvaI site located at 10931 to give plasmid
pLlESPA. The BamHI-KpnI fragment containing the whole
insert of pLlESPA was introduced in homologous sites of
pICXS to give plasmid pICXSLlESPA. The EcoRI insert of
this plasmid was transferred to the p91023B expression
vector to give plasmid pK3 and to pUC119 (48) to verify this
construct by sequencing (43).
To fuse the 52-55K intron sequence to the IIIa exon,

pUC119XSLlESPA was amplified in the Escherichia coli
DNA methylation-minus strain JM110 (51) and cut at the
BclI (12301) and NsiI (11040) sites. The opened plasmid was
incubated with Si nuclease (5 U of Si nuclease [Boehring
Mannheim Biochemicals] per ,ug of DNA) at 30°C for 30 min
and then phenol extracted, ethanol precipitated, and reli-
gated. E. coli MV1184 (48) was transformed with this DNA.
Ampicillin-resistant colonies were grown and infected with
M13K07, and the single-stranded DNA was isolated as
described by Vieira et al. (48). Sequencing was done as
described by Sanger et al. (43). Two clones, referred to as
pUCBN1 and pUCBN2, were selected. In pUCBN1, 11039
(last nucleotide of the 52-55K intron) was fused to nt 12306
(12308 is the first nucleotide of the Illa exon). This resulted
in the duplication of AG at the splice junction, with the 5'
AG derived from the 52-55K intron and the 3' AG derived

from the lIla intron. pUCBN2 has nt 11039 linked to nt
12311, again keeping the 52-55K intron intact but removing
the first 3 nt of the Illa exon. The Pstl (12347)-AvaI (10931)
fragment of these plasmids was inserted in homologous sites
of pICTSCL1. The leader-Li-region insert was then moved
into p91023B via EcoRI sites to give the pKBN1 and pKBN2
expression vectors. EcoRI-BamHI fragments, which contain
the Li chimeric region, were isolated from plasmids pKBN1
and pKBN2 and inserted in homologous sites of pGEM3 to
give the transcription vectors pGEM3BN1 and pGEM3BN2.
These were used to generate 260-nt antisense RNA probes
that cover the chimeric acceptor sites.

Cells and vectors. Human 293 and HeLa cells, originally
obtained from J. Williams, were grown as monolayers in
Dulbecco modified Eagle medium (Flow Laboratories, Inc.)
supplemented with 10% calf serum, 100 ,ug of streptomycin
per ml, 100 ,ug of penicillin per ml, and 2 mM L-glutamine.
Cos-1 cells (21) were generously provided by Y. Gluzman
and propagated as above except that calf serum was replaced
by 5% fetal calf serum.

Plasmid p730 contains an Ad5 hr404 (31) BamHI-EcoRI
fragment (59 to 76 map units) cloned into pBR322. It carries
and expresses the single-stranded-DNA-binding protein
(DBP) gene under its own promoter and poly(A) signals. The
vector, which we have termed pMK16/SV40, was kindly
provided by Y. Gluzman (22). It contains the simian virus 40
(SV40) genome with a defective origin of replication. It was
constructed as follow by Y. Gluzman. The SV40 genome
was inserted in the BamHI site of a BglIr pMK16 plasmid
and then cut with BgiI, blunt ended with Klenow fragment,
and religated.
DNA transfection. HeLa and 293 cells were transfected by

a modified calcium phosphate precipitation method (20).
Precipitated DNA (30 R,g) was added to 100-mm-diameter
dishes of cells in a dropwise manner directly through the
culture medium. The medium was removed 4 h later, and
cells were shocked with a 10% glycerol solution in Tris-
buffered saline for 1.5 min. Cos cells were transfected by
using DEAE-dextran as described by Kaufman (28). Cells
were washed with phosphate-buffered saline and exposed to
1 ml of DEAE-dextran (500 ,ug/ml) in Tris-buffered saline
containing 30 ,ug of plasmid DNA.
RNA isolation and analysis. RNA was extracted between

40 and 48 h posttransfection. Cytoplasmic RNA was pre-
pared as described by Yen et al. (52). Characterization of the
RNA was performed primarily by Si nuclease analysis as
described by Yen et al. (52), with the following modifica-
tions. A 15-,ug sample of total cytoplasmic RNA was hybrid-
ized to 5'-end-labeled probes and then incubated for 30 min
at 45°C with 50 U of Si nuclease. The Si-resistant fragments
were resolved on a 4% acrylamide-7 M urea electrophoresis
gel. RNase protection analysis was done as described by
Melton et al. (35).

RESULTS

To define some of the factors that govern the alternative
splicing of the Li-region transcript, several different expres-
sion vectors were constructed (Fig. 1). The intact or mutated
Li region together with all or a portion of the tripartite
leader, including the donor splice site of the third leader,
were introduced in vector p91023B (28), expression of which
is under the control of the Ad2 major late promoter and the
SV40 polyadenylation signals. These vectors were tran-
siently expressed in human HeLa or 293 cells or in simian
Cos-1 cells (21). The products resulting from splicing be-
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FIG. 1. Structures of normal or altered Li genes. Construction
of the plasmids is described in Materials and Methods. Symbols:
-, bacterial plasmid sequences; =, adenoviral sequences; [],
the 52-55K intron; V, deletion of the 52-55K splice acceptor region
in pK2, deletion of a large portion of the Illa intron in pK3, and
deletion of the 52-55K-coding sequence in the pKBN plasmids.
Numbers 1, 2, and 3 refer to the Ad2 late tripartite leader. Se-
quences shown below pKBN represent the 3' end of the 52-55K
intron, separated by a hyphen from the 5' modified end of IlIa exon
on the right. A, B, E, K, M, and S correspond to the AvaI, BamHI,
EcoRI, KpnI, MluI, and Sall restriction enzyme sites, respectively.

tween the donor of the third leader and either the 52-55K
acceptor or the IlIa acceptor were analyzed by Si nuclease
mapping.

Preferential use of the 52-55K acceptor in transfected hu-
man cells. There are several possibilities that could account
for the lack of splicing to the IlIa acceptor during the early
phase of infection. A viral protein or virus-induced host
factor might inhibit use of the Illa splice site or favor
selection of the 52-55K site. This protein or factor would be
lost or inactivated during the late phase, thus allowing
splicing to the IlIa acceptor. Alternatively, the 52-55K site
may be the preferred acceptor under most cellular condi-
tions, but during the late phase of infection the nuclear
environment or splicing apparatus is altered to enhance IlIa
or inhibit 52-55K acceptor utilization. To distinguish be-
tween these two general possibilities, the pKl expression
vector (Fig. 1) was transfected into HeLa or 293 cells (a
human embryonic kidney cell line transformed with the ElA
and EiB region of AdS [23]).

Cytoplasmic RNA extracted 48 h posttransfection was
analyzed by Si nuclease mapping, using a 5'-end-labeled,
272-bp BglI-MluI fragment that covers the Illa acceptor site
(Fig. 2B). The 52-55K mRNA hybridized to the entire probe,
whereas the lIla mRNA protected only the 5' 132 nt. In
transfected HeLa (data not shown) or 293 cells (Fig. 2A, lane
d), only the 52-55K mRNA (272-nt band) was present. In
contrast to transfection with the vector, during infection by
Ad2, processing of the viral Li transcript resulted in increas-
ing amounts of IIIa mRNA (132-nt band) during the late
phase (Fig. 2A, lanes a and b). The lack of Illa mRNA in
transfected HeLa or 293 cells suggests that normally the
52-55K site is strongly preferred but that during the late
phase of infection a newly made or activated factor(s)
enhances Illa or blocks 52-55K acceptor site usage.

Illa k
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BgqI

52- 55K
acceptor

I, a
sC eptlor

2/2 nt

I52 litt

FIG. 2. Alternative splicing of the Li gene transcript. (A) Total
cytoplasmic RNAs of human 293 cells were extracted 24 (lane b) or
48 (lane a) h after Ad2 infection or 48 h after transfection with
plasmid pKl (lane d). Total cytoplasmic RNA from mock-trans-
fected 293 cells was used as a control (lane c). RNA (15 ,ug) was
hybridized to the 5'-end-labeled BglI-MluI probe (B). After Si
nuclease treatment, protected fragments were analyzed on a 4%
acrylamide-7 M urea electrophoresis gel. The size markers shown in
lane m were 5'-end-labeled fragments of plasmid pIBI20 (IBI, Inc.)
cleaved with HpaII. (B) The BgIl-MluI 5' probe is shown as a heavy
line below the appropriate section of plasmid pKl (Fig. 1). The
52-55K mRNA protects the entire 272-nt probe, whereas the IIIa
mRNA covers only the 5' 132 nt.

Shortening of the distance between donor and acceptor site
had no effect. To define Li sequences involved in the
preferred usage of the 52-55K acceptor or necessary for the
switch during infection, a series of altered Li genes was
constructed and tested by transient expression in 293 cells.
Studies were done with 293 rather than HeLa cells because
of the higher efficiency of transfection of the former. The
distance between the donor and acceptor can be an impor-
tant determinant in splice site selection (18, 20). To deter-
mine the importance of this factor, a large deletion was
introduced into the 52-55K coding region, which reduced the
distance of the Illa acceptor to the donor of the third leader
from 1765 to 493 nt. In this vector (pK3; Fig. 1), the 52-55K
acceptor is separated from the IIIa acceptor by 247 nt (115 nt
3' of the 52-55K site and 132 nt 5' of the lIla acceptor site).
Si analysis with a 5'-end-labeled, -490-bp BamHI-EcoRI
probe covering both the 52-55K and IIIa acceptors (Fig. 3B)
detected only the 52-55K mRNA in pK3-transfected 293
cells (-370-nt band; Fig. 3A, lanes a and b). Decreasing the
distance between the two acceptors by more than fivefold
had no effect on Illa splicing, suggesting that distance from
the donor site was not a major determinant of Li acceptor
site usage.
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FIG. 3. Effect on IlIa splicing of shortening the donor-to-ac-
ceptor distance. (A) The Si mapping analysis of cytoplasmic RNA
from 293 cells transfected with the pK3 vector (lanes a and b;
experiment done in duplicate) or from mock-transfected 293 cells
(lane c) was similar to that described in the legend to Fig. 2. (B) The
BamHI-EcoRI 5'-end-labeled probe covers both the 52-55K and Illa
splice acceptor sites. The 52-55K and Ilia mRNAs anneal to and
protect -370 and -125 nt, respectively, of this -490-bp probe.

Partial activation of the ma acceptor by deletion of the
proximal 52-55K acceptor. Competition between acceptor
sites can lead to the underutilization of some sites (41).
Removal or mutation of a normally used site can even result
in activation of crytic splice sites (50). That such competition
might be responsible in part or wholly for the lack of Illa
acceptor usage was suggested by comparison of the 52-55K
and Illa acceptor sequences. Computer analysis of many
acceptor site sequences reveals a consensus sequence (CjT
TffCcCNCAG [44]). Whereas the sequence just upstream
of the splice acceptor junction of 52-55K is similar to this
consensus sequence (see Fig. 1), that of Illa exhibits little
homology to it (GATGTTTCTGATCAG).
To test whether competition might be important, the

52-55K acceptor was removed by deletion of a BstEII
fragment from pKl to generate the pK2 vector (Fig. 1). S1
mapping ofRNA from pK2-transfected 293 cells by using the
272-bp 5'-end-labeled BglI-EcoRI probe (same probe used
for the experiments shown in Fig. 2B) indicated that a very
small amount of Illa mRNA was synthesized (Fig. 4B,
132-nt band seen in lanes b and c). However, the failure to
detect large amounts of Illa mRNA suggested that compe-
tition was not primarily responsible for poor IIIa acceptor
utilization. Thus, increased splicing to the Illa acceptor

147 -

127

tiarmnHNR

FIG. 4. Induction of Illa RNA splicing by mutagenesis. (A)
Effect on splicing of fusing the 52-55K intron to the IIIa exon.
Cytoplasmic RNA from 293 cells transfected with the pKBN1 (lane
a) or pKBN2 (lane b) vector was analyzed by Si nuclease treatment,
using a BamHI-StuI probe (940 bp) specific for the pKBN1 or
pKBN2 sequence. As controls, the pKBN1 (lane c) and pKBN2
(lane d) probes were also incubated with RNA from mock-trans-
fected 293 cells and Si nuclease treated. Protected fragments were
analyzed on a 3% acrylamide-7 M urea electrophoresis gel. (B)
Effect on Illa splicing of removal of the 52-55K splice acceptor site.
Si analysis was done on cytoplasmic RNA from 293 cells trans-
fected with plasmid pKl (lanes a and d; experiment done in
duplicate) or pK2 (lanes b and c; experiment done in duplicate) or
from 293 cells 48 h after infection with Ad2 (lane e). The 272-bp
Bgll-MluI fragment shown in Fig. 2B was used as the probe.

during the late phase of infection probably involves an
activation process that enhances use of the Illa acceptor
rather than simply represses 52-55K acceptor usage.
The IIIa exon does not repress splicing from a constitutive

acceptor site. The poor utilization of the lIla acceptor in the
absence of viral infection could be due to sequences 5' of the
splice junction, for example, by virtue of their lack of
homology to the consensus sequence. An alternative, but

A

Probe - -
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147 0
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not necessarily mutually exclusive, possibility is that infor-
mation 3' of the splice junction within the Illa exon has a
negative effect on splicing to this acceptor. The latter possi-
bility is in accord with several studies showing that exon
sequences can interfere with or influence splice site selection
(26, 41, 47).
To address these two possibilities, the 52-55K intron was

fused to the Illa exon. Two vectors with a nearly exact
fusion were obtained, sequenced, and characterized. In
vector pKBN1 (Fig. 1), the intact 52-55K intron was fused 2
bp 5' of the Illa splice junction, resulting in the duplication
of the AG just 5' of this junction. It is unlikely that this
duplication will seriously affect splice acceptor activity other
than by the possible formation of the splice junction 2 nt
further upstream (i.e., after the first rather than the second
AG). Fu and colleagues (19) showed that a duplication of the
AG did not alter the function of the SV40 early acceptor site.
In the second vector, pKBN2, fusion of the intact 52-55K
intron with the Illa exon resulted in the deletion of the first
ATG in the lIla exon. Since this ATG is normally duplicated
in the Illa exon, the sequence immediately 3' of the spliced
junction (i.e., ATG) is maintained in this vector (Fig. 1).
RNAs from 293 cells transfected with either vector were

subjected to Si analysis, using a 940-bp BamHI-StuI frag-
ment of the respective vectors. Substantial amounts ofRNA
spliced to the chimeric 52-55K-Illa acceptor were obtained,
as indicated by the -580-nt protected bands (Fig. 4A, lanes
a and b). To confirm these results and improve the quanti-
tation and accuracy of mapping of the splice site, RNase
protection assays (35) were performed with in vitro-gener-
ated -260-nt antisense RNA probes that cover the chimeric
acceptors. The presence of an abundant, protected -130-nt
fragment confirmed that these chimeric acceptors were
efficiently utilized (data not shown). These results suggest
that the Illa exon does not contain sequences which prevent
splicing to adjacent acceptors. Rather, sequences 5' of the
Illa splice junction fail to facilitate or even prevent its usage.

Viral proteins affecting Li splicing. During the course of
the infection cycle, splicing of the LI transcript switches
from 52-55K to the Illa acceptor site. Thus, a virus-encoded
or -induced factor(s) is probably responsible for this switch.
Two such potential virus-encoded factors are suggested from
studies of the nature of the block(s) to human adenovirus
growth in African green monkey kidney cells. The block in
these abortive infections is complex, involving several steps
in viral late gene expression. While transcription of the
major late transcriptional unit is partially repressed (27), this
alone does not account for the dramatic depression of syn-
thesis of two late virion polypeptides, fiber and Illa (3, 30).
Very little Illa mRNA is made from the LI region (3, 27),
whereas an altered pattern of ancillary leaders is found on the
fiber mRNA (4) during the late phase of the abortive infection
compared with that in a productive infection. The block to
growth in monkey cells and the transcriptional and posttran-
scriptional aberrations are overcome by the presence of the
SV40 T antigen (for a review, see reference 29) or a point
mutation in the amino-terminal domain of the adenovirus-
encoded, 72-kilodalton DBP (3, 13, 30). This mutation in
DBP extends the host range of Ad2 or AdS to simian cells.
We initially tried to induce splicing to the Illa acceptor of

Li transcripts encoded by the transfected vector by provid-
ing the DBP and other adenovirus-encoded or -induced
proteins via infection with virions or cotransfection with
genomic viral DNA. Whereas both 52-55K and Illa sp'icing
of Li transcripts encoded by the viral genome were ob-
served, lIla-spliced transcripts from our transfected vectors

were never detected (data not shown). This result, together
with those of studies on the shutoff of host gene expression
(5, 6), suggests that host and transfected genes (provided
they are not part of the viral genome) may not be subjected
to the same subnuclear environment as are genes on the
replicating viral genome during the late phase of infection.
To circumvent this putative compartmentalization prob-

lem, vector p730, expressing the Ad5 host range DBP, was
cotransfected along with the Li vector pKl into 293 cells.
Again only 52-55K mRNA was detected (data not shown).
Different results were obtained when the Li vectors (e.g.,
pK1) were expressed in Cos-1 cells (Fig. SA and C). Cos
cells are derived from CV1 cells, an established line of
African green monkey kidneys cells. They contain an inte-
grated copy of the SV40 genome with a defective origin of
DNA replication and express the early region of SV40,
including large T antigen (21). In Cos cells transfected with
the intact Li vector, pKl, Illa as well as 52-55K mRNAs
were made (Fig. SA, lane c); in the same experiment,
transfected 293 cells produced only 52-SSK mRNA (Fig. SA,
lane d). Similar results were obtained with the pK3 vector,
which has part of the Illa-coding region removed and
contains a large deletion in the 52-55K-coding region that
brings the two acceptor sites closer together (Fig. SC, lanes
c and d). With both vectors, the amount of Illa mRNA
relative to 52-55K mRNA varied from -50% to sometimes
undetectable levels (Illa RNA was detected in 13 of 23
experiments). Cotransfection of the Cos cells with pMK16/
SV40, a vector that expresses the early region of SV40 (see
Materials and Methods), generally enhanced use of the Illa
acceptor site (Fig. SA, compare lanes a and b with lane c).
This enhancement was presumably due to the increased
levels of T antigen.

Activation of the Illa acceptor site in Cos but not HeLa or
293 cells could be due to species- or tissue-specific differ-
ences or to the presence of one or both of the SV40 early
gene products, small t and large T antigens. To address this
question, 293 cells were cotransfected with pKl and pMK16/
SV40. As before, transfection with the Li vector alone failed
to yield Illa mRNA (Fig. SB, lane a). However, cotransfec-
tion with the SV40 plasmid often led to synthesis of Illa
mRNA (Fig. SB, lane b). As with the Cos cells, there was
variability in the efficiency of Illa splicing in cotransfected
293 cells (Illa RNA was detected in three of seven experi-
ments).

DISCUSSION

To gain a better understanding of the mechanism govern-
ing alternative splicing, we have studied the Li region of
adenovirus, whose expression is temporally regulated by
alternative splicing (2, 37). Two major mRNAs are synthe-
sized by splicing of the same donor site to different acceptor
sites. The proximal acceptor site located at 11040 nt (1) is
used during the early and late phases of infection to produce
the 52-55K mRNA. In this study, the location of the distal
site, which is utilized only during the late phase for genera-
tion of the Illa mRNA, was mapped by Si and RNase
analyses to 12308 nt. This result directly confirmed the
location previously inferred from sequence analysis (42).

Several factors that might affect this alternative splicing
were tested by using exp?ession vectors carrying the Li
region or mutated versions of it. In transfected HeLa or 293
cells, only the 52-55K RNA was synthesized. This finding
suggests that the 52-SSK acceptor site is preferred in the
absence of a virus-encoded or -induced factor(s), but during
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FIG. 5. Effects of SV40 early gene expression on alternative splicing of Li transcripts. (A) Total cytoplasmic RNA was extracted from
the following cells: mock-transfected 293 cells (lane e), 293 cells transfected with plasmid pKl (lane d), Cos-1 cells transfected with plasmid
pKl (lane c), and Cos-1 cells cotransfected with plasmid pKl and 10 (lane b) or 20 (lane a) jLg of plasmid pMK16/SV40. Si analysis was
performed as described in the legend to Fig. 2 and used the same 272-bp Bgll-MluI probe. (B) Total cytoplasmic RNAs from 293 cells
transfected with plasmid pKl (lane a) or cotransfected with plasmid pKl and 30 p.g of plasmid pMK16/SV40 (lane b) were analyzed by Si
nuclease mapping, using the 272-bp BgII-MluI probe and procedure described in the legend to Fig. 2. (C) Total cytoplasmic RNA was
extracted from 293 (lanes a and b) or Cos-1 (lanes c and d) cells transfected with 15 (lanes a and c) or 30 (lanes b and d) ,ug of plasmid pK3.
RNA was hybridized to the -490-bp BamHI-EcoRI probe shown in Fig. 3B.

the late phase of infection such a factor(s) either enhances
Illa acceptor site usage or partially blocks splicing to the
52-55K acceptor site. Decreasing the distance between the
donor and the IlIa acceptor had no effect, but removal of the
52-55K acceptor resulted in synthesis of a small amount of
Illa mRNA. This result implies that competition between the
two acceptors may be partly responsible for poor Illa
acceptor utilization. This could be due to the strong homol-
ogy of the 52-55K, but not IIIa, acceptor with the acceptor
site consensus sequence (36, 44). The greatly enhanced
splicing to the Illa exon junction when the 52-55K intron was
fused to the Illa exon is consistent with this possibility and
moreover suggests that the Illa exon does not contain
sequences that inhibit splicing to adjacent acceptors. Thus,
the failure to utilize the Illa acceptor in the absence of a
virus-encoded or -induced factor(s) is probably due to the
absence of a favorable (positive) sequence and/or the pres-
ence of a negative element 5' of the Illa splice junction, or
both. In this regard, it is noteworthy that the Illa splice
acceptor site contains -50% purine residues and thus shows
little homology to the pyrimidine-rich consensus sequence.
Several groups have pointed out that pyrimidine-deficient
splice acceptor sites are common in alternatively spliced
transcripts and may require special factors for efficient
utilization (10, 14, 19). If a 5' negative element is responsi-
ble, it should lie within 132 nt of the splice junction or more
than 1153 nt 5' of it, since deletion of the region 133 to 1153
nt upstream of this junction in vector pK3 did not relieve the
block to Illa splicing.

To define trans-acting factors, cells transfected with the
Li vectors were infected with adenovirus or cotransfected
with the adenoviral genome or plasmids containing viral
genes. Unexpectedly, infection or cotransfection with the
viral gene did not facilitate Illa splicing of the vector Li
transcripts, even though viral Li transcripts were spliced to
the Illa acceptor. Perhaps during the late phase of infection,
genes on the viral chromosome encounter a different subnu-
clear environment than do other genes in the nucleus. This
view is consistent with the presence of viral DNA in distinct
globular structures (49) and the preferential transport of viral
compared with host RNAs from the nucleus to the cyto-
plasm during the late phase of infection (5, 6).

Defective splicing of the Li transcripts (little or no Illa
mRNA) and fiber transcripts (altered patterns of ancillary
leaders on the mRNA) in abortively infected monkey cells is
overcome by host range mutations in the adenovirus DBP or
the presence of the SV40 T antigen (3, 4, 27). These results
imply that these two proteins can affect RNA splicing.
However, when a DBP expression vector was cotransfected
with the Li vector into 293 cells, only 52-55K mRNA was
made. This finding suggests that (i) DBP is not involved in
bringing about the 52-55K-to-Illa splice switch, (ii) not
enough DBP is produced in transfection compared with the
extremely large quantities made during infection to facilitate
this switch, or (iii) other virus-encoded products directly or
indirectly act in conjunction with DBP to facilitate Illa
splicing. Human 293 cells synthesize ElA and ElB gene
products from an integrated copy of these genes, whereas

52--55K -
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the Li vector also contains and expresses the VA genes.
These gene products, together with DBP, thus appear to be
insufficient to facilitate Illa splicing.

In contrast, expression of the SV40 small t and large T
antigens in Cos cells or in 293 cells cotransfected with an
SV40 plasmid permitted splicing to the Illa acceptor (Fig. 5).
Several explanations could account for enhanced Illa splic-
ing in the presence of SV40 early proteins. The Li vectors
contain the SV40 origin of replication and thus are likely to
replicate in Cos cells and presumably also in 293 cells
cotransfected with the SV40 plasmid. The increased tem-
plate number might lead to enhanced Li transcript levels
that could affect the utilization of the Illa acceptor site.
However, several observations argue against this scenario.
First, the variability from experiment to experiment in
efficiency of Illa splicing seen in Cos cells or cotransfected
293 cells did not correlate with levels of Li transcripts.
Second, the amounts of Li transcripts were often similar in
pKi-transfected 293 cells, in which only 52-55K mRNA was
synthesized, versus pKi and pMK16/SV40 cotransfected-
293 cells, which made both Li mRNAs. Finally, we found
that the amount of Li RNA from the vector could be
enhanced in 293 cells by cotransfection with adenovirus
genomic DNA, yet this did not facilitate Illa splicing of the
vector transcript (data not shown).

Alternatively, replication of the vector per se may be
critical. Replication may alter the template in yet undefined
ways that could affect transcription and the subsequent
RNA-processing reactions. More likely, it may alter the
location and subnuclear environment of the vector, which
might influence the splicing reaction. However, our previous
studies of the role of SV40 in helping adenovirus grow in
monkey cells imply that this is not the mechanism responsi-
ble for the altered Illa splicing. Normal adenovirus DNA
replication occurs even in abortively infected cells, and this
is not changed by T antigen in productive infections. Rather,
the presence of T antigen results in altered splicing patterns
of Li and L5 (fiber) RNAs (3, 4, 27). These studies, together
with genetic analysis showing that the carboxy-terminal part
of large T antigen (which is not involved in DNA replication
or origin of replication binding) carries the function neces-
sary for overcoming the block to adenovirus multiplication
in monkey cells (for a review, see reference 29), suggest that
large T rather than small t antigen is responsible for utiliza-
tion of the Illa acceptor.
Li transcripts from pK3, a vector containing large dele-

tions both 5' and 3' of the Illa splice junction, were spliced
to the Illa acceptor in the presence of T antigen. This result
suggests that a cis-acting element(s) essential for T-antigen
induction of Illa acceptor usage is located within a region of
132 nt 5' and 130 nt 3' of the Illa splice junction. The 5'
region contains the branch point which may be important for
alternative splicing, as recently shown by Manley and col-
leagues (19, 38) for SV40 early-region splicing.
The ability of T antigen but not DBP to facilitate Illa

splicing in transfected cells suggests that these proteins may
use different mechanisms to modulate alternative splicing.
DBP may require other viral gene products, whereas T
antigen can function in the absence of adenovirus-encoded
or -induced factors. However, T antigen probably also acts
indirectly through a host factor(s) to facilitate the Illa
splicing. It may do so by induction of the synthesis of the
factor or modulation of its activity. The variability in the
level of Illa splicing in our transfection experiments may
have been due to differences in responsiveness of the gene
encoding the factor for T-antigen induction or to the concen-

tration of the factor, which was modified by T antigen. For
example, Forbes et al. (17) reported cell cycle-dependent
variations in small nuclear ribonucleoprotein concentration,
which could affect splicing. i
Our earlier studies indicated that T antigen, as well as

DBP, could affect RNA splicing in monkey cells (4, 27).
Here we demonstrate that an SV40 early gene product
(presumably large T antigen) alters Li transcript splicing in
human cells as well as in monkey cells. Moreover, the effect
of T antigen on splicing is not dependent on adenoviral
factors. This work, together with our earlier studies, pro-
vides evidence for an additional function of the SV40 T
antigen, namely, modulating alternative RNA splicing.

ACKNOWLEDGMENTS

We thank Y. Gluzman for providing Cos cells and plasmid
pMK16/SV40, R. Kaufman for his p91023B expression vector, and
J. Vieira and J. Messing for plasmid pUC119. We are grateful to J.
Manley, R. Roberts, and C. W. Anderson for helpful discussion and
advice. We thank N. Connelly for providing cell cultures, L. Nichol
for help with preparation of the manuscript, and K. Elliston for aid
with the computer.

This work was supported by Public Health Service grant A123591
from the National Institutes of Health and grant MV-407 from the
American Cancer Society to D.F.K. D.F.K. is a recipient of faculty
research award 270 for the American Cancer Society.

LITERATURE CITED
1. Akusjarvi, G. 1985. Anatomy of region Li from adenovirus type

2. J. Virol. 56:879-886.
2. Akusjarvi, G., and H. Persson. 1981. Controls of RNA splicing

and termination in the major late adenovirus transcription unit.
Nature (London) 292:420-426.

3. Anderson, C. W., M. M. Hardy, and J. B. Lewis. 1988. Abnor-
mal expression of a late gene family Li protein in monkey cells
abortively infected with adenovirus type 2. Virus Genes 1:
149-164.

4. Anderson, K. P., and D. F. Klessig. 1984. Altered mRNA
splicing in monkey cells abortively infected with human adeno-
virus may be responsible for inefficient synthesis of the virion
fiber polypeptide. Proc. Natl. Acad. Sci. USA 81:4023-4027.

5. Babich, A., L. T. Feldman, J. R. Nevins, J. E. Darnell, and C.
Weinberger. 1983. Effects of adenovirus on metabolism of
specific host mRNAs: transport control and specific transla-
tional discrimination. Mol. Cell. Biol. 3:1212-1221.

6. Beltz, G., and S. J. Flint. 1979. Inhibition of HeLa cell protein
synthesis during adenovirus infection. Restriction of cellular
messenger RNA sequences to the nucleus. J. Mol. Biol. 131:
353-373.

7. Benyajatic, C., N. Spoerel, H. Haymerle, and M. Ashburner.
1983. The messenger RNA for alcohol dehydrogenase in Droso-
phila melanogaster differs in its 5' end in different developmen-
tal stages. Cell 33:125-133.

8. Berk, A. J., and P. A. Sharp. 1978. Structure of adenovirus 2
early mRNAs. Cell 14:695-711.

9. Bermingham, J. R., and M. P. Scott. 1988. Developmentally
regulated alternative splicing of transcripts from the drosophila
homeotic gene antennapedia can produce four different pro-
teins. EMBO J. 7:3211-3222.

10. Bernstein, S. I., C. J. Hansen, K. D. Becker, D. R. Wassenberg
II, E. S. Roche, J. J. Donnady, and C. P. Emerson, Jr. 1986.
Alternative RNA splicing generates transcripts encoding a tho-
rax-specific isoform of Drosophila melanogaster myosin heavy
chain. Mol. Cell. Biol. 6:2511-2519.

11. Breitbart, R. E., A. Andreadis, and B. Nadal-Ginard. 1987.
Alternative splicing: a ubiquitous mechanism for the generation
of multiple protein isoforms from single genes. Annu. Rev.
Biochem. 56:467-495.

12. Breitbart, R. E., and B. Nadal-Ginard. 1987. Developmentally
induced, muscle-specific trans factors control the differential
splicing of alternative and constitutive troponin T exons. Cell

MOL. CELL. BIOL.



ALTERNATIVE SPLICING OF Ad2 Li RNA 4371

49:793-803.
13. Brough, D. E., S. A. Rice, S. Sell, and D. F. Klessig. 1985.

Restricted changes in the adenovirus DNA-binding protein that
lead to extended host range or temperature-sensitive pheno-
types. J. Virol. 55:206-212.

14. Burtis, K. C., and B. S. Baker. 1989. Drosophila doublesex gene
controls somatic sexual differentiation by producing alterna-
tively spliced mRNAs encoding related sex-specific polypep-
tides. Cell 56:997-1010.

15. Chow, L. T., T. R. Broker, and J. B. Lewis. 1979. Complex
splicing patterns of RNAs from early regions of adenovirus-2. J.
Mol. Biol. 134:265-303.

16. Dunn, A. R., M. B. Mathews, L. T. Chow, J. Sambrook, and W.
Keller. 1978. A supplementary adenoviral leader sequence and
its role in messenger translation. Cell 15:511-526.

17. Forbes, D. J., M. W. Kirschner, D. Caput, J. E. Dahlberg, and
E. Lund. 1984. Differential expression of multiple U1, small
nuclear RNAs in oocytes and embryos of Xenopus laevis. Cell
38:681-689.

18. Fu, X.-Y., J. D. Colgan, and J. L. Manley. 1988. Multiple
cis-acting sequence elements are required for efficient splicing
of simian virus 40 small-t antigen pre-mRNA. Mol. Cell. Biol.
8:3582-3590.

19. Fu, X.-Y., H. Ge, and J. L. Manley. 1988. The role of the
pyrimidine stretch at the SV40 early pre-mRNA 3' splice site in
alternative splicing. EMBO J. 7:809-817.

20. Fu, X.-Y., and J. L. Manley. 1987. Factors influencing alterna-
tive splice site utilization in vivo. Mol. Cell. Biol. 7:738-748.

21. Gluzman, Y. 1981. SV40-transformed simian cells support the
replication of early SV40 mutants. Cell 23:175-182.

22. Gluzman, Y., J. F. Sambrook, and R. J. Frisque. 1980. Expres-
sion of early genes of origin-defective mutants of simian virus
40. Proc. Natl. Acad. Sci. USA 77:3898-3902.

23. Graham, F. L., J. Smiley, W. C. Russell, and R. Nairn. 1977.
Characteristics of a human cell line transformed by DNA from
human adenovirus 5. J. Gen. Virol. 36:59-72.

24. Green, M. R. 1986. Pre-mRNA splicing. Annu. Rev. Genet.
20:671-708.

25. Helfman, D. M., S. Cheley, E. Kuismanen, L. A. Finn, and Y.
Yamawaki-Kataoka. 1986. Nonmuscle and muscle tropomyosin
isoforms are expressed from a single gene by alternative RNA
splicing and polyadenylation. Mol. Cell. Biol. 6:3582-3595.

26. Helfman, D. M., W. M. Ricci, and L. A. Finn. 1988. Alternative
splicing of tropomyosin pre-mRNAs in vitro and in vivo. Genes
Dev. 2:1627-1638.

27. Johnston, J. M., K. P. Anderson, and D. F. Klessig. 1985. Partial
block to transcription of human adenovirus type 2 late genes in
abortively infected monkey cells. J. Virol. 56:378-385.

28. Kaufman, R. J. 1985. Identification of the components neces-
sary for adenovirus translational control and their utilization in
cDNA expression vectors. Proc. Natl. Acad. Sci. USA 82:
689-693.

29. Klessig, D. F. 1984. Adenovirus-simian virus 40 interactions, p.
399-449. In H. S. Ginsberg (ed.), The adenoviruses. Plenum
Publishing Corp., New York.

30. Klessig, D. F., and L. T. Chow. 1980. Incomplete splicing and
deficient accumulation of the fiber messenger RNA in monkey
cells infected by human adenovirus type 2. J. Mol. Biol.
139:221-242.

31. Klessig, D. F., and T. Grodzicker. 1979. Mutations that allow
human Ad2 and AdS to express late genes in monkey cells map
in the viral gene encoding the 72K DNA binding protein. Cell
17:957-966.

32. Leff, S. E., R. M. Evans, and M. G. Rosenfeld. 1987. Splice
commitment dictates neuronal-specific alternative RNA proc-
essing in calcitonin/CGRP gene expression. Cell 48:517-524.

33. Leff, S. E., M. G. Rosenfeld, and R. M. Evans. 1986. Complex
transcriptional units: diversity in gene expression by alternative
RNA processing. Annu. Rev. Biochem. 55:1091-1118.

34. Marsh, J. L., M. Erfle, and E. J. Wykes. 1984. The pIC plasmid
and phage vectors with versatile cloning sites for recombinant
selection by insertional inactivation. Gene 32:481-485.

35. Melton, D. A., P. A. Krieg, M. R. Rebagliati, T. Maniatis, K.
Zinn, and M. R. Green. 1984. Efficient in vitro synthesis of
biologically active RNA and RNA hybridization probes from
plasmids containing a bacteriophage SP6 promoter. Nucleic
Acids Res. 12:7035-7056.

36. Mount, S. M. 1981. A catalogue of splice junction sequences.
Nucleic Acids Res. 10:459-472.

37. Nevins, J. R., and M. C. Wilson. 1981. Regulation of a adeno-
virus-2 gene expression at the level of transcriptional termina-
tion and RNA processing. Nature 290:113-118.

38. Noble, J. C. S., C. Prives, and J. L. Manley. 1988. Alternative
splicing of SV40 early pre-mRNA is determined by branch site
selection. Genes Dev. 2:1460-1475.

39. Padgett, R. A., P. J. Grabowski, M. Konarska, S. Seiler, and
P. A. Sharp. 1986. Splicing of messenger RNA precursors.
Annu. Rev. Biochem. 55:1119-1150.

40. Pettersson, U. 1984. Structural and nonstructural adenovirus
proteins, p. 205-270. In H. S. Ginsburg, (ed.), The adenovi-
ruses. Plenum Publishing Corp., New York.

41. Reed, R., and T. Maniatis. 1986. A role for exon sequences and
splice-site proximity in splice-site selection. Cell 46:681-690.

42. Roberts, R. J., G. Akusjarvi, P. Alestrom, R. E. Gelinas, T. R.
Gingeras, D. Sciaky, and U. Pettersson. 1986. A consensus
sequence for the adenovirus-2 genome, p. 1. In W. Doerfler
(ed.), Developments in molecular virology. Martinus Nijhoff,
Boston.

43. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

44. Shapiro, M. B., and P. Senapathy. 1987. RNA splice junctions of
different classes of eucaryotes: sequence statistics and func-
tional implications in gene expression. Nucleic Acids Res.
15:7155-7174.

45. Sharp, P. A. 1984. Adenovirus transcription, p. 173-204. In
H. S. Ginsberg (ed.), The adenoviruses. Plenum Publishing
Corp., New York.

46. Shaw, A. R., and E. B. Ziff. 1980. Transcripts from the adeno-
virus 2 major late promoter yield a single family of 3' coterminal
mRNAs during early infection and five families at late times.
Cell 22:905-916.

47. Somasekhar, M. B., and J. E. Mertz. 1985. Exon mutations that
affect the choice of splice sites used in processing the SV40 late
transcripts. Nucleic Acids Res. 13:5591-5609.

48. Vieira, J., and J. Messing. 1987. Production of single-stranded
plasmid DNA. Methods Enzymol. 153:3-11.

49. Voelkerding, K., and D. F. Klessig. 1986. Identification of two
nuclear subclasses of the adenovirus type 5 encoded DNA
binding protein. J. Virol. 60:353-362.

50. Wieringa, B., E. Hofer, and C. Weissman. 1984. A minimal
intron length but no specific internal sequence is required for
splicing the large rabbit 3-globin intron. Cell 37:915-925.

51. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-119.

52. Yen, T. J., D. A. Gay, J. S. Pachter, and D. W. Cleveland. 1988.
Autoregulated changes in stability of polyribosome-bound P-
tubulin mRNAs are specified by the first 13 translated nucleo-
tides. Mol. Cell. Biol. 8:1224-1235.

53. Ziff, E. B. 1980. Transcription and RNA processing by DNA
tumor virus. Nature (London) 287:491-499.

VOL. 9, 1989


