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The U2 snRNP auxiliary factor (U2AF) is an essential splicing factor composed of two subunits, a large,
65-kDa subunit (U2AF®) and a small subunit, U2AF>5, U2AF® binds to the polypyrimidine tract upstream
from the 3’ splice site and promotes U2 snRNP binding to the pre-mRNA. Based on in vitro studies, it has been
proposed that U2AF*® plays a role in assisting U2AF® recruitment to nonconsensus polypyrimidine tracts.
Here we have analyzed in vivo the roles of the two subunits of U2AF in the selection between alternative 3’
splice sites associated with polypyrimidine tracts of different strengths. Our results reveal a feedback mech-
anism by which RNA interference (RNAi)-mediated depletion of U2AF® triggers the downregulation of
U2AF>5. We further show that the knockdown of each U2AF subunit inhibits weak 3’ splice site recognition,
while overexpression of U2AF® alone is sufficient to activate the selection of this splice site. A variant of
U2AF® lacking the interaction domain with U2AF>® shows a reduced ability to promote this splicing event,
suggesting that recognition of the weak 3’ splice site involves the U2AF heterodimer. Furthermore, our data
suggest that, rather than being required for splicing of all pre-mRNA substrates containing a weak polypyrim-
idine tract, U2AF>® regulates the selection of weak 3’ splice sites in a specific subset of cellular transcripts.

The removal of introns from precursor mRNAs via splicing
requires accurate recognition of splice sites by the spliceosome,
an assembly of small nuclear ribonucleoprotein particles
(snRNPs) and extrinsic (non-snRNP) protein splicing factors
(reviewed in reference 13). Early recognition of the 3’ ends of
introns is achieved in higher eukaryotes by the U2 snRNP
auxiliary factor (U2AF), which is composed of a large, 65-kDa
subunit (U2AF®®) and a small, 35-kDa subunit (U2AF*°) that
interact to form a stable heterodimer (17, 37). U2AF® binds to
the polypyrimidine-rich tract that precedes the 3’ splice site,
while U2AF* interacts with the AG dinucleotide at the intron-
exon boundary (20, 35, 38, 40). In contrast to U2AF®, which is
essential for splicing, U2AF> does not appear to be required
for the splicing of introns containing strong polypyrimidine
tracts, the so-called AG-independent introns (25). However,
U2AF? is essential in vitro for the splicing of introns that
contain short or weak polypyrimidine tracts (11, 35).

The mechanism by which the two subunits of U2AF act to
promote recognition of a weak 3’ splice site is still unclear.
According to the current model, deviation from the consensus
recognition sequences results in a decreased affinity of U2AF®
for the pre-mRNA (30). In this circumstance, the binding of
U2AF* to the AG can increase the affinity of U2AF for the
pre-mRNA, either because the U2AF®*° heterodimer makes
one additional protein-RNA contact compared to U2AF®
alone (20, 27, 35) or because the heterodimeric complex pro-
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vides an increased number of interaction surfaces for other
proteins of the spliceosome (10).

The 65-kDa subunit of U2AF contains an N-terminal argi-
nine-serine (RS)-rich domain, a U2AF* interaction domain,
and three RRM-type RNA-binding domains (38). The 35-kDa
subunit contains a region with weak homology to an RRM-type
RNA-binding domain (39) and a carboxy-terminal RS-rich do-
main, which mediates protein-protein interactions with similar
RS domains in members of the serine-arginine (SR) family of
splicing factors (34, 41). Many introns that contain nonconsen-
sus splice sites depend on additional RNA sequence elements,
termed splicing enhancers, for efficient splicing, and several
studies indicate that SR proteins bound to splicing enhancers
interact with U2AF>, thereby recruiting U2AF® to the weak
polypyrimidine tract (reviewed in references 2 and 9). U2AF>®
is encoded by a conserved gene that has been duplicated dur-
ing evolution, giving rise to a number of U2AF*-related pro-
teins, which are predicted to maintain the ability to interact
with U2AF® (18, 29, 31, 32). Furthermore, we have recently
described an alternatively spliced protein isoform of U2AF>®
that interacts with U2AF®® (21). Thus, it is conceivable that a
variety of U2AF heterodimeric complexes may form between
U2AF® and either U2AF? or U2AF**-related proteins.

Based on previous studies indicating that U2AF®, in addi-
tion to U2AF®®, was required to restore the in vitro splicing of
introns with nonconsensus polypyrimidine tracts (11), here we
have analyzed the roles of the two subunits of U2AF in pro-
moting the recognition of a weak 3’ splice site in vivo.

MATERIALS AND METHODS

Minigene design and constructs. pIgM(-INH) and pAdML have been de-
scribed previously (11) and used as PCR templates for amplification of the
5'IgMPy and 3'AdPY inserts (where IgM is immuglobulin M, INH is splicing
inhibitory sequence, Py is polypyrimidine, and Ad is adenovirus). 5'IgMPy was
obtained by PCR from pIgM(-INH) using primers IgFor and IgRev, followed by
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digestion with Asp718. The 3’ AdPY insert corresponds to the second exon of the
adenovirus major late promoter (AdML) preceded by the last 70 intronic nucle-
otides (nt). It was obtained by PCR from pAdML using primers AdFor and
AdRev, followed by digestion with NotI (for primer sequences, see Table S1 in
the supplemental material). The pyPY minigene was obtained by joining the
5'IgMPy and the 3’ AdPY inserts by blunt-end ligation of the EcoRV extremities
and cloning into Asp718/Notl sites of pPCM V56 (Clontech). PYPY and pypy* were
prepared from pyPY by replacing the Asp718/EcoRV 5'IgMPy insert and the
EcoRV/Notl 3'AdPY insert, respectively, with the corresponding fragments am-
plified from the pIgM and pAdML mutant derivatives pPyAdML-IgM and
pPy*AdML (12). The final chimeric minigenes were confirmed by sequencing.
The plasmid expressing hemagglutinin (HA)-tagged U2AF® (8) has already
been described. To construct pcDNA-HA-U2AF®435 U2AF®435 ¢DNA was
obtained by PCR from pU2AF®°84A150 (8) using primers 65A35For and
65A35Rev containing EcoRI and BamHI restriction sites. The digested PCR
product was then inserted into EcoRI/BamHI sites of pEGFP (Clontech). The
obtained plasmid (pEGFP-U2AF®343%) was digested with EcoRI and Xbal, and
the insert was then cloned into EcoRI/Xbal-cut pcDNA3/HA-N (4). The bidi-
rectional tetracycline-responsive plasmid pBI-U2AF was generated by the se-
quential insertion of U2AF®>-FLAG and U2AF**-HA constructs into the pBI
Tet vector (Clontech). A C-terminal FLAG-tagged version of U2AF® was ini-
tially made by PCR using pEGFP-U2AF® (7) as the template and primers
65FlagFor and 65FlagRev containing Sacl and EcoRI restriction sites. After
digestion, the amplified product was introduced into the pEGFP-U2AF® vector
previously digested with Sacl and EcoRI restriction enzymes to generate
pEGFP-U2AF®-FLAG. This construct was confirmed by DNA sequencing. The
cDNA of U2AF®-FLAG was then obtained by digestion of pEGFP-U2AF®-
FLAG with Eco52I and Sall. The 5’ end of the obtained fragment was filled in
with the Klenow fragment, and the cDNA was inserted into the blunt-ended
Notl/Sall-cut pBI vector (Clontech), generating pBI-U2AF®>-FLAG. The
U2AF?-HA insert was obtained from pTRE-U2AF*-HA by digestion with
BamHI, followed by fill-in and digestion with Nhel. The obtained product was
cloned into either blunt-ended Mlul/Nhel-digested pBI (pBI-U2AF*>-HA) or
pBI-U2AF®-FLAG (pBI-U2AF). The commercially available plasmid pTet-On
vector (Clontech) was used to express the transactivating rtTA receptor.

Cell culture, RNA interference (RNAi), and transfection procedures. Human
HeLa cells (ECACC 93021013) were grown as monolayers in Dulbecco’s mini-
mum essential medium with Earle’s salts, supplemented with 10% (vol/vol) fetal
calf serum and 1% (vol/vol) nonessential amino acids (Gibco, Invitrogen). When
pBI constructs were used, 2 wg/ml doxycycline (Sigma) was added to the medium
at the time of transfection. Small interfering RNA (siRNA) duplexes were
synthesized as 21-mers with 3’ dTdT overhangs (EUROGENTEC S.A.) (6). The
sequences of the oligonucleotides used for targeting the U2AF® and U2AF*
isoforms were as follows: h65, 5'-GCA CGG UGG ACU GAU UCG UdTdT-3’
(GenBank accession number NM_007279; nt 1271 to nt 1289); h35a, 5'-CCA
UUG CCC UCU UGA ACA UdTdT-3' (GenBank accession number
NM_006758; nt 218 to nt 238); h35b, 5'-CCA UCU UGA UUC AAA ACA
UdTdT-3’ (GenBank accession number AJ627978; nt 164 to nt 182) and h35ab,
5'-GGC UGU GAU UGA CUU GAA UdTdT-3’ (GenBank accession number
NM_006758, nt 459 to nt 479). For siRNA transient transfection, 35-mm petri
dishes were seeded with 6 X 10* cells prior to the day of transfection. A 150 nM
concentration of each siRNA duplex was transfected using Lipofectin (Invitro-
gen) according to the supplier’s recommendations. Cells were then incubated for
36 to 48 h before being transfected with 200 ng of the reporter plasmid using
FuGENESG reagent (Roche Diagnostics) and were analyzed 16 to 24 h after the
second transfection. For transient-overexpression experiments, subconfluent
HeLa cells were transfected with 1.5 pg of the total plasmid DNA using
FuGENES6 reagent (Roche Diagnostics). Cells were analyzed 16 to 24 after
transfection.

Western blot analysis. Western blot analysis of transfected cells was per-
formed using whole-cell extracts that were prepared in sodium dodecyl sulfate
sample buffer as described previously (22). The lysates were boiled for 5 min and
then fractionated by electrophoresis in either a 10% or 12% sodium dodecyl
sulfate-polyacrylamide gel and transferred to nitrocellulose membranes by elec-
troblotting. Western blotting was carried out by standard immunoblotting pro-
cedures. The following primary antibodies were used: mouse monoclonal anti-
bodies directed against U2AF® (MC3) (8), B-actin (clone AC-15; Sigma), and
the FLAG epitope (M2; Sigma) and rabbit polyclonal sera directed against
U2AF?® (kindly provided by Angus Lamond [3]) and the HA epitope (Y-11;
Santa Cruz Biotechnology). Immunoblots were developed using horseradish
peroxidase-coupled secondary antibodies and detected by enhanced chemolumi-
nescence (ECL; Amersham Biosciences).
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FIG. 1. RNAi-mediated knockdown of U2AF subunits. Western
blot analysis of HeLa cell lysates prepared 48 h after transfection with
siRNAs against luciferase (GL2) (lane 1), U2AF® (lane 2), U2AF**a
(lane 3), U2AF*b (lane 4), and U2AF*a simultaneously with
U2AF*b (lane 5). The blot was probed with antibodies against
U2AF%, U2AF®, and B-actin, as indicated. Molecular mass markers
are shown on the left.

RT-PCR and real-time quantitative PCR. Total RNA was extracted using the
TRIzol reagent (Invitrogen) and treated with RNase-free DNase I (Roche Di-
agnostics). Reverse transcription-PCR (RT-PCR) mixtures were randomly
primed, and ¢cDNA was produced using Superscript II reverse transcriptase
(Invitrogen) according to the manufacturer’s instructions. The PCR products
were separated by gel electrophoresis and detected by ethidium bromide stain-
ing. Real-time quantitative RT-PCRs were performed with an ABI7000 se-
quence detector (Applied Biosystems, Foster City, CA), using SYBR green PCR
master mix (Applied Biosystems). The relative expression levels of different
isoforms of the same gene were calculated using the 2724t method as described
previously (23). The PCR products were confirmed by restriction analysis and
sequencing. The primer sequences are presented in Table S1 of the supplemental
material.

Bioinformatic analysis. The search for human transcripts containing alterna-
tive 3’ splice sites of different strengths was carried out with the aid of the UCSC
Genome Browser (http://genome.ucsc.edu/ [16] for the human genome assembly
hg17, May 2004, NCBI Build 35 [19]). The gene region was defined by BLAT
mapping (15) of the available RefSeq transcript (RNA) sequences (http://www
.ncbi.nlm.nih.gov/projects/RefSeq/ [24]) for a particular gene. Using the UCSC
Table Browser (14), the tables for the BLAT mappings of RefSeq and spliced
mRNA and expressed sequence tags were obtained for this gene region. Making
allowances only for the GT-AG, GC-AG, or AT-AC splice site consensus and
excluding isoforms with extensive intron retentions, the nonredundant set of the
longest isoforms and their corresponding accession numbers were determined.
From this set of isoforms, we obtained a list of candidates containing a weak
proximal 3’ splice site, a strong distal 3’ splice site, and a potential exonic splicing
enhancer in the sequence between the alternate 3’ sites.

RESULTS AND DISCUSSION

RNAi-mediated knockdown of U2AF® reduces the level of
U2AF?, In order to analyze the role of the heterodimeric
splicing factor U2AF in 3’ splice site recognition in vivo, we
designed siRNA duplexes to knock down the expression of
each subunit in HeLa cells. Since alternative splicing generates
two different protein isoforms of U2AF* (21), we used siRNA
duplexes to specifically target the U2AF*’a and U2AF*b
mRNAs. Analysis by BLAST search confirmed that the se-
lected sequences were unique to each target. As a negative
control, we used the GL2 siRNA, which targets the firefly
luciferase gene (5). Western blot analysis of HeLa total cell
extracts shows that the U2AF* protein is detected as two
closely migrating bands: the major, lower band corresponds to
the most abundant protein isoform, a, whereas the minor,
upper band corresponds to the less abundant protein isoform,
b (Fig. 1, gel labeled anti-U2AF?°). Compared with cells
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FIG. 2. Effect of U2AF downregulation on alternative splicing of the pyPY reporter minigene. (A) Schematic representations of the reporter
minigene chimeras of IgM and AdML splicing substrates; sequences derived from IgM are depicted as open boxes (exons) and thin lines (introns),
and sequences derived from AdML are depicted as dark boxes (exons) and thick lines (introns). The minigene pyPY contains two alternative 3’
splice sites (AG and AG') associated with polypyrimidine (Py) tracts with different strengths. The weak Py tract of IgM pre-mRNA is represented
as “py,” and “PY” indicates a strong Py tract that matches the sequence of the AAML Py tract. (B) RT-PCR analysis of pyPY alternative splicing.
Total RNA was isolated from HeLa cells doubly transfected with the indicated siRNAs and the reporter plasmid, and RT-PCR was carried out
with the primers Rep.For and Rep.Rev (see Table S1 in the supplemental material). The predicted alternative splicing products are illustrated on

the right by diagrams in which lines and boxes are as described for panel

A. Molecular size markers are indicated on the left. (C) Quantitative

real-time PCR analysis of the relative expression levels of the py and PY isoforms. The py isoform was amplified with primers Rep.bothF and
Rep.proxR, and the PY isoform was amplified with primers Rep.bothF and Rep.distR (see Table S1 in the supplemental material). The ratios of
the isoform levels (py/PY) were calculated from the formula 224" (see Materials and Methods) using GL2-siRNA-treated cells as the calibrator.
Results are presented as means * standard deviations from at least four independent experiments. *, P < 0.05 relative to the results for the

GL2-treated cells (Mann-Whitney U test).

treated with the GL2 control siRNA duplex (Fig. 1, lane 1),
U2AF®-targeting siRNA caused a significant knockdown of
both U2AF®® and U2AF? protein levels (Fig. 1, lane 2). Treat-
ment with siRNAs directed against U2AF>**a decreased pre-
dominantly the lower U2AF**a band (Fig. 1, lane 3), whereas
siRNAs directed against U2AF>*b abolished detection of the
minor upper band without affecting the U2AF**a lower band
(Fig. 1, lane 4). Simultaneous treatment with siRNAs targeted
to U2AF*®a and U2AF**b effectively reduced both protein
isoforms (Fig. 1, lane 5). Figure 1 further shows that RNAi-
mediated knockdown of U2AF*?a (either alone or in conjunc-
tion with U2AF*b) did not change the level of U2AF® (lanes
3 to 5) compared with the level in cells treated with the GL2
control (lane 1).

These results reveal a feedback mechanism by which deple-
tion of the U2AF large subunit triggers the downregulation of
the small subunit. Such a feedback loop is consistent with
earlier studies indicating that U2AF heterodimer formation is
essential for Drosophila viability (28) and with the more recent
observation that several introns, the splicing of which is re-
duced by the genetic inactivation of the large subunit of U2AF
in Schizosaccharomyces pombe, are also affected by inactivation
of the small subunit (33). Furthermore, the finding that deple-
tion of the small subunit caused no change in the level of the
large subunit is consistent with previous in vitro data indicating
that U2AF® can perform its role in splicing independently of
U2AF* (11, 36, 38).

Roles of U2AF>® and U2AF® in the recognition of a weak 3’
splice site in vivo. Previous biochemical complementation ex-

periments performed with extracts chromatographically de-
pleted of U2AF have indicated that U2AF> is dispensable for
in vitro splicing of pre-mRNAs that contain consensus 3’ splice
site sequences but is required for the splicing of introns with
weak 3’ splice sites (10, 11). In order to assess the role of the
3’ splice site sequence in U2AF**-dependent splicing in vivo,
we combined RNAI against U2AF with the analysis of reporter
minigenes. We constructed a reporter minigene chimera based
on pre-mRNA sequences from AdML, which can be efficiently
spliced in vitro in the absence of U2AF> (36, 38), and the IgM
pre-mRNA, which requires the presence of U2AF? for effi-
cient splicing in vitro (10-12). This reporter minigene is
termed pyPY and consists of the sequence of IgM(—INH)
containing the full-length M1 exon, the intronic sequence be-
tween exons M1 and M2, and a truncated form of exon M2
containing the purine-rich enhancer but lacking the splicing
inhibitor sequence (11), fused to the 3’ half of the intron and
exon 2 of the ADML sequence (Fig. 2A). When transfected
into HeLa cells, the pyPY minigene gives rise to a primary
transcript containing two alternative 3’ splice sites associated
with a weak or a strong polypyrimidine tract (Fig. 2A). To
analyze the effect of each U2AF subunit on the splicing of the
pyPY minigene, HeLa cells were first treated with siRNAs
directed against U2AF®°, U2AF*°a, U2AF*b, and both
U2AF* isoforms simultaneously. The cells were transfected
24 h later with the reporter plasmid, and transcripts derived
from the pyPY minigene were analyzed 16 h posttransfection by
RT-PCR and quantitative real-time PCR (Fig. 2B and C). The
RT-PCR analysis of the control cells shows three major bands
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FIG. 3. Effect of U2AF overexpression on alternative splicing of
pyPY. (A) HeLa cells were cotransfected with the reporter minigene
and the pTet-On plasmid alone (lane 1) or together with Tet-respon-
sive expression plasmids (pBI) coding for U2AF®*-FLAG (lane 2), for
U2AF*-HA (lane 3), and for both U2AF*-FLAG and U2AF**-HA
(lane 4) and grown in the presence of 2 pg/ml doxycycline. Total cell
extracts were prepared after 24 h, and the proteins were analyzed by
Western blotting with the indicated antibodies. (B) RT-PCR analysis
of pyPY alternative splicing. RNA was isolated from HeLa cells co-
transfected for 24 h with the indicated plasmids and the reporter
minigene. The predicted alternatively spliced products are illustrated
on the right by diagrams in which lines and boxes are as described in
the legend for Fig. 2A. Molecular size markers are indicated on the
left. (C) Quantitative real-time PCR analysis of the relative expression
levels of py and PY isoforms. The ratios between the isoform levels
(py/PY) were calculated from the formula 2742 relative to the ratio
present in cells transfected with the empty vector (bar 1). Results are
presented as means *+ standard deviations from at least four indepen-
dent experiments. *, P < 0.05 relative to the results for the control (bar
1) (Mann-Whitney U test).

of approximately 375, 257, and 129 bp (Fig. 2B, lane 1). The
375-bp band corresponds to the unspliced primary transcript,
the 257-bp band results from the use of the proximal 3" splice
site associated with the weak Py (py), and the 129-bp band
corresponds to the use of the strong distal 3’ splice site (PY).
The ratio between the intensities of the bands corresponding
to the py and PY isoforms (py/PY) in GL2-treated cells is taken
as the reference (Fig. 2C, bar 1). Knockdown of either U2AF®
or U2AF™a (alone or in combination with U2AF*b) signifi-
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FIG. 4. Recognition of the weak 3’ splice site of the pyPY minigene
requires U2AF heterodimer formation. (A) HeLa cells were either
cotransfected with the reporter plasmid and empty vector (lane 1) or
cotransfected with the reporter minigene and cytomegalovirus-driven
expression plasmids coding for full-length (lane 2) and mutant (lane 3)
forms of U2AF® tagged with the HA epitope. Total cell extracts were
prepared after 24 h, and the proteins were analyzed by Western blot-
ting with the indicated antibodies. (B) RT-PCR analysis of pyPY al-
ternative splicing. Total RNA was isolated from HeLa cells cotrans-
fected with the indicated plasmids and the reporter minigene. The
predicted alternatively spliced products are illustrated on the right by
diagrams in which lines and boxes are as described in the legend for
Fig. 2A. Molecular size markers are indicated on the left. (C) Quan-
titative real-time PCR analysis of the relative expression levels of py
and PY isoforms. The ratios between the isoform levels (py/PY) were
calculated from the formula 222, relative to the ratio present in
cells transfected with the empty vector (bar 1). Results are presented
as means * standard deviations from at least four independent exper-
iments;. *, P < 0.05 relative to the results for the control (bar 1)
(Mann-Whitney U test).
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FIG. 5. Effect of U2AF downregulation on the splicing of PYPY and pypy* reporter minigenes. (A) Schematic representation of the reporter
minigene chimeras PYPY and pypy*. Sequences derived from IgM are depicted as open boxes (exons) and thin lines (introns); sequences derived
from AAML are depicted as dark boxes (exons) and thick lines (introns). PY denotes a strong Py tract and matches the sequence of the AdML
Py tract; py* corresponds to the AAML Py tract in which five U’s were replaced by A and G. (B and C) RT-PCR analysis of PYPY and pypy*
alternative splicing. Total RNA was isolated from HeLa cells doubly transfected with the indicated siRNAs and the reporter plasmids (PYPY or
pypy*). The relative positions of unspliced and spliced products are indicated on the right by diagrams in which lines and boxes are as described

for panel A, and molecular size markers are shown on the left.

cantly reduced the py/PY ratio (Fig. 2B and C, bars 2, 3, and 5),
while in cells depleted of U2AF*b alone, the py/PY ratio was
similar to that observed in cells treated with the GL2 control
siRNA (Fig. 2B and C, bars 4 and 1). Thus, isoform b, which is
9- to 18-fold less abundant than U2AF**a in mammalian tis-
sues (21), appears dispensable for the splicing of the weak 3’
splice site. The finding that depletion of U2AF® caused an
effect similar to that of depletion of U2AF>? is not surprising,
taking into account that knockdown of the large subunit in-
duced a downregulation of the small subunit (Fig. 1).

To test whether recognition of the proximal 3’ splice site
associated with the weak polypyrimidine tract (py) is sensitive
to both decreases and increases in the U2AF protein levels, we
used expression constructs to transiently overexpress the two
U2AF subunits in conjunction with the pyPY reporter mini-
gene. The large subunit of U2AF was tagged with the FLAG
epitope, and the small subunit with the HA epitope. The cells
were transfected and analyzed 16 h posttransfection (Fig. 3).
Western blot analysis using anti-FLAG antibody shows expres-
sion of the exogenous protein in cells transfected with plasmid
constructs encoding only U2AF® (Fig. 3A, lane 2) or both
U2AF® and U2AF* (Fig. 3A, lane 4). Western blot analysis
using anti-U2AF*> antibody further shows that U2AF™ is
overexpressed in cells transfected with constructs encoding
only U2AF* (Fig. 3A, lane 3) or both U2AF® and U2AF>
(Fig. 3A, lane 4). Notably, the level of endogenous U2AF>®
remained unaltered in cells overexpressing U2AF® (Fig. 3A,
lane 2). Semiquantitative RT-PCR analysis reveals that exog-
enous expression of the U2AF® protein, either alone or in
conjunction with U2AF>, enhanced the splicing of the weak 3’
splice site (Fig. 3B, lanes 2 and 4) relative to that in control
cells transfected with the pyPY minigene only (Fig. 3B, lane 1),
causing an approximately 2.5-fold increase in the py/PY ratio
(Fig. 3C, compare bars 1 and 2). In contrast, overexpression of

U2AF? alone caused a reduction in the py/PY ratio (Fig. 3B
and C, bar 3).

Thus, as expected, increasing the levels of the U2AF het-
erodimer by simultaneous overexpression of both subunits en-
hanced the splicing of the weak 3’ splice site. Moreover, over-
expression of U2AF* alone failed to enhance the recognition
of the weak 3’ splice site, in agreement with the view that the
splicing activity of this protein requires heterodimerization
with U2AF® (12). But why is overexpression of U2AF® alone
sufficient for stimulating the splicing of the weak polypyrimi-
dine tract? One possibility is that the highest concentration of
U2AF® in the cell can compensate for the low affinity of the
binding of this protein to a weak polypyrimidine tract (10).
Alternatively, exogenously expressed U2AF® may form func-
tional heterodimers with different partners present in cells,
namely, the alternatively spliced isoform U2AF*b (21) and
the U2AF*-related proteins (29, 31, 32). To address this hy-
pothesis, we cotransfected the reporter pyPY minigene with a
U2AF® mutant construct carrying a partial deletion of the
region implicated in the interaction with U2AF>°, The mutant
is called U2AF®* and harbors a deletion of amino acid
residues 84 to 150 (8). Western blot analysis using anti-HA
antibody confirms the expression of exogenous full-length and
mutant forms of U2AF®. As shown before, the levels of en-
dogenous U2AF?® were not altered in cells overexpressing the
large subunit (Fig. 4A). Semiquantitative RT-PCR analysis
reveals that exogenous expression of the full-length U2AF®
protein enhanced splicing of the weak 3’ splice site (Fig. 4B,
lane 2) relative to that in control cells transfected with the
plasmid reporter only (Fig. 4B, lane 1), causing an approxi-
mately fivefold increase in the py/PY ratio (Fig. 4C). Most
probably, the strongest effect on splicing observed in this ex-
periment compared to the results depicted in Fig. 3 correlates
with the higher level of expression of the exogenous protein
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PTKO Prox 117
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Dist aatatgtgagaaagt

tatte

7 TTCATTTCAGATACATCAGRGRAAT

FIG. 6. Candidate endogenous genes with alternative 3’ splice sites. (A) Schematic structural representation of candidate genes. The candidates
contain a proximal 3’ splice site (AG) associated with a weak polypyrimidine tract, a distal 3" splice site (AG") associated with a strong Py tract,
and a putative exonic splicing enhancer (ESE) within the sequence between the alternative 3’ splice sites (AltExSeq). (B) Sequences of the
proximal (Prox) and distal (Dist) 3’ splice sites of candidates chosen for further analysis. Intron sequences are in lowercase letters; exon sequences
are in capital letters. The number of nucleotides between the two alternative 3’ sites (AltExSeq) is indicated.

due to the use of different expression systems. In contrast to
the overexpression of full-length U2AF®®, which caused a five-
fold increase in splicing of the weak splice site (Fig. 4C, bar 2),
overexpression of the mutant U2AF**** induced only a two-
fold increase in splicing (Fig. 4C, bar 3). Importantly, splicing
of the strong 3’ splice site was not inhibited by the expression
of U2AF®4% (Fig. 4B, compare bands for PY in lanes 1 and
3), arguing that the reduced effect of this mutant on the weak
site is not a consequence of its inability to support splicing.
Taken together, our results support the view that the large
subunit of the U2AF heterodimer cooperates with the small
subunit to facilitate recognition of a weak 3’ splice site in vivo.

U2AF*-independent recognition of a weak 3’ splice site.
Having shown that knockdown of U2AF* reduces recognition
of a weak 3’ splice site located upstream of a strong 3’ splice
site, we next tested the effect of U2AF* depletion on the
splicing of alternative 3’ splice sites associated with polypy-
rimidine tracts that are similar in strength. Two additional
reporter minigenes were constructed (Fig. 5A). In one of them,
both alternative 3’ splice sites are associated with the strong
AdML polypyrimidine tract (PYPY). In the other, the two
alternative 3’ splice sites are associated with weak polypyrimi-
dine tracts, due to the replacement of all uridine residues in
the strong AAML polypyrimidine tract by adenosines and gua-
nidines (pypy*). The results obtained by semiquantitative RT-
PCR analysis show that in GL2-treated cells, one major
mRNA band corresponding to splicing of the proximal site in
both reporters is observed (Fig. 5B and C, lane 1). Thus, in the
two transcripts containing alternative 3’ splice sites associated
with polypyrimidine tracts of similar strengths, there is a strong

preference for splicing of the proximal site irrespective of its
being weak or strong. This is in agreement with previous stud-
ies showing that in model human B-globin pre-mRNAs con-
taining a single 5’ splice site and tandemly duplicated 3’ splice
sites, the proximal 3’ site is preferentially selected (26).

In clear contrast with the results obtained with the pyPY
reporter minigene, depletion of either U2AF®® or U2AF*%a
(alone or in combination with U2AF**b) had no detectable
effect on the splicing pattern of the reporters PYPY and pypy*
(Fig. 5B and C). This shows that the requirement for U2AF>*
can be completely relieved in vivo by improving the polypy-
rimidine tract of the IgM pre-mRNA reporter, as previously
reported for in vitro data (12). Additionally, our results indi-
cate that an intron with a weak polypyrimidine tract can be
efficiently spliced under conditions of reduced expression of
both U2AF® and U2AF>3, arguing that in vivo, not all pre-
mRNA substrates containing a weak polypyrimidine tract are
equally dependent on U2AF* for splicing.

U2AF-dependent and U2AF-independent recognition of al-
ternative 3’ splice sites in endogenous pre-mRNAs. To deter-
mine whether U2AF plays a role in the alternative splicing of
endogenous pre-mRNAs, we performed a bioinformatics
search for human transcripts containing alternative 3’ splice
sites of different strengths. First, we searched for genes that
contain a proximal 3’ splice site associated with a weak poly-
pyrimidine tract and a distal 3" splice site associated with a
strong polypyrimidine tract. A 3’ splice site was considered
strong if it contained four consecutive T bases within the 30
nucleotides upstream of the splice site and weak if it contained
no more than two consecutive T bases within that region.
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FIG. 7. Effect of U2AF downregulation on alternative splicing of
endogenous genes. (A) RT-PCR analysis of transcripts from the
CUEDCI1, EIF3S7, MBNL3, and PTK9 genes. Total RNA was ex-
tracted from HeLa cells treated for 48 h with siRNAs against lucifer-
ase. The relative positions of mRNA isoforms resulting from the use of
either the proximal (Prox) or distal (Dist) 3 splice site are indicated by
diagrams on the right, and molecular size markers are shown on the
left. The darts above the schematic structural representation under the
gels indicate primer pairs. For sequence details, see Tables S1 and S2
in the supplemental material. (B) Quantitative real-time PCR analysis
of the relative levels of expression of Prox and Dist isoforms of the
CUEDCI, EIF3S7, MBNL3, and PTK9 genes. Total RNA was ex-
tracted from cells treated with siRNAs against luciferase (GL2),
U2AF®, U2AF*a, U2AF*b, and U2AF*a simultaneously with
U2AF>®b, as indicated. Specific and separate primer pairs were used
for the amplification of each isoform (see Table S1 in the supplemental
material). The ratios between the isoform levels (Prox/Dist) were calcu-
lated with the formula 2744 (see Materials and Methods) using GL.2-
siRNA-treated cells as the calibrator. Results are presented as means *+
standard deviations from at least four independent experiments. *, P <
0.05 relative to the results for the GL2-treated cells (Mann-Whitney U
test).

Because the reporter minigene harbors a purine-rich splicing
enhancer in exon M2 35 nucleotides downstream of the prox-
imal 3’ splice site, we further searched for candidates with a
potential enhancer in the sequence between the two alterna-
tive 3’ splice sites. The selection of candidates was therefore
restricted to pre-mRNAs containing at least one GAA motif
(1) within 20 to ~300 nucleotides downstream of the proximal
3’ splice site (Fig. 6A). Using these criteria, we identified 70
candidate pre-mRNAs (see Table S2 in the supplemental ma-
terial) corresponding to diverse functional groups, such as cell
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proliferation and apoptosis genes, signal transduction and
transcription regulators, or metabolic pathway components.
From this candidate list, eight genes were randomly chosen
for validation (Fig. 6B) and only four (CUEDCI, EIF3S7,
MBNL3, and PTK9) were found to be alternatively spliced in
HeLa cells producing the predicted isoforms (Fig. 7A). Fol-
lowing the knockdown of U2AF proteins, splicing of the weak
proximal site was significantly reduced in the CUEDCI and
EIF3S7 mRNAs but not in the MBNL3 or PTKO9 transcripts
(Fig. 7B). Notably, for both the CUEDCI1 and the EIF3S7
mRNA, the major isoform detected in nontreated cells corre-
sponds to splicing of the stronger distal site, whereas for
MBNL3 and PTKY, splicing of the proximal site predominates
(Fig. 7A). We therefore speculate that the MBNL3 and PTK9
pre-mRNAs contain additional specific elements that stimulate
splicing of the weaker 3’ site in a U2AF-independent manner.

In conclusion, and in agreement with the results obtained
with the reporter minigenes, the data strongly suggest that
U2AF regulates the splicing of a subset of endogenous pre-
mRNAs containing alternative 3’ splice sites associated with
polypyrimidine tracts of different strengths.
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