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Human Adenovirus Encodes Two Proteins Which Have Opposite
Effects on Accumulation of Alternatively Spliced mRNAs
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All mRNAs expressed from the adenovirus major late transcription unit have a common, 201-nucleotide-long
5' leader sequence, which consists of three short exons (the tripartite leader). This leader has two variants,
either with or without the i-leader exon, which, when present, is spliced between the second and the third exons
of the tripartite leader. Previous studies have shown that adenovirus early region 4 (E4) encodes two proteins,
E4 open reading frame 3 (E4-ORF3) and E4-ORF6, which are required for efficient expression ofmRNAs from
the major late transcription unit. These two E4 proteins appear to have redundant activities, and expression
of one has been shown to be sufficient for efficient maijor late mRNA accumulation during a lytic virus infection.
In this report, we provide evidence that E4-ORF3 and E4-ORF6 both regulate major late mRNA accumulation
by stimulating constitutive splicing. Moreover, we show that the two proteins have different effects on
accumulation of alternatively spliced tripartite leader exons. In a DNA transfection assay, E4-ORF3 was shown
to facilitate i-leader exon inclusion, while E4-ORF6 preferentially favored i-leader exon skipping. In addition,
E4-ORF3 and E4-ORF6 had the same effects on accumulation of alternatively spliced chimeric 0-globin
transcripts. This finding suggests that the activities of the two proteins may be of more general relevance and
not restricted to splicing of major late tripartite leader-containing pre-mRNAs. Interestingly, E4-ORF6
expression was also shown to stimulate i-leader exon skipping during a lytic virus infection.

Alternative RNA splicing plays a central role in the
posttranscriptional control of gene expression in higher
eukaryotes. By combining different 5' and 3' splice sites in a
pre-mRNA, multiple structurally related, but functionally
distinct, proteins can be generated from a single gene (re-
viewed in reference 30). This results in a more economic use
of the genetic information, a consideration of particular
importance for viruses which have small genomes and there-
fore need to compress the coding information to more
efficiently support replication. Thus, viruses have proven to
be valuable model systems with which to study mechanisms
involved in the regulation of alternative splicing.
The adenovirus system provides an excellent opportunity

to study regulatory events which are manifested at the level
of RNA splicing. Structural studies of mRNAs expressed at
different stages of the infectious cycle have shown that most
adenovirus transcription units encode two or more alterna-
tively spliced mRNAs, many of which give rise to proteins
with unique biological activities (see reference 3 for a
review). Furthermore, the relative concentrations of alter-
natively spliced viral mRNAs are subjected to a temporal
control and vary during the infectious cycle. This temporal
shift in mRNA expression is of vital importance for virus
growth since it allows for selective expression of specific
subclasses of viral proteins at different time points during
infection, for example production of mRNAs encoding the
structural proteins of the viral capsid late after infection.
Most capsid proteins are translated from mRNAs ex-
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pressed from the adenovirus major late transcription unit
(Fig. 1). This unit generates a primary transcript of approx-

imately 28,000 nucleotides that is processed into a minimum
of 20 cytoplasmic mRNAs which are grouped into five
families (late region 1 [Li] to L5), each of which consists of
multiple alternatively spliced mRNAs with coterminal 3'
ends (reviewed in reference 3). An important consequence of
the processing pathway is that all of the major late mRNAs
receive a common tripartite leader sequence of 201 nucle-
otides at the 5' end (Fig. 1). The accumulation of the major
late mRNAs has been shown to be regulated at multiple
levels during the infectious cycle (18), including a temporal
control of alternative RNA splice site choice. For example,
the i-leader exon (Fig. 1) is efficiently retained between the
second and third tripartite leader exons in major late mRNAs
expressed early after infection, while it is efficiently skipped
late after infection (2, 23).
By using a short-term DNA transfection assay, we have

previously shown that adenovirus early region 4 (E4) stim-
ulates both nuclear and cytoplasmic tripartite leader RNA
accumulation posttranscriptionally (24). This enhancement
was intron dependent and required either of two E4 proteins,
E4 open reading frame 3 (E4-ORF3) or E4-ORF6 (25). We
have further demonstrated that E4 gene expression is nec-
essary for normal accumulation of alternatively spliced late
mRNAs during the lytic infection (25). The E4-ORF3 and
E4-ORF6 proteins appear to have redundant activities also
in virus growth, and expression of one seems to be sufficient
to substitute for the whole E4 region for establishment of an
essentially wild-type productive infection (4, 11, 12, 14).
Adenovirus mutants that carry large deletions in E4 are

severely defective in accumulation of nuclear and cytoplas-
mic RNA derived from the major late transcription unit (9,
29, 38). This deficiency is not due to a reduced transcrip-
tional activity of the major late promoter in E4 mutant-
infected cells (29). More likely, E4 gene expression is
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FIG. 1. Organization of the adenovirus genome. (A) Schematic representation of the transcription units encoded by the adenovirus type
2 genome. Thin lines illustrate transcription units expressed at early and intermediate times of infection, whereas thick arrows designate
regions expressed late after infection. The major late transcription unit (MLTU) encodes five families of mRNAs (Li to L5). All mRNAs from
this unit receive a common set of 5' leaders through splicing, the tripartite leader region. m.u., map units. (B) Spliced structures of the major
mRNAs expressed from the Li region and their relative expression during infection.

required for stable nuclear accumulation of the major late
pre-mRNA (29). Collectively, the available data are compat-
ible with the hypothesis that the E4-ORF3 and E4-ORF6
products regulate major late gene expression at the level of
tripartite leader assembly.

In this report, we show that the E4-ORF3 and E4-ORF6
products have different effects on accumulation of alterna-
tively spliced mRNAs from the major late transcription unit.
In a transient DNA transfection assay, E4-ORF3 was found
to facilitate i-leader exon inclusion, whereas E4-ORF6 pre-
dominantly facilitated i-leader exon skipping. In agreement
with the hypothesis that the E4 products are important for
alternative splicing of viral transcripts, we also show that
E4-ORF6 expression modulates i-leader exon skipping dur-
ing lytic virus growth. Interestingly, the opposite effects of
E4-ORF3 and E4-ORF6 on accumulation of alternatively
spliced mRNA were also reproduced on a chimeric ,3-globin
transcript containing multiple exons, suggesting that the
biological activities of the two proteins may be of more
general relevance in the processing of viral and cellular
RNAs.

MATERIALS AND METHODS

Plasmid constructions. pWtCAT was constructed by intro-
ducing the BamHI-EcoRI fragment (converted to a HindIII
fragment), containing a truncated version of the rabbit
P-globin large intron with flanking exon sequences, from
pBSAL4 (17) into the HindIII site upstream of the chloram-
phenicol acetyltransferase (CAT) coding sequence in
pLlCAT (24). pDon*CAT, pAcc*CAT, and pDmCAT were
similarly constructed, using the BamHI-EcoRI fragments
from pBSAL5, pBSAL8, and pBSAL11, respectively (17).
The new plasmids were verified by DNA sequencing.
pDDCAT, pDDDCAT, and pD*DCAT were constructed
by introducing multiples of a HindIII-ApaI fragment from
pWtCAT or pDon*CAT into the HindIII site upstream of the
,B-globin sequence in pWtCAT. TheApaI site, located 10 bp
upstream of the natural ,B-globin branch site, was converted

to HindIII by linker addition. Plasmids preTripCAT, pCMV-
E4, pCMVE4-ORF3, and pCMVE4-ORF6 have previously
been described (24, 25).
Virus infection and RNA blot analysis. Subconfluent mono-

layers of HeLa cells were infected at a multiplicity of 20
fluorescence-forming units per cell (26) with wild-type ade-
novirus type 2, H2dl808 (38), H5ilE4I (11), or H5dl366-ORF3
(12). Total cytoplasmic RNA was prepared 16, 20, and 24 h
postinfection (32). Five micrograms of cytoplasmic RNA
from H2dl808-infected cells, 0.75 ,g of cytoplasmic RNA
from H5dl366-ORF3-infected cells, and 0.25 ,ug of cytoplas-
mic RNA from adenovirus type 2- and H5ilE4I-infected cells
were electrophoresed in a 1% agarose gel containing 1.8%
formaldehyde, transferred to a nitrocellulose filter, and
hybridized to a 32P-labelled Li-specific probe as previously
described (18). The results were quantitated by PhosphorIm-
ager scanning.
DNA transfection and RNA preparation. Conditions for

transfection of 293 cells by the calcium phosphate coprecip-
itation technique and isolation of cytoplasmic RNA were as
previously described (25, 33).

S1 endonuclease analysis. Total cytoplasmic RNA (20 ,ug)
was hybridized to the 5'-end-labelled DNA probes specified
in the figure legends. Si nuclease cleavage and gel electro-
phoresis were performed as previously described (24, 33).
Quantitative results were obtained by Phosphorlmager scan-
ning.
PE reaction. Before the primer extension (PE) reaction,

RNA was subjected to DNase treatment to remove contam-
inants of transfected plasmid DNA. Ten micrograms of
cytoplasmic RNA was incubated, at 37'C for 20 min, with 20
U of RNasin (Promega) and 1 U of RQ1 RNase-free DNase
(Promega) in a buffer consisting of 40 mM Tris (pH 8.0), 10
mM NaCl, 6 mM MgCl2, and 5 mM dithiothreitol. The
reaction mixture was phenol-chloroform extracted twice and
ethanol precipitated, using KCl as the salt. DNase-treated
cytoplasmic RNA (1.5 ,ug) was incubated in 70'C for 10 min
with a 20-nucleotide-long CAT primer (5'-CAACGGTGG
TATATCCAGTG-3') which hybridizes to nucleotides +15
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to +34 relative to the AUG in the CAT coding sequence. The
PE reaction was performed at 44°C for 1 h in a buffer
containing 40 mM Tris (pH 7.5), 30 mM KCl, 3 mM MgCl2,
10 mM dithiothreitol, 0.5 mM deoxynucleoside triphos-
phates (dNTPs), and 200 U of Superscript reverse tran-
scriptase (GIBCO BRL). The reaction was terminated by
phenol-chloroform extraction, and the cDNA was concen-
trated by ethanol precipitation.
DNA amplification. PE reactions and PCRs were done

under conditions in which both primers and enzymes were in
excess. The PCRs were also titrated to minimize the risk of
reaching saturated conditions. To visualize PCR products, a
fraction of the CAT primer was 5' end labelled before being
added to the PCR reaction. Half of the PE reaction was used
for PCR. The cDNA was amplified in a final volume of 50 pl
containing the following reagents: 15 pmol of each primer,
0.8 mM dNTPs, 2.5 mM MgCl2, PCR buffer supplied with
Taq DNA polymerase, and 5 U of Taq DNA polymerase
(Promega). Samples were overlaid with mineral oil and
amplified by 23 cycles of 94°C (1 min), 50°C (2.5 min), and
72°C (2 min). The primers used were the CAT primer
described above and the Li primer (5'-TCTCTT(CCGC
ATCGCTGT-3'), which hybridizes to nucleotides +3 to +20
relative to the major late cap site. The reaction products
were purified by phenol-chloroform extraction, ethanol pre-
cipitated, and resolved on a 2.5% agarose gel or a 5% native
polyacrylamide gel. The most abundant PCR-amplified frag-
ments were purified from a low-melting-point agarose gel,
using the Magic PCR Preps DNA purification system
(Promega), and sequenced by using the Taq Dye Deoxy
Terminator Cycle sequencing kit and a model 373A auto-
mated DNA sequencer (Applied Biosystems).
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RESULTS

E4 enhancement of mRNA accumulation requires wild-type
splicing signals. We have previously shown that E4 enhance-
ment of tripartite leader mRNA accumulation requires an
intron. This enhancement was not specific to viral introns
since the wild-type rabbit ,B-globin intron also was respon-
sive, although with a slightly reduced efficiency compared
with the tripartite leader region (24). To determine whether
the requirement for an intron correlated with RNA splicing
or was dependent on other intron signals, we constructed a
set of CAT reporter plasmids based on the rabbit 0-globin
large intron (17). This experimental strategy was chosen
because point mutants that destroy the activity of the 5' and
3' splice sites in this intron have been extensively character-
ized both in vitro and in vivo (1, 17). We constructed four
CAT reporter plasmids with a truncated version of the
wild-type 3-globin large intron (Fig. 2A): pWtCAT, contain-
ing wild-type 5' and 3' splice sites; pDon*CAT, containing a
G-to-A mutation at the ,B-globin 5' splice site; pAcc*CAT,
containing an A-to-U mutation at the 3' splice site; and
pDmCAT, containing both point mutations. Except for the
specific point mutations, the structures of the CAT reporter
constructs were identical.
As expected from previous results (24), cotransfection of

pKGO-895, encoding the entire E4 transcription unit, stim-
ulated mRNA accumulation in pWtCAT-transfected cells
about fivefold (Fig. 2B). Interestingly, mutations inactivating
both the wild-type 5' and 3' splice sites completely abolished
the E4 effect (pDmCAT; Fig. 2B), suggesting that E4 en-
hancement requires bona fide RNA splice sites. The 5' splice
site mutant (pDon*CAT; Fig. 2B) demonstrated the same
phenotype as the double mutant, suggesting that the 0-globin
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FIG. 2. E4 enhancement requires wild-type splicing signals. (A)
Schematic drawing of plasmids used in the experiment. MLP, major
late promoter; CAT, CAT coding sequence; SV40PA, simian virus
40 early poly(A) addition sequence. Hatched boxes represent rabbit
3-globin sequences; dots represent locations of point mutations. The

lower part shows the nucleotide sequence at the 5' and 3' splice sites
(ss) and the nucleotide change present in the respective point
mutant. (B) S1 nuclease analysis of CAT mRNA levels in 293 cells
transfected with reporter plasmids and carrier DNA (lanes -) or
pKGO-895 encoding adenovirus type 2 E4 (lanes +). Numbers on
the left represent sizes of protected fragments in nucleotides (nt).
The lower part shows a schematic picture of the S1 probe used in the
experiment.

5' splice site was critical for E4 responsiveness. In contrast,
the mutant that inactivated the wild-type 3-globin 3' splice
site (pAcc*CAT; Fig. 2B) was still E4 responsive, although
efficiency was reduced 2.5-fold compared with pWtCAT.
Sequencing of PCR products was used to verify RNA
structures. As expected, unspliced RNA predominantly ac-
cumulated in pDon*CAT-transfected cells, whereas the 3'
splice site mutant (pAcc*CAT) RNA was processed to a
cryptic 3' splice site with a suboptimal sequence composi-
tion located +49 relative to the wild-type ,B-globin 3' splice
site (data not shown). From these results, we conclude that
the E4-mediated enhancement of mRNA accumulation re-
quires bona fide RNA splice sites.
E4-ORF3 and E4-ORF6 stimulation ofmRNA accumulation
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FIG. 3. E4-ORF3 and E4-ORF6 stimulation of mRNA accumu-

lation requires authentic RNA splicing signals. (A) Schematic draw-
ing of ORFs expressed from the E4 region (numbered 1 to 7). 95 and
100 refers to map units of the adenovirus genome. (B) Si nuclease
analysis of CAT mRNA expressed in 293 cells transfected with
reporter plasmids and carrier DNA (lanes -) or plasmid pCMVE4
(lanes E4), pCMVE4-ORF3 (lanes ORF3), pCMVE4-ORF6 (lanes
ORF6), or pCMVE4-ORF3 plus pCMVE4-ORF6 (lanes
ORF3+ORF6). Numbers to the left represent sizes of protected
fragments in nucleotides (nt).

requires the presence of authentic RNA splice sites. The E4
transcription unit is very complex. As many as 24 alterna-
tively spliced mRNAs are produced. These encode a mini-
mum of seven E4 proteins (Fig. 3A) (7, 35, 37). Of these,
E4-ORF3 and E4-ORF6 appear to be the key proteins since
expression of one is sufficient to establish an essentially
wild-type virus infection (4, 11, 12, 14). We have recently
used cytomegalovirus expression vectors encoding single
E4-ORFs to show that the same two E4 proteins, E4-ORF3
and E4-ORF6, are the E4 products that facilitate accumula-
tion of tripartite leader containing mRNAs during transient
transfections (25).
To determine whether E4-ORF3 and E4-ORF6 stimulation

of mRNA accumulation required authentic splice sites, we
transfected pCMVE4-ORF3 and/or pCMVE4-ORF6 to-
gether with reporter plasmid pWtCAT or pDmCAT. As
shown in Fig. 3B, both ORFs were individually able to
stimulate cytoplasmic wild-type mRNA production approx-

imately two- to threefold (lanes 3 and 4). In contrast, they
had no stimulatory effect on cytoplasmic mRNA accumula-
tion in pDmCAT-transfected cells (lanes 8 and 9). The same

results were obtained with nuclear RNA (data not shown).

The effects of E4-ORF3 and E4-ORF6 appear to be additive
since coexpression of both gave the fivefold stimulatory
activity observed with a plasmid encoding all E4 products
(compare lanes 2 and 5). Collectively, these results suggest
that E4-ORF3 and E4-ORF6, directly or indirectly, may be
involved in RNA splice site recognition.
E4-ORF6 promotes exon skipping during a virus infection.

Li encodes two predominant cytoplasmic mRNAs, the
52,55K and IIIa mRNAs, which differ in the use of alterna-
tive 3' splice sites (Fig. 1 and 4). The 52,55K mRNA exists
in two major forms that vary in the composition of 5' leaders:
52,55K + i (species a), containing the i-leader exon, and
52,55K (species b), lacking the i-leader exon. The abundance
of the two mRNAs varies during the infectious cycle. Thus,
species a, containing the i-leader exon, is the major Li
mRNA expressed early after infection. In contrast, at late
time points, the relative concentration of this mRNA dimin-
ishes in favor of the tripartite leader containing 52,55K
mRNA (species b) and the late-specific IIIa mRNA (species
c).

Since E4 products appear to regulate tripartite leader
assembly during a lytic virus infection (25), we determined
whether E4-ORF3 and E4-ORF6 were individually able to
promote i-leader exon skipping. In this experiment, HeLa
cells were infected with wild-type adenovirus type 2 or E4
deletion mutant H2dl8O8 (E4- [38]), HSilE4I (encoding only
E4-ORF6 and E4-ORF6/7 [11]), or H5dl366-ORF3 (encoding
only E4-ORF3 [12]). Cytoplasmic RNAs were prepared 16,
20, or 24 h postinfection, and the structures of the Li
mRNAs were analyzed by Northern (RNA) blot hybridiza-
tion (Fig. 4). Note that 20-fold more RNA was loaded from
H2dl808-infected cells compared with the other infections.
This was necessary because the absence of E4 expression
results in a drastic reduction in late RNA accumulation (9,
38). As shown in Fig. 4A and quantitated in Fig. 4B, the
absence of E4 expression (H2dl808) resulted, at all time
points tested, in an incomplete splicing of the tripartite
leader, with a large fraction of the 52,55K mRNA- population
retaining the i-leader exon (Fig. 4A, species a). In contrast,
the late-specific 52,55K mRNA (Fig. 4A, species b) was
predominantly expressed in HSilE4I-infected cells, which
encode only E4-ORF6 and E4-ORF6/7. In fact, i-leader exon
skipping was slightly more efficient than during wild-type
virus infection (Fig. 4B), possibly because the mRNA en-
coding the E4-ORF6 protein is a minor E4 species expressed
during a wild-type infection (37). In HSilE4I-infected cells, it
is a major E4 RNA species (11). Since we have previously
shown that the E4-ORF6/7 product has no effect on accu-
mulation of tripartite leader mRNA (25), we attribute the
enhanced efficiency of i-leader exon skipping in HSilE4I-
infected cells to the expression of the E4-ORF6 product.
Collectively, these results suggest that E4 expression is
necessary for efficient i-leader exon skipping during lytic
virus growth and, furthermore, that E4-ORF6 expression is
sufficient to establish the wild-type efficiency of i-leader
exon skipping.
The phenotype of the E4-ORF3-expressing virus

(H5dl366-ORF3) was somewhat more complex. Expression
of the E4-ORF3 protein resulted in an overall increase in Li
mRNA expression. However, the fraction of 52,55K
mRNAs retaining the i-leader exon was still elevated com-
pared with a wild-type infection at the earliest time points
tested. At 16 and 20 h postinfection, the proportion of
i-leader exon containing 52,55K mRNA was significantly
higher compared with wild-type adenovirus type 2 (Fig. 4B),
suggesting that the E4-ORF3 protein does not induce as
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FIG. 4. E4-ORF6 promotes exon skipping during a virus infection. (A) RNA blot analysis of Li mRNAs expressed in wild-type adenovirus
type 2 (Ad2)-, H2dl808-, H5dl366-ORF3-, or HSilE4I-infected cells. Note that 20-fold more RNA from H2dl808-infected cells and 3-fold more
RNA from H5dl366-ORF3-infected cells was loaded compared with the other virus infections. The spliced structures of the major Li mRNAs
are shown schematically to the right. (B) Quantitation of 52,55K + i (species a) and 52,55K (species b) mRNA expression in virus infected
cells (panel A). The relative efficiency of i-leader exon skipping is presented as the ratio between the level of 52,55K + i and 52,55K mRNA
expression. Data represent the mean values from two independent infections. hpi, hours postinfection.

efficient i-leader exon skipping as does E4-ORF6. However,
at 24 h postinfection, the i-leader exon was skipped with the
same efficiency as seen during a wild-type infection (Fig.
4B). Thus, a prolonged late phase appears to overcome the
requirement for E4-ORF6 for efficient i-leader skipping.
Obviously, the virus has a backup system to produce alter-
natively spliced Li mRNAs. This finding was not unex-
pected since the H5dl366-ORF3 virus grows with almost
wild-type virus efficiency in HeLa cells (12) and thus must be
able to induce alternative splicing of viral transcripts.
E4-ORF3 and E4-ORF6 have different effects on i-leader

exon skipping in a transient transfection assay. The interpre-
tation of results obtained by using virus infection is complex
since multiple regulatory proteins are expressed. Thus, it is
not obvious whether the E4-ORF6 protein works directly to
facilitate i-leader exon skipping or whether it provides a
function at an earlier step in a cascade of events. Therefore,
we decided to use a transient transfection system to assay
more directly for activities mediated by E4-ORF3 and E4-
ORF6 on i-leader exon skipping.
For this experiment, 293 cells were cotransfected with

cytomegalovirus E4-ORF-expressing plasmids (25) and the
reporter plasmid preTripCAT, containing the wild-type tri-
partite leader region (Fig. 5). To determine the structure of 5'
leaders, we used primer extension coupled to PCR amplifi-
cation to generate double-stranded cDNAs. The identity of
the major PCR products was verified by restriction endonu-
clease cleavage (data not shown). As shown in Fig. 5,
pCMVE4 (encoding the entire E4 region) cotransfection
resulted in a stimulation of accumulation of both the early
(1,2,i,3) and late (1,2,3) types of tripartite leader mRNA. In
contrast, the E4-ORF3 and E4-ORF6 products were shown
to have different effects on accumulation of alternatively
spliced tripartite leaders. Whereas pCMVE4-ORF3 cotrans-
fection resulted in a specific i-leader exon inclusion (1,2,i,3),
pCMVE4-ORF6 cotransfection predominantly stimulated
accumulation of the late specific (1,2,3) tripartite leader
combination. Collectively these results suggest that E4-
ORF3 has an activity as an exon inclusion factor whereas
E4-ORF6 predominantly stimulates exon skipping. This re-
sult agrees with the observation that E4-ORF6 expression
stimulates i-leader skipping during a virus infection (Fig. 4).
E4 enhances exon skipping in a nonviral pre-mRNA. To test

whether the effects of E4-ORF3 and E4-ORF6 on accumu-
lation of alternatively spliced mRNAs were general proper-

ties of the proteins or restricted to the major late tripartite
region, we constructed three reporter plasmids containing
multiples of a 300-bp fragment encompassing the rabbit
3-globin 5' splice site: pDDCAT, which contains duplicated

wild-type 5' splice sites; pD*DCAT, which contains a mu-
tated 5' splice site followed by the wild-type 5' splice site;
and pDDDCAT, which contains three wild-type 5' splice
sites connected together (Fig. 6A). This experimental strat-
egy was chosen to determine the effect of E4 on cis-
competing 5' splice sites which all have the same strength.
Previous results have shown that in a context in which 5'
splice sites of comparable strength compete, the proximal
site is preferred (27). From our findings that an intron must
be located close to the 5' end of the pre-mRNA to be E4
responsive (24) and that the wild-type ,B-globin 5' splice site
was of critical importance for E4 responsiveness (Fig. 2),
one might predict that E4 cotransfection would result in
alternative 5' splice site usage.
As shown in Fig. 6B, E4 cotransfection stimulated mRNA

accumulation from pDDCAT, containing a tandem duplica-

SV40P preTripCAT

;i O

;.T.

703- am~

264- _, _ L CAT

FIG. 5. E4-ORF3 and E4-ORF6 have different effects on i-leader
exon skipping in a transient transfection assay. 293 cells were
transfected with preTripCAT and carrier DNA (lane -) or plasmid
pCMVE4 (lane E4), pCMVE4-ORF3 (lane ORF3), or pCMVE4-
ORF6 (lane ORF6). Double-stranded cDNA fragments were gener-
ated by PCR amplification of primer extension products. Numbers
to the left represent sizes of fragments in base pairs. Abbreviations
are as in Fig. 2A.
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tion of the wild-type 5' splice site, with almost the same
efficiency as from the single construct (pWtCAT). This
enhancement was eliminated by mutating the first 5' splice
site (pD*DCAT). In contrast, pDDDCAT containing three
cis-competing 5' splice sites was E4 responsive, although
with' a reduced efficiency compared with pDDCAT or
pWtCAT.
To verify the structures of various mRNA species, we

used primer extension coupled to PCR amplification to
generate double-stranded cDNAs. The most abundant PCR
fragments were sequenced to verify splice junctions. Much
to our surprise, this analysis demonstrated that introduction
of two or three cis-competing 5' splice sites resulted in
splicing of transcripts encoding novel exons (species F and
H; Fig. 6A and C). This occurred because a weak 3' splice
site, located 120 nucleotides upstream of the second and
third wild-type 5' splice sites, became activated. Other
studies have also shown that weak 3' splice sites sometimes
become activated by introduction of functional 5' splice sites
a short distance downstream (see Discussion for further
details). Interestingly, this multiexonic RNA was the most
predominant RNA species accumulating in both pDDCAT-
and pDDDCAT-transfected cells (Fig. 6C). However, addi-
tional RNAs in which the first 5' splice site was joined to the
wild-type 3' splice site were also detectable (species A; Fig.
6A and C). Most importantly, E4 cotransfection stimulated
accumulation of species A sixfold and accumulation of
species F and H only twofold. This result is therefore
consistent with the hypothesis that the E4 region, besides
stimulating accumulation of constitutively spliced RNAs,
also enhances exon skipping in a nonviral pre-mRNA.

In agreement with our previous finding that an intron must
be located close to the pre-mRNA 5' end to be E4 responsive
(24), mRNA levels from plasmid pD*DCAT were not en-
hanced by E4 cotransfection (Fig. 6B). This plasmid pro-
duced a mRNA in which the functional 5' splice site was
located 350 nucleotides downstream of the cap nucleotide.
E4-ORF3 and E4-ORF6 have different effects on accumula-

tion of alternatively spliced chimeric 13-globin RNAs. To
determine whether the E4-ORF3 and E4-ORF6 proteins also
could promote exon inclusion and exon skipping on a
nonviral pre-mRNA, we cotransfected pCMVE4-ORF3
and pCMVE4-ORF6 together with the reporter plasmid
pDDCAT. The structures of the resulting mRNA species
were determined by primer extension coupled to PCR am-
plification. Interestingly, the two E4 proteins were shown to
have different effects on accumulation of alternatively
spliced mRNAs from this transcript as well. As shown in

1 2 3 4 5 6 7 8

FIG. 6. The E4 region enhances exon skipping in nonviral pre-
mRNAs. (A) Schematic drawing of plasmids used in the experiment.
Below each plasmid, the structure of individual mRNA species is
depicted. Boldface letters to the left refer to cDNA fragments shown
in panel C. The dot shows the location of the 5' splice site mutation.
Hatched boxes represent rabbit 3-globin sequences. D, position of
5' splice site. Abbreviations are as in Fig. 2A. (B) S1 nuclease
analysis of CAT mRNA levels in 293 cells transfected with reporter
plasmids and carrier DNA (lanes -) or pCMVE4 (lanes +). Num-
bers to the left represent sizes of fragments in nucleotides (nt). (C)
Analysis of the structures and abundances of CAT mRNA species
expressed from reporter plasmids. Double-stranded cDNA frag-
ments were generated by primer extension followed by PCR ampli-
fication. Fractions of the same RNA samples used in panel B were
used. Positions and structures of the different mRNA species are
shown to the right. Sizes of pBR marker fragments are shown at the
left in nucleotides.
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pDDCAT

320- __ _ -F

170- _ - -A

1 2 3 4

FIG. 7. E4-ORF3 and E4-ORF6 have different effects on accu-

mulation of alternatively spliced chimeric P-globin RNAs. 293 cells
were transfected with pDDCAT and carrier plasmid (lane -) or the
plasmid pCMVE4 (lane E4), pCMVE4-ORF3 (lane ORF3), or

pCMVE4-ORF6 (lane ORF6). Double-stranded cDNA fragments
were generated by PCR amplification of primer extension products.
Boldface letters to the right refer to mRNA species depicted in Fig.
6A. Numbers to the left represent size of fragments in base pairs.

Fig. 7, E4-ORF3 enhanced exon inclusion (species F, two- to
threefold), whereas E4-ORF6 predominantly enhanced exon

skipping (species A, sixfold, compared with species F, two-
to threefold). Thus, we conclude that the opposite effects of
E4-ORF3 and E4-ORF6 on accumulation of alternatively
spliced RNA are not restricted to the major late tripartite
leader region.

DISCUSSION
In this report, we have examined the effects of the

adenovirus E4-ORF3 and E4-ORF6 proteins on the accumu-

lation of alternatively spliced mRNAs from the viral major
late transcription unit. We show that E4 expression is
necessary for efficient tripartite leader assembly during virus
growth (25) (Fig. 4). This activity of E4 was mediated by two
proteins, E4-ORF3 and E4-ORF6, which had different ef-
fects on accumulation of alternatively spliced mRNA. In a

transient transfection assay, the E4-ORF3 protein was

shown to facilitate constitutive splicing, resulting in inclu-
sion of the i-leader exon, whereas E4-ORF6 protein expres-

sion was shown to preferentially favor skipping of the
i-leader exon. Interestingly, E4-ORF6 also stimulates
i-leader exon skipping during lytic virus growth. Collec-
tively, our data are compatible with the hypothesis that the
E4 proteins are virus-encoded factors that regulate viral gene
expression at the level of accumulation of alternatively
spliced viral mRNAs.
The i-leader exon encodes an abundant 16-kDa protein

that is expressed predominantly at intermediate and late
times of infection (34). Since this protein is dispensable for
lytic virus growth in tissue culture cells (31), it seems

excessive that the virus would devote two proteins to only
control its expression. Indeed, two of our experiments
suggest that the E4 products may also be required for
accumulation of alternatively spliced mRNAs from other
viral transcription units. First, the activities of E4-ORF3 and
E4-ORF6 are not limited to mRNAs expressed from the
major late transcription unit. As shown here, E4-ORF3 and
E4-ORF6 also stimulate accumulation of alternatively
spliced mRNAs from a chimeric ,B-globin construct (Fig. 7).
This finding suggests that the effects observed may be

general properties of the two proteins. Second, E4 expres-
sion appears to be necessary for the switch from the early- to
the late-specific profile of E1B mRNA expression during
lytic virus growth (data not shown). The E1B mRNAs are
alternatively spliced by using a common 3' splice site and
alternative 5' splice sites (3).

Several lines of evidence support the hypothesis that the
E4-ORF3 and E4-ORF6 proteins regulate major late mRNA
accumulation at the level of RNA splicing, although alterna-
tive interpretations are still possible. First, E4 stimulates
RNA accumulation posttranscriptionally (24, 29). Second,
the E4 enhancement is detectable in the nuclear RNA
fraction, suggesting that the E4 products do not promote
mRNA accumulation by facilitating nuclear-to-cytoplasmic
RNA transport (24; unpublished data). Third, E4 enhance-
ment requires the presence of an intron with a wild-type 5'
splice site (Fig. 2 and 3) close to the 5' end of the pre-mRNA
(24) (Fig. 6). Fourth, E4-ORF3 and E4-ORF6 have different
effects on accumulation of alternatively spliced tripartite
leader containing mRNAs: E4-ORF3 facilitates i-leader exon
inclusion, whereas E4-ORF6 predominantly favors i-leader
exon skipping (Fig. 5). Collectively, these observations are
consistent with the hypothesis that the E4-ORF3 and E4-
ORF6 proteins are viral factors which, directly or indirectly,
regulate major late pre-mRNA splicing.
We had not expected that creating transcription units with

multiples of the wild-type rabbit ,3-globin 5' splice site would
result in the activation of a silent 3' splice site present in the
truncated 3-globin intron (Fig. 6A and C). However, in
retrospect, it is clear that similar results have previously
been observed. For example, natural point mutations in the
human 3-globin second intron that creates novel 5' splice
sites result in the activation of otherwise silent upstream 3'
splice sites and thus production of aberrant four exonic
hemoglobin mRNAs (5, 36). Furthermore, several studies
have shown that increasing the length of the polypyrimidine
tract at the 3' splice site and/or enhancing the ability of Ul
small nuclear RNA base pairing to the downstream 5' splice
site will increase the efficiency of exon inclusion (6, 16).
Results of this kind have been taken as support for the
so-called exon definition model (28). This model postulates
that splicing factors binding to a 3' splice site communicate
across an exon with factors binding to a downstream 5'
splice site during spliceosome formation, thus resulting in a
concerted recognition of both the 3' and 5' splice sites
bordering an exon. Our results are consistent with this
model; i.e., a strong 5' splice site activates a weak upstream
3' splice site and thereby results in inclusion of a novel exon.
The exon skipping activity of E4-ORF6 appears not to be

universal. For example, inappropriate skipping of the second
major late tripartite leader exon (leader exon 2; Fig. 1) does
not occur under conditions in which the i-leader exon is
efficiently skipped (Fig. 5). Most likely, natural constitu-
tively spliced exons have evolved a combination of appro-
priate strength of splice signals and structural context to
avoid improper exon skipping (21). With this hypothesis in
mind, we can provide a reasonable explanation for the
observed cases of E4-ORF6 exon skipping. Internal exons in
eukaryotic genes are usually less than 350 nucleotides in
length. This has been taken as supporting evidence that
factors binding to 5' and 3' splice sites bordering an exon
communicate across the exon (28). The i-leader exon is 440
nucleotides long and thus would be expected to exceed the
maximal length for efficient exon definition. In contrast, the
leader exon 2 is only 79 nucleotides long and, furthermore, is
bordered by efficient 3' and 5' splice site sequences. Thus,
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the difference in length could provide the explanation ofwhy
the i-leader exon is skipped under conditions in which we do
not observe skipping of leader exon 2 (Fig. 5). Similarly, the
3' splice site of the internal exons in the chimeric 3-globin
constructs (Fig. 6 and 7) is very weak and therefore probably
makes this exon a target for the exon skipping activity of the
E4-ORF6 protein. Thus, these experiments suggest a model
whereby E4-ORF3 facilitates splice site communication
across an exon whereas E4-ORF6 causes exon skipping by
disrupting weak 5' and 3' splice site interactions.
An interesting analogy may exist between E4-ORF6 and

E4-ORF3 and the cellular splicing activities heterogeneous
nuclear ribonucleoprotein (hnRNP) Al (22)/DSF (10) and
ASF/SF2 (8, 15). Recently, ASF/SF2 has been shown to
modulate alternative splicing by preventing exon skipping on
complex pre-mRNAs (21). This activity of ASF/SF2 resem-
bles the exon inclusion activity of E4-ORF3 that we describe
here (Fig. 5 and 7). In vitro, the effect of ASF/SF2 is
counteracted by hnRNP Al, which causes exon skipping in
transcripts with improper exon length or in transcripts with
a weak 3' splice site preceding an internal exon (21). This is
reminiscent of the activity of E4-ORF6, which causes skip-
ping of unusually long internal exons and internal exons with
weak 3' splice sites (Fig. 5 and 7). Similar to the E4-ORF6
protein, hnRNP Al does not appear to cause inappropriate
exon skipping on natural constitutively spliced pre-mRNAs
containing multiple exons (21). The balanced expression of
ASF/SF2 and hnRNP Al has been suggested to play a role in
regulation of alternative splicing in eukaryotic cells. Simi-
larly, the level of E4-ORF3 and E4-ORF6 expression during
virus infection may have important consequences on alter-
native splicing in an adenovirus-infected cell. A direct se-
quence comparison of E4-ORF3 against ASF/SF2 and E4-
ORF6 against hnRNP Al shows only a limited path
homology between the two protein pairs. Without genetic
experiments pointing out the important features of the E4
proteins, it is not meaningful to draw conclusions concerning
the possible structural relationship between these proteins.
A search through the EMBL data base has not identified

any extensive homologies between E4-ORF3 or E4-ORF6
and other cloned genes except for the analogous proteins in
other adenovirus serotypes. Several metazoan RNA splicing
factors have been shown to have a set of common sequence
motifs important for biological activity. These involve one,
or several, RNA binding domains (including RRM motifs
and Zn fingers [reviewed in references 13 and 20]) and an
arginine/serine-rich sequence, which appears to be relevant
for biological function (39). The E4-ORF3 protein appears to
be devoid of both types of signals. The E4-ORF6 protein
does not encode an extensive arginine/serine domain. How-
ever, we note that the C terminus of E4-ORF6, which is
conserved between sequenced adenovirus E4-ORF6 pro-
teins, is high in basic amino acids. Furthermore, the E4-
ORF6 sequence shows a weak homology to the RRM motif
(13) and encodes multiple cysteine and histidine residues
that are highly conserved between E4-ORF6 proteins. These
cysteines and histidines show homology to a zinc finger-like
motif that is found in several other proteins involved in RNA
processing (PRP6, PRP9, and PRP11 [19]). Clearly, the
activity of the E4-ORF3 and E4-ORF6 proteins in RNA
splicing should be subjected to a direct genetic dissection to
pinpoint features important for biological activity.
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