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The SR proteins constitute a family of splicing factors, highly conserved in metazoans, that contain one or
two amino-terminal RNA-binding domains (RBDs) and a region enriched in arginine/serine repeats (RS
domain) at the carboxyl terminus. Previous studies have shown that SR proteins possess distinct RNA-binding
specificities that likely contribute to their unique functions, but it is unclear whether RS domains have
specific roles in vivo. Here, we used a genetic system developed in the chicken B cell line DT40 to address
this question. Expression of chimeric proteins generated by fusion of the RS domains of heterologous SR
proteins, or a human TRA-2 protein, with the RBDs of ASF/SF2 allowed cell growth following genetic
inactivation of endogenous ASF/SF2, indicating that RS domains are interchangeable for all functions required
to maintain cell viability. However, a chimera containing the RS domain from a related splicing factor,
U2AF®5, could not rescue viability and was inactive in in vitro splicing assays, suggesting that this domain
performs a distinct function. We also used the DT40 system to show that depletion of ASF/SF2 affects
splicing of specific transcripts in vivo. Although splicing of several simple constitutive introns was not
significantly affected, the alternative splicing patterns of two model pre-mRNAs switched in a manner
consistent with predictions from previous studies. Unexpectedly, ASF/SF2 depletion resulted in a substantial
increase in splicing of an HIV-1 tat pre-mRNA substrate, indicating that ASF/SF2 can repress tat splicing in
vivo. These results provide the first demonstration that an SR protein can influence splicing of specific

pre-mRNAs in vivo.
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A large number of protein factors play important roles in
the splicing of mMRNA precursors (for review, see Moore
et al. 1993; Kramer 1996). Among them, a family of
closely related splicing factors, collectively named SR
proteins (Zahler et al. 1992), have been investigated in-
tensively over the past several years (for review, see Fu
1995; Manley and Tacke 1996; Valcarcel and Green
1996). At least nine members of the SR family have been
identified and characterized, all of which contain one or
two RNP-type RNA-binding domains (RBDs) at their
amino terminus and a carboxy-terminal arginine/serine-
rich region (RS domain). Comparison of SR proteins from
different species reveals that they are highly conserved
evolutionarily throughout metazoans. SR proteins are
essential splicing factors in vitro, as they are required for
an early step(s) in the process of spliceosome assembly
(e.g., Krainer et al. 1990a; Fu and Maniatis 1990; Fu
1993). By interacting with the U1 70K protein, a compo-
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nent of the U1l small nuclear ribonucleoprotein particle
(snNRNP), SR proteins are thought to help recruit the Ul
snRNP to the 5’ splice site of the pre-mRNA to form the
commitment complex (Kohtz et al. 1994; Jamison et al.
1995). In addition, SR proteins may help bring the 5" and
3’ splice sites together by interacting simultaneously
with U1 70K and U2AF3® (the small subunit of splicing
factor U2AF) at the 5’ and 3’ splice sites, respectively
(Wu and Maniatis 1993). RS domains have been shown to
be necessary but not sufficient for these protein—protein
interactions (Kohtz et al. 1994; Xiao and Manley 1997).

SR proteins also participate in splicing control. For ex-
ample, they can modulate alternative splicing, when
added to nuclear extracts (Ge and Manley 1990; Krainer
et al. 1990b; Fu et al. 1992; Zahler et al. 1993) or tran-
siently overexpressed in cultured cells (Caceres et al.
1994; Screaton et al. 1995; Wang and Manley 1995;
Zhang and Wu 1996). In the case of alternative 5’ splice
sites, they likely function by recruiting U1 snRNP to the
alternative splice sites (Eperon et al. 1993; Zahler and
Roth 1995). When bound to RNA elements known as
exonic splicing enhancers, SR proteins can stimulate
splicing of an upstream intron (e.g., Sun et al. 1993; Tian
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and Maniatis 1993; Staknis and Reed 1994; Ramach-
atesingh et al. 1995). Evidence has been presented that
this event involves stabilization of U2AF binding to the
polypyrimidine tract of the intron (Wang et al. 1995; Zuo
and Maniatis 1996).

The functions of SR proteins in constitutive splicing
appear to be largely redundant, at least in vitro, as essen-
tially any individual SR protein can restore splicing ac-
tivity to cytoplasmic S100 extracts, which lack all SR
proteins (Krainer et al. 1990a, 1991; Ge et al. 1991; Fu et
al. 1992; Zahler et al. 1992). However, distinct functions
of SR proteins have been described in several assays. First,
certain SR proteins can commit specific pre-mRNAs to
the splicing pathway, whereas others cannot (Fu 1993).
Second, individual SR proteins influence selection of al-
ternative splice sites in different ways (e.g., Kim et al.
1992; Zahler et al. 1993). Third, SR proteins recognize
distinct RNA sequences. For example, SR proteins dis-
play specificity in the recognition of various splicing en-
hancer elements (Sun et al. 1993; Tian and Maniatis
1993; Staknis and Reed 1994; Lynch and Maniatis 1995;
Ramachatesingh et al. 1995; Tacke and Manley 1995).
Additionally, the RNA sequences selected by several SR
proteins through in vitro enrichment experiments are
distinct (Heinrichs and Baker 1995; Tacke and Manley
1995; Shi et al. 1997; Tacke et al. 1997). Finally, genetic
analyses of SR proteins have demonstrated that at least
two of them perform nonredundant functions in vivo
that are essential for Drosophila development (Ring and
Lis 1994; Peng and Mount 1995) or for viability of cul-
tured cells (Wang et al. 1996).

RS domains are essential for SR protein function. The
ASF/SF2 RS domain is required for activation of consti-
tutive splicing in vitro (Zuo and Manley 1993; Caceres
and Krainer 1993), and mutant ASF/SF2 proteins with
partially or completely deleted RS domains could not
rescue cell death following ASF/SF2 depletion, indicat-
ing that the RS domain is essential for ASF/SF2 function
in vivo (Wang et al. 1996). Many splicing factors outside
the SR family also contain RS-like domains (for review,
see Fu 1995). For instance, the protein encoded by Dro-
sophila transformer-2 (tra-2; Amrein et al. 1988; Goral-
ski et al. 1989), a gene involved in the sex determination
pathway (for review, see Baker 1989), contains two RS
domains, one of which is essential for its function in
vivo (Amrein et al. 1994). Several lines of evidence have
suggested that RS domains mediate protein—protein in-
teractions (Wu and Maniatis 1993; Kohtz et al. 1994;
Amrein et al. 1994; Xiao and Manley 1997) and also di-
rect proteins to specific subnuclear locations (Li and
Bingham 1991; Hedley et al. 1995; Caceres et al. 1997).
However, U2AF®, the large subunit of U2AF, has an
amino-terminal RS-like domain (Zamore et al. 1992) that
appears to function by RNA-protein, as opposed to pro-
tein—protein, interactions (Valcarcel et al. 1996).

Whether the RS domains of different SR proteins per-
form distinct functions that contribute to the specific
roles of SR proteins in vivo is not known. We tested this
idea by using a genetic complementation assay in a de-
rivative of the chicken B cell line DT40 (Wang et al.
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1996). Our results show that most RS domains, despite
their high degree of sequence conservation throughout
evolution, are functionally interchangeable. In addition,
we analyzed alternative and constitutive splicing of spe-
cific endogenous transcripts and several well-studied
model pre-mRNAs in cells depleted of ASF/SF2. We pro-
vide evidence that ASF/SF2 is not essential for all splic-
ing events, but that the levels of ASF/SF2 can modulate
alternative splicing of specific pre-mRNAs in vivo, and
that repression of splicing can also be a natural function
of ASF/SF2.

Results

We previously constructed a DT40 cell line, DT40-ASF
(formerly named #3; Wang et al. 1996), in which the
ASF/SF2 gene is disrupted and expression of ASF/SF2 is
driven by a tetracycline (tet)-repressible promoter. Addi-
tion of tet to the cell culture medium results in depletion
of ASF/SF2 protein and rapid cell death. On the basis of
the tet-induced lethality, we designed a complementa-
tion assay to test whether a given protein could provide
the functions of ASF/SF2 required for cell viability
(Wang et al. 1996). In brief, DT40-ASF cells are trans-
fected with an expression vector encoding the test pro-
tein and then selected in medium containing tet. Ap-
pearance of surviving colonies indicates that the test pro-
tein can substitute for ASF/SF2. We used this strategy to
examine the specificity of RS domains of different splic-
ing factors.

The RS domains of SR proteins are interchangeable

The RS domain of ASF/SF2 was first replaced by the RS
domains of the SR proteins X16/SRp20 (Ayane et al.
1991), SC35 (Fu and Maniatis 1992), or SRp40 (Screaton
et al. 1995) to make three chimeric proteins (see Fig. 1 for
diagrams of these SR proteins and the chimeric proteins).
The ability of the chimeric proteins to substitute for
ASF/SF2 was then tested in the complementation assay
described above. Strikingly, expression of either ASF/
X16 or ASF/SC35 rescued tet-induced lethality just as
well as did full-length ASF/SF2, as determined by the
numbers of surviving colonies (>50 in each case; Fig. 1B).
Transfection of DT40-ASF cells with the ASF/SRp40 ex-
pression vector yielded only six tet-resistant colonies
(Fig. 1B), suggesting that the SRp40 RS domain may sub-
stitute less well for the ASF/SF2 RS domain. However,
the recovered clones all displayed wild-type growth rates
(results not shown), indicating that the SRp40 RS do-
main, like those of X16 and SC35, can fully substitute for
the ASF/SF2 RS domain. Expression of the chimeric pro-
teins and depletion of ASF/SF2 in the surviving clones
were confirmed by Western blotting. As shown in Figure
3 (below), expression of each chimera in the surviving
clones analyzed was comparable to the level of ASF/SF2
in DT40-ASF cells. Taken together, these results show
that the RS domains of three different SR proteins can
substitute functionally for the ASF/SF2 RS domain, in-
diacating that the RS domains of SR proteins are inter-
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Figure 1. Fusion proteins consisting of the ASF/SF2 RBDs and an RS domain from heterologous SR proteins can rescue cell viability

after ASF/SF2 depletion. (A) Schematic diagrams of the structures of ASF/SF2, X16, SC35, and SRp40. Numbers indicate amino acid
residues. (RBD) RNP-type RNA-binding domain; (RS) arginine/serine-rich region; (G) glycine-rich region; (P-R) proline/arginine-rich
region; (P-G) proline/glycine-rich region; (R-G) arginine/glycine-rich region. (B) Schematic diagrams of chimeric proteins. ASF/SF2
RBDs (amino acids 1-197) were fused with the RS domains of X16, SC35, and SRp40, giving ASF/X16, ASF/SC35, and ASF/SRp40,
respectively. Shaded boxes indicate RS domains. The numbers above each RS domain indicate the amino acid residues in the
corresponding full-length protein. DT40-ASF cells were transfected with expression vectors encoding ASF/SF2 and the chimeric
proteins, and then selected in medium containing 1 pg/ml tet. (++) Appearance of >50 surviving colonies; (+) appearance of 5-20
surviving colonies.

at the amino terminus of U2AF®®, but it has been sug-
gested to function differently from SR protein RS do-
mains (Valcéarcel et al. 1996). Therefore, we wished to
test whether the two RS domains of hnTRA-2a and the RS
region from U2AF®® could functionally replace the ASF/
SF2 RS domain. Chimeric proteins were generated by

changeable, at least with respect to the requirements for
viability of chicken DT40 cells.

Analysis of the RS domains of splicing factors outside
the SR family

We also used the complementation assay to determine
whether RS-like domains from other splicing factors can
substitute for the ASF/SF2 RS domain. Recently a hu-
man homolog of Drosophila TRA-2, hTRA-2a, was iden-
tified and characterized (Dauwalder et al. 1996). Like
TRA-2, hTRA-2a contains two RS domains, one at the
amino- and one at the carboxyl terminus of the protein.
As mentioned above, an RS-like domain is also present

fusion of ASF/SF2 RBDs with these heterologous RS do-
mains, and the ability of these proteins to substitute for
ASF/SF2 in DT40 cells was determined as above (see Fig.
2 for diagrams). Tet-resistant clones appeared following
transfection of DT40-ASF cells with either the ASF/
hTRA2N or the ASF/hTRA2C expression vector, al-
though the number of surviving clones in each case (5 or
12, respectively) was less than those obtained with ASF/
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Figure 2. Complementation of cell death following ASF/SF2 depletion by fusion proteins containing ASF/SF2 RBDs and the RS
domains of splicing factors hTRA-2a and U2AF®°. (A) Schematic diagrams of hTRA-2«a and U2AF®®. Numbers indicate amino acid
residues. Abbreviations are described in Fig. 1A. (B) Schematic diagrams of chimeric proteins. ASF/SF2 RBDs (amino acids 1-197) were
fused with the amino- and carboxy-terminal RS domains of hTRA-2a and U2AF® RS domain, giving ASF/hTRA2N, ASF/hTRA2C,
and ASF/U2AF®®, respectively. The numbers above each RS domain indicate the amino acid residues in the corresponding full-length
protein. ASF/SF2 and the chimeric proteins were tested in the complementation assay as in Fig. 1. (++) Appearance of >50 surviving
colonies; (+) appearance of 5-20 surviving colonies; (=) no surviving clones.
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Figure 3. Chimeric proteins are efficiently expressed in surviv-
ing clones. Selected surviving clones from the complementation
experiments were isolated and maintained in medium contain-
ing 1 pg/ml tet. Expression of the chimeric proteins in these
cells was measured by Western blotting with mAb 12CA5. A
DT40-ASF cell lysate was used as a control in each Western
blot. Positions of the chimeric proteins are indicated by arrows.
Numbers indicate independent clones analyzed.

SF2 (>50; Fig. 2B). Again, however, recovered clones all
displayed wild-type growth rates (results not shown). Ex-
pression of the chimeric proteins and depletion of ASF/
SF2 were confirmed by Western blot analysis (Fig. 3).
Thus both TRA2 RS domains can functionally substitute
for the ASF/SF2 RS domain. In sharp contrast to these
results, transfection of DT40-ASF cells with the ASF/
U2AF®® expression vector did not yield any surviving
clones in multiple independent experiments (Fig. 2B).
These results suggest that the U2AF®® RS-like domain
performs a distinct function(s) from that of SR proteins,
in keeping with previous data (e.g., Valcarcel et al. 1996).

The inability of the U2AF®® RS region to substitute for
the ASF/SF2 RS domain was on the one hand consistent
with the different functions proposed for the two do-
mains on the basis of in vitro studies, but on the other
hand surprising given our finding that all other RS do-
mains tested were functionally interchangeable. We
therefore wished to provide evidence that the failure of
ASF/U2AF®® to rescue viability was indeed attributable
to a splicing defect. To this end, the chimeric protein
was expressed as a His-tagged fusion in Escherichia coli
and purified as described previously for ASF/SF2 (Ge et
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al. 1991). Its activity was then compared with that of
ASF/SF2 in two in vitro assays, S100 complementation
(to test general splicing activity) and nuclear extract
supplementation (to measure alternative splice site
switching), by use of SV40 early and HIV tat pre-mRNAs
(Fig. 4). Strikingly, ASF/U2AF®® was unable to induce
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Figure 4. ASF/U2AF®® is inactive in in vitro splicing. (A) ASF/
U2AF®® is unable to activate SV40 early pre-mRNA splicing.
SV40 pre-mRNA was incubated in S100 extract supplemented
with 0.3, 0.6 or 1.2 pg of either His-tagged ASF/U2AF®® or ASF/
SF2 for 2 hr. Splicing products were analyzed on a 5% polyacryl-
amide gel containing 8 m urea. (B) ASF/U2AF®® is inactive in
alternative 5’ splice site selection. SV40 pre-mRNA was incu-
bated in HelLa nuclear extract in the presence of 0.3, 0.6 or 1.2
ug of either ASF/U2AF®® or ASF/SF2 for 2 hr. RNA products
were analyzed as in A. (C) ASF/U2AF®® is also unable to acti-
vate HIV tat pre-mRNA splicing. Tat pre-mRNA was incubated
for 2 hr in S100 extract with 0.35 or 0.70 pg of either ASF/
U2AF®® or ASF/SF2. RNA products were resolved on a 6% poly-
acrylamide-8 m urea gel. (Right) Symbols depicting pre-mRNA,
mMRNA, lariat intron-second exon intermediate, 5’ exon, and
lariat intron. The asterisk indicates a cleavage product unre-
lated to splicing. Structures of the two pre-mRNAs are dia-
grammed at the bottom. (D) Gel mobility shift assay of ASF/SF2
and ASF/U2AF®® fusion proteins. 32P-Labeled A7 RNA probe
(see Materials and Methods) was incubated with 1.25, 5 and 20
pmole of ASF/U2AF®® or ASF/SF2 and then resolved on a 5%
native polyacrylamide gel. The unbound free RNA is indicated.
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detectable splicing of either pre-mRNA in S100 extract
(Fig. 4A,C). In contrast, ASF/SF2 not only activated
splicing of both pre-mRNAs, but, with the SV40 RNA
(Fig. 4A), also switched splice site selection (from large T
to small t mRNA) at higher concentrations, consistent
with previous results (Zuo and Manley 1993). ASF/
U2AF®® was also inactive in switching splice site utili-
zation in nuclear extract (Fig. 4B). In fact, increasing con-
centrations of the chimeric protein led to complete in-
hibition of splicing. (This also occurs with ASF/SF2, but
only at higher concentrations; data not shown.) These
results are particularly notable in light of previous stud-
ies showing that the ASF/SF2 RS domain can actually be
dispensable for splice site switching activity (Caceres
and Krainer 1993; Zuo and Manley 1993; Wang and Man-
ley 1995). The inability of ASF/U2AF®® to function in
splicing was not attributable simply to misfolding of the
chimeric protein, as ASF/U2AF®® and ASF/SF2 bound
RNA with comparable efficiency and specificity in gel
mobility shift assays (Fig. 4D and data not shown). To-
gether these findings indicate not only that the U2AF®°
RS-like domain is unable to provide SR protein RS do-
main function, but also that the ASF/U2AF®® chimeric
protein can have a dominant-negative effect on splicing
in vitro.

Depletion of ASF/SF2 influences alternative splicing

With a pre-mRNA containing an intron with multiple 5’
splice sites, increasing the ASF/SF2 concentration, ei-
ther in nuclear extracts by addition of ASF/SF2 protein
or in cells by transient overexpression, switches usage of
the distal 5’ splice site to the proximal site (e.g., Ge and
Manley 1990; Krainer et al. 1990b; Caceres et al. 1994;
Wang and Manley 1995). If ASF/SF2 functions naturally
in a similar way, then depletion of ASF/SF2 in cells
would be predicted to favor utilization of distal 5’ splice
sites. To test this, we analyzed the effects of ASF/SF2
depletion on alternative splicing of SV40 early and ad-
enovirus E1A pre-mRNAs, both of which contain one
alternatively spliced intron with multiple 5’ splice sites
(e.g., Ge et al. 1990; Harper and Manley 1992). We chose
to examine the effects of ASF/SF2 depletion on these
model substrates, as opposed to transcripts of endog-
enous genes, both because of their relative simplicity
and because their response to ASF/SF2 in other assays
has been well studied. DT40-ASF cells were stably trans-
fected with vectors containing either the SV40 early or
E1A gene and expressing clones were isolated. These
cells were incubated with tet for different periods of time
and accumulation of SV40 and ELIA mRNAs was moni-
tored by RNase protection. After 24-36 hr of tet treat-
ment, when ASF/SF2 was barely detectable (Fig. 5C), a
significant increase of SV40 large T mRNA produced by
splicing from the distal 5’ splice site was seen (Fig. 5A).
After ASF/SF2 was completely depleted (48 hr; Fig. 5C),
large T mMRNA increased by threefold. The level of small
t mMRNA spliced from the proximal 5’ splice site de-
creased slightly at all time points (Fig. 5A), so that the
ratio of large T to small t mMRNA increased four- to five-
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fold. E1A 13S mRNA, spliced from the proximal 5’ splice
site, rapidly decreased after 12 hr of tet treatment (Fig.
5B), even though a considerable amount of ASF/SF2 re-
mained (Fig. 5C), suggesting that splicing from the 13S 5’
splice site is quite sensitive to the ASF/SF2 concentra-
tion. 12S mRNA increased very slightly following ASF/
SF2 depletion. 9S mRNA, produced by splicing from the
most distal 5’ splice site, could not be detected because
of the low expression of the E1A gene in DT40-ASF cells.

Although we cannot rule out the possibility that the
above-described effects on mMRNA accumulation were
indirect, the fact that they are consistent with expecta-
tions from in vitro results strongly suggests they reflect
changes in alternative splicing directly resulting from
ASF/SF2 depletion. We also note that the cells were fully
viable at all time points tested, as determined by both
trypan blue exclusion and their ability to recover follow-
ing withdrawal of tet (results not shown). Taken to-
gether, these results provide the first evidence that ASF/
SF2, or any SR protein, can modulate alternative splicing
in vivo under physiological conditions.

Depletion of ASF/SF2 does not detectably affect
splicing of several mRNAs

In vitro studies have shown that ASF/SF2 can on the one
hand function as an essential splicing factor for all sub-
strates tested, but on the other hand that for most in-
trons this function is redundant and can be fulfilled by
other SR proteins. Therefore, we wished to determine
whether effects on splicing of transcripts with simple
introns could be detected following ASF/SF2 depletion.
Previous pulse-labeling experiments provided evidence
that the overall rate of pre-mRNA processing was re-
duced following ASF/SF2 depletion, supporting the view
that ASF/SF2 is required for efficient splicing of at least
some, and perhaps many, endogenous transcripts (Wang
et al. 1996). Here, we examined accumulation of endog-
enous TATA-binding protein (TBP) and poly(A) polymer-
ase (PAP) mRNAs in response to ASF/SF2 depletion. To-
tal RNAs were isolated from DT40-ASF cells incubated
with tet for 0, 12, 24, and 48 hr, and the levels of TBP and
PAP mRNAs were monitored by RNase protection. At
all time points, TBP pre-mRNA and mRNA levels were
both unchanged (Fig. 6A). Multiple mRNAs encoding
different PAP isoforms are produced by alternative splic-
ing (Zhao and Manley 1996). The probe used in these
experiments was designed to detect PAP Ill, a truncated,
inactive form, or the full-length, active forms (e.g., PAP
I and PAP II). PAP 1Il mRNA retains an unspliced intron
so that a poly(A) site in the intron is used, while splicing
is required to generate PAP | and PAP Il isoforms (Fig. 6B;
see Zhao and Manley 1996). Depletion of ASF/SF2 did
not influence either accumulation of or the ratio be-
tween these mMRNAs (Fig. 6B). In addition, we found that
the level of the inner centromere protein (INCENP;
Mackay et al. 1993) mRNA did not vary after ASF/SF2
depletion nor did that of the polyadenylation factor CstF-
64 (data not shown). Although these experiments mea-
sured accumulated, steady-state RNA, and thus may not
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Figure 5. ASF/SF2 depletion influences alterna-
tive splicing of SV40 early and adenovirus E1A pre-
mMRNAs. DT40-ASF cells stably transfected with an
expression vector containing either the SV40 early
gene (A) or the adenovirus E1A gene (B) were incu-
bated in medium containing 1 pg/ml tet for 0, 12,
24, 36 and 48 hr. Total cellular RNA was isolated
from these cells and analyzed by RNase protection.
Schemes of alternative splicing of SV40 early and
E1A pre-mRNA are illustrated at the bottom of
each panel. Numbers indicate the length of probe
and protected fragments. (ss) Splice site; (M)
pBR322/Hpall marker. (C) The levels of ASF/SF2
proteins in DT40-ASF cells treated with tet for 0,
12, 24, 36 and 48 hr were measured by Western
blotting using mAb 12CAS5. The position of ASF/
SF2 is indicated.

consistent with the idea that the ASF/SF2 function in
constitutive splicing is at least partially redundant in
vivo, as it is in vitro.
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ASF/SF2 represses HIV-1 tat pre-mRNA splicing

in vivo

In vitro studies have shown that efficient splicing of
HIV-1 tat pre-mRNA requires addition of an excess
amount of ASF/SF2 to nuclear extracts (Krainer et al.
1990a), and that ASF/SF2 can specifically commit tat
pre-mRNA to splicing (Fu 1993). This likely reflects the
presence of an ASF/SF2-dependent splicing enhancer in
this pre-mRNA (Tacke and Manley 1995), although this
has not been investigated. Therefore, we used tat pre-
mMRNA splicing as a model of a simple (nonalternative)
splicing event that should be responsive to ASF/SF2 lev-
els. Specifically, the in vitro experiments suggest that
depletion of ASF/SF2 should result in a reduction in tat
splicing. DT40-ASF cells were stably transfected with a
vector containing a tat minigene essentially identical to
that used in in vitro experiments (Krainer et al. 1990a),
and expressing clones were isolated. Cells from one
clone were incubated with tet, and accumulation of tat
mMRNA and unspliced pre-mRNA at different time points
was monitored by RNase protection (Fig. 7). Unexpect-
edly, following ASF/SF2 depletion (36 and 48 hr), tat
MRNA levels significantly increased, by over sixfold,
with a concomitant decrease of tat pre-mRNA, indicat-
ing that ASF/SF2 depletion enhanced, rather than inhib-
ited, tat pre-mRNA splicing. That the increased accumu-
lation of tat MRNA was indeed caused by increased
splicing is strongly supported by the corresponding de-
crease in pre-mRNA. On the basis of this finding, we
conclude that ASF/SF2 can naturally repress splicing of
certain introns, such as HIV-1 tat, in vivo. In addition,
the fact that splicing can actually be enhanced following
ASF/SF2 depletion argues strongly that the effects on
SV40 and E1A alternative splicing were not attributable
to a more general inhibition of splicing, and significantly
strengthens the conclusion that ASF/SF2 function in
constitutive splicing is redundant, at least for the pre-
mMRNAs tested.

Discussion

We have employed a previously described genetic system
(Wang et al. 1996) both to analyze systematically the
specificity of RS domains of several splicing factors and
to study the role of ASF/SF2 in pre-mRNA splicing un-
der physiological conditions. Our findings have provided
the first evidence that the RS domains of SR proteins are
functionally interchangeable in vivo. While this property
extends to the RS domains of the SR-like protein TRA-2,
the U2AF®° RS-like domain was completely ineffective
at providing RS domain function, in vitro as well as in
vivo. Our data also provided the first evidence that an SR
protein can modulate splicing of specific pre-mRNAs un-
der physiological conditions.

One of the earliest functions suggested for RS domains
was to target proteins to specific subnuclear localiza-
tions. Li and Bingham (1991) showed that the RS do-
mains of the Drosophila proteins transformer (TRA) and
SWAP (both of which participate in splicing but are not
SR proteins) were both sufficient to direct a protein to
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subnuclear regions known as speckles, and that the TRA
RS domain could substitute for the SWAP RS domain in
an in vivo functional assay. However, more recent stud-
ies on the RS domains of SR proteins, while also provid-
ing evidence that they function in subnuclear targeting,
suggested that several RS domains can have distinct,
nonredundant functions. Céceres et al. (1997) showed
using transient transfection assays, that different RS do-
mains could differentially target proteins to nuclear sub-
structures. While both ASF/SF2 and SRp20 RS domains
targeted a reporter protein to the nucleus, only the latter
could direct it to the speckles. In a separate study, Ca-
ceres et al. (1998) provided evidence that a subset of SR
proteins are capable of shuttling between nucleus and
cytoplasm. Again using transient transfections with chi-
meric proteins, they showed that RS domains play a
dominant role in determining the shuttling properties of
the protein. For example, the RS domain of ASF/SF2, a
shuttling protein, could convert SRp40, a nonshuttling
protein, into a shuttler, while an ASF/SF2 derivative
containing the SRp40 RS domain was unable to shuttle.
On the basis of these results, the authors proposed that
individual RS domains have unique properties in direct-
ing distinct patterns of subcellular localization.
Although our results do not directly address the above
issues, nonetheless, they have important implications
regarding their general significance. For example, on the
basis of the results of Caceres et al. (1997, 1998), the
ASF/SRp20 chimera we analyzed would be predicted to
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Figure 7. ASF/SF2 depletion activates splicing of HIV-1 tat
pre-mRNA. DT40-ASF cells stably transfected with an expres-
sion vector encoding HIV-1 tat pre-mRNA were incubated with
tet as in Fig. 6. Total cellular RNA was isolated from these cells
and analyzed by RNase protection. Scheme of tat pre-mRNA
splicing is illustrated at the bottom. Numbers indicate the
length of probe and protected fragments. (M) pBR322/Hpall
marker.



have a subnuclear distribution distinct from ASF/SF2,
and the ASF/SRp40 protein should not be able to shuttle,
unlike ASF/SF2. Assuming the same requirements for
determining subcellular localization exist in transfected
HeLa cells and chicken DT40 cells (the difference be-
tween chicken and human is unlikely to be important
given the sequence identity of the proteins involved; see
below), our findings lead to the conclusion that the pro-
posed ability of ASF/SF2 to localize distinctively in the
nucleus and to shuttle between nucleus and cytoplasm
cannot be necessary for cell viability.

Given that SR protein RS domains are interchange-
able, what determines the specificity of SR proteins? The
answer must be the RBDs. This likely even extends to
specific nuclear localization. The emerging view is that
speckles may be nonspecific storage sites for SR proteins
and other splicing factors and that splicing occurs at sites
of transcription (e.g., Zhang et al. 1994; Misteli et al.
1997). A recent report showed that SR proteins are local-
ized to transcriptionally active sites not necessarily co-
incident with speckles, and a specific SR protein, SRp20
is present in a subset of SR protein locations (Neuge-
bauer and Roth 1997). This likely reflects the distinct
RNA-binding specificities of SR proteins. These speci-
ficities appear to be determined by the RBDs with little
or no contribution from RS domains, and have been
shown to be functionally important in in vitro assays
employing pre-mRNAs containing splicing enhancers
(Tacke and Manley 1995; Tacke et al. 1997). Consistent
with this observation and with the results presented
here, the specificities of ASF/SF2 and SC35 in commit-
ting tat and B-globin pre-mRNAs, respectively, to splic-
ing in vitro are determined by their RBDs, while their RS
domains are interchangeable (Chandler et al. 1997).
RBDs also appear to contribute to the direct interactions
between SR proteins and other splicing factors (Xiao and
Manley 1997; S.H. Xiao and J.L. Manley, unpubl.). It is
not yet known whether RBDs contribute to the specific-
ity of these interactions, nor is it known whether indi-
vidual SR proteins discriminate in their interactions
with other proteins.

Do RS domains of individual SR proteins have any
specific functions? In this regard, it is noteworthy that
individual RS domains are extraordinarily highly con-
served throughout metazoans. For example, murine X16
is completely identical to human SRp20 (Zahler et al.
1992). SC35 and its chicken homolog PR264 are 98%
identical (Fu and Maniatis 1992; Vellard et al. 1992), as
are human and chicken ASF/SF2 (Wang et al. 1996). Hu-
man and chicken TRA-2 proteins are also nearly identi-
cal (T. Kashima and J.L. Manley, unpubl.). This high de-
gree of sequence conservation in RS domains throughout
evolution suggests that they possess distinct properties.
Because our results have shown that RS domains are
interchangeable for cell viability, perhaps different RS
domains perform specific functions in higher levels of
splicing regulation, such as tissue- or developmental
stage-specific splicing.

Our observation that the U2AF®® RS domain could not
replace the RS domain of ASF/SF2 is consistent with
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several distinct properties of the U2AF®® RS domain de-
scribed previously. First, U2AF®® is essential for viability
of flies and fission yeast (Kanaar et al. 1993; Potashkin et
al. 1993). However, in contrast with the ASF/SF2 RS
domain, which is required for the essential ASF/SF2
function necessary for cell viability (Wang et al. 1996),
the RS domain of Drosophila U2AF®® is dispensable for
the protein’s function(s) in development (Rudner et al.
1998). Second, the U2AF®® RS domain appears not to
mediate protein interactions. ASF/SF2 and SC35, which
bind to several splicing factors containing RS domains,
including themselves, do not interact with U2AF®® (Wu
and Maniatis 1993), and the regions required for the in-
teraction between U2AF®® and U2AF3*® were mapped
outside the RS domains of both proteins (Zhang et al.
1992). Finally, instead of functioning as a protein-inter-
action domain, the U2AF®® RS domain was suggested to
interact directly with the pre-mRNA branch site and
promote U2 snRNP binding (Valcéarcel et al. 1996). Al-
though the molecular basis for the distinct properties of
the U2AF®® RS domain is not known, our results indi-
cate that it performs a different function(s) from many
other RS domains, and cannot substitute, in vitro or in
vivo, for the ASF/SF2 RS domain.

Our experiments also revealed that ASF/SF2 can func-
tion as a negative splicing regulator in vivo. Depletion of
ASF/SF2 resulted in a significant increase of HIV-1 tat
pre-mRNA splicing, indicating that ASF/SF2 can repress
tat splicing under normal physiological conditions. Sev-
eral previous studies have suggested that ASF/SF2 can
inhibit splicing. ASF/SF2 has been shown to bind to a
splicing repressor sequence in Rous sarcoma virus RNA
(McNally and McNally 1996). ASF/SF2 can interact with
a purine-rich sequence in the Illa intron of the adenovi-
rus L1 transcript and repress llla splicing in vitro, prob-
ably by blocking U2 snRNP binding to the branch site
(Kanopka et al. 1996). We showed previously that tran-
sient overexpression of ASF/SF2 in cells significantly re-
duced the steady-state level of SV40 early mRNA, which
could result from splicing inhibition (Wang and Manley
1995) and that ASF/SF2 can negatively autoregulate its
expression, likely by inhibiting its own pre-mRNA splic-
ing (Wang et al. 1996). The negative regulatory function
of ASF/SF2 may be employed to maintain the balance
between spliced and unspliced RNAs, which is particu-
larly important for the life cycles of retroviruses. Given
our previous finding that depletion of ASF/SF2 led to
accumulation of incompletely processed pre-mRNA
(Wang et al. 1996), we conclude that ASF/SF2 can play
both positive and negative roles in pre-mRNA splicing in
vivo. Similarly, Drosophila TRA-2, an activator of sex-
specific splicing, can repress splicing of its own pre-
MRNA (Mattox and Baker 1991).

Both positive and negative cis-acting regulatory se-
guences have been identified in the second exon of tat
pre-mRNA (Amendt et al. 1995; Staffa and Cochrane
1995). ASF/SF2 likely activates tat splicing in vitro
(Krainer et al. 1990a; Fu 1993; Xiao and Manley 1997) by
binding to the positive regulatory sequence, or splicing
enhancer, which contains a good match to the consensus
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ASF/SF2-binding site (Tacke and Manley 1995). Why
ASF/SF2 affects tat splicing in vivo in a totally opposite
way is not known. One possibility is that different com-
binations and/or concentrations of splicing factors exist
in cells as opposed to the cell extracts used for in vitro
studies, perhaps in the former situation favoring inter-
actions with the negative regulatory element. In any
case, our results indicate that in vitro studies may not
necessarily reflect the exact function of SR proteins in
cells.

We have provided genetic evidence that ASF/SF2 can
modulate alternative splicing from multiple 5’ splice
sites in vivo. Depletion of ASF/SF2 in cells switched
alternative splicing of SV40 early and E1A pre-mRNAs
by favoring usage of the distal 5 splice sites, in agree-
ment with predictions from previous studies with in
vitro splicing reactions or transient transfection assays.
In addition, we have recently found that ASF/SF2 can
modulate alternative splicing of transcripts encoded by a
cell death gene, Bcl-X (Boise et al. 1992), in a similar way,
and that depletion of ASF/SF2 leads to programmed cell
death (J. Wang and J.L. Manley, in prep.). Therefore,
modulating levels of alternative splicing is likely an im-
portant function of ASF/SF2 in cells. However, the un-
changed mRNA levels of several other transcripts tested,
such as TBP and PAP, following ASF/SF2 depletion sug-
gest that changes in the concentration or activity of ASF/
SF2 will not affect all splicing events. One possibility
consistent with our data and previous in vitro studies is
that the functions of ASF/SF2, and likely other SR pro-
teins, are largely redundant in splicing of many pre-mR-
NAs containing constitutive introns, and individual SR
proteins participate specifically in splicing of a limited
set of pre-mRNAs. This likely involves activation of cer-
tain splicing events, repression of others, and qualitative
changes in alternative splicing patterns.

Materials and methods

Plasmid constructs

An EcoRI-Apal DNA fragment encoding ASF/SF2 RBDs (amino
acids 1-197) was ligated with a cDNA fragment encoding a het-
erologous RS domain to generate the chimeric protein cDNA.
cDNA fragments encoding RS domains of X16, SC35, and
SRp40 were obtained by restriction digestion: Xhol-BamHI
fragment of X16 cDNA (amino acids 100-164; Ayane et al. 1991)
encoding amino acids 100-164, Avrll-Hindlll of SC35 cDNA
(amino acids 120-221; Fu and Maniatis 1992) and Asel-EcoRI of
SRp40 cDNA (amino acids 180-273; Screaton et al. 1995).
cDNA fragments encoding RS domains of h\TRA-2« and U2AF%®
were obtained by PCR. Primers for PCR were as follows: for the
hTRA-2a amino-terminal RS domain (amino acids 9-90), up-
stream 5'-CCGGAATTCGAGGGCAGAGAGTCTCGC-3' and
downstream 5'-CGCAAGCTTATTCTGGTGTATATGATCT-
ACTTCG-3'; for the hTRA-2a carboxy-terminal RS domain
(amino acids 231-282), upstream 5'-CCGGAATTCGGCAGA-
CGTCGAGATTCTTAC-3' and downstream 5'-CGCAAGC-
TTCAATAGCGTCTTGGGCTGTAG-3'; for the U2AF®® RS
domain (amino acids 23-83), upstream 5'-CCGGAATTCCG-
GCATCGGAAGCGCAGCCAC-3’ and downstream 5'-CGCA-
AGCTTACTCGTGGAGGGGGGAACGAATC-3'. All three
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PCR products were completely sequenced, and all chimeric pro-
tein cDNAs were sequenced at the junction sites to confirm
in-frame ligations. ASF/SF2 cDNA in the puro-ASF vector
(Wang et al. 1996) was removed by EcoRI digestion and replaced
by the chimeric protein cDNAs, giving the expression vectors
encoding the chimeric proteins fused to a hemagglutin epitope
at their amino-termini. To construct an E. coli expression vec-
tor to produce His-tagged ASF/U2AF®®, puro-ASF/U2 was di-
gested with Kpnl and Hindlll, and the isolated fragment was
inserted into pDS-ASF.

The Ecogpt gene under the control of chicken B-actin pro-
moter (Miyazaki et al. 1989) was inserted into pBSV+2 and
pBSV-E1A (Wang and Manley 1995) to generate expression vec-
tors for SV40 early and adenovirus E1A pre-mRNAs, gpt-SV40
and gpt-E1A, respectively. The Hindlll (nucleotide 5171)-Hpal
(nucleotide 2666) region of SV40 early gene was replaced by a
BamHI-Hindlll fragment containing the HIV-1 tat minigene
(Krainer et al. 1990a), giving pSV-tat. Ecogpt gene was inserted
into pSV-tat, producing the expression vector of tat minigene
gpt-tat. HindIlI-Bsml fragment of SV40 early gene, Hindlll-
Banll of E1A and BamHI-Hindlll of tat were inserted into Hin-
dlll-Smal site of pBluescript (Stratagene) to make constructs for
labeling RNA probes by in vitro transcription.

Cell culture and transfections

DT40-ASF cells were maintained as described (Wang et al.
1996). To deplete ASF/SF2, DT40-ASF cells or derivative clones
were incubated in medium containing 1 pg/ml tetracycline
(Sigma). DT40-ASF cells were transfected by electroporation
with expression vectors encoding ASF/SF2, chimeric proteins
and reporter pre-mRNAs as appropriate, under conditions de-
scribed previously (Wang et al. 1996). Cells transfected with
gpt=SV40, gpt-E1A, and gpt-tat were selected in medium con-
taining 30 pg/ml mycophenolic acid (Calbiochem). Drug-resis-
tant clones were screened for expression of the genes by RNase
protection.

Western blotting

Cells (1 x 10%) were lysed in 1x SDS loading buffer and subjected
to SDS-PAGE. Western blots with anti-hemagglutin monoclo-
nal antibody (mAb) 12CA5 were performed as described (Wang
and Manley 1995). In the complementation assay, the surviving
clones were expanded in medium containing 1 pug/ml tetracy-
cline and analyzed by Western blotting with mAb 12CA5 for
expressions of the chimeric proteins.

In vitro splicing and RNA binding

Recombinant His-tagged ASF/U2AF% and ASF/SF2 were ex-
pressed in E. coli and purified as described (Ge et al. 1991).
Protein concentration and purity were determined by Bradford
assays and SDS-PAGE. Splicing reactions with SV40 early or
HIV tat pre-mRNA and HelLa cell nuclear or S100 extracts were
performed as described previously (Ge et al. 1991; Zuo and Man-
ley 1993; Xiao and Manley 1997). For RNA binding assays, pu-
rified recombinant ASF/SF2 and ASF/U2AF®° were phosphory-
lated and repurified as described (Xiao and Manley 1997). Gel
mobility shift assays with in vitro-transcribed, 3?P-labeled A7
(which contains an ASF/SF2 consensus binding site) and C2 (a
non-specific control) RNAs were performed as described (Tacke
and Manley 1995).

RNase protection

Radioactive RNA probes for monitoring TBP, PAP, SV40, E1A,



and tat RNAs were transcribed in vitro in the presence of
[*2P]GTP from plasmids containing appropriate DNA frag-
ments. Total cellular RNA was isolated from DT40-ASF or sta-
bly transfected DT40-ASF cells as described (Wang et al. 1996).
In each hybridization mixture, 20 ug of each RNA sample and
200 cps of the appropriate probe were used. Hybridization and
RNase protection were performed as described (Wang et al.
1996). RNase protection experiments were all repeated at least
twice.
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