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U2 small nuclear ribonucleoprotein auxiliary factor
small subunit (U2AF?°) is encoded by a conserved gene
designated U2AF1. Here we provide evidence for the
existence of alternative vertebrate transcripts encoding
different U2AF?® isoforms. Three mRNA isoforms
(termed U2AF3°a-c) were produced by alternative splic-
ing of the human U2AFI gene. U2AF?5c contains a pre-
mature stop codon that targets the resulting mRNA to
nonsense-mediated mRNA decay. U2AF3°b differs from
the previously described U2AF3%a isoform in 7 amino
acids located at the atypical RNA Recognition Motif in-
volved in dimerization with U2AF®°, Biochemical exper-
iments indicate that isoform U2AF3°b, which has been
highly conserved from fish to man, maintains the ability
to interact with U2AF%%, stimulates U2AF%® binding to a
pre-mRNA, and promotes U2AF splicing activity in vitro.
Real time, quantitative PCR analysis indicates that
U2AF3°a is the most abundant isoform expressed in mu-
rine tissues, although the ratio between U2AF3°a and
U2AF3%b varies from 10-fold in the brain to 20-fold in
skeletal muscle. We propose that post-transcriptional
regulation of U2AF1 gene expression may provide a
mechanism by which the relative cellular concentration
and availability of U2AF%® protein isoforms are modu-
lated, thus contributing to the finely tuned control of
splicing events in different tissues.

In higher eukaryotes, most protein-coding genes contain se-
quences that are spliced from the nascent transcripts
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(pre-mRNAs) in the nucleus. Intron excision is carried out by
an assembly of small nuclear RNAs and proteins that are
collectively recruited to pre-mRNAs forming the spliceosome
(reviewed in Ref. 1). Although introns are excised with a high
degree of precision, for many pre-mRNAs there is flexibility in
the choice of alternative splice sites, often in response to tissue-
specific, physiologically or developmentally regulated states.
Alternative splicing produces multiple mRNAs encoding dis-
tinct proteins, thus expanding the coding capacity of genes and
contributing to the proteomic complexity of higher organisms
(2—4). Moreover, alternative splicing may contribute to regu-
late protein expression by generating premature termination
codons that target the transcript to nonsense-mediated mRNA
decay (5).

In metazoans, pre-mRNA sequences implicated in splicing
are only weakly conserved. Multiple, relatively weak protein-
protein and protein-RNA interactions involving these se-
quences and additional regulatory sequence elements, which
can positively or negatively affect spliceosome assembly at
nearby splice sites, constitute the basis to control alternative
splicing (for recent reviews see Refs. 4, 6, and 7). Proteins that
bind to pre-mRNA and affect splicing regulation include SR
proteins, hnRNPs,! and tissue- or developmental stage-specific
factors. Individual SR proteins interact only weakly with en-
hancer elements, but their binding to pre-mRNA is highly
cooperative and can lead to recognition of distinct RNA se-
quence motifs, thus contributing to the selection of regulated
splice sites. A distinct role is played by hnRNP proteins, which
in general antagonize the stimulatory activity of SR proteins,
and cell type-specific proteins, which may either inhibit or
promote splicing. Thus, control of alternative splicing is
achieved through the combinatorial interplay of both regula-
tory sequence signals and trans-acting protein factors (4, 8, 9).

The spliceosome is a multicomponent RNA-protein ma-
chine containing five uracil-rich small nuclear ribonucleopro-
teins (U snRNPs) and many non-snRNP protein splicing fac-
tors. In the late 1990s ~100 splicing factors were identified
(10), and since then the number has nearly doubled (1).
Initiation of spliceosome recruitment to a pre-mRNA involves
recognition of the 5’ splice site by the Ul snRNP, whereas the
U2 snRNP associates with the 3’ region of the intron. The
establishment of a stable interaction between U2 snRNP and
pre-mRNA requires an auxiliary factor, U2AF (11). The U2

1 The abbreviations used are: hnRNP, heterogeneous nuclear;
snRNP, small nuclear ribonucleoprotein; RRM, RNA recognition motif;
NMD, nonsense-mediated mRNA decay; UTR, untranslated region;
NTA, nitrilotriacetic acid; GST, glutathione S-transferase; siRNA,
small interfering RNA; GFP, green fluorescent protein; AAML, adeno-
virus major late.
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snRNP auxiliary factor (U2AF) consists of two subunits,
U2AF% and U2AF3®, that interact to form a stable het-
erodimer (12). U2AF®® binds directly to the polypyrimidine
tract of pre-mRNA and is essential for splicing (13). U2AF3®
recognizes the conserved 3’ splice site dinucleotide AG (14—
16) and is required for splicing of a subset of primary tran-
scripts, the so-called AG-dependent pre-mRNAs (17).

Human U2AF35 is 240 residues long, with an atypical RNA
recognition motif (RRM) involved in dimerization with U2AF%®
(18). Additionally, the protein contains a C-terminal arginine/
serine (RS)-rich domain interrupted by glycines (19). The RS
region of U2AF3? has been shown to establish protein-protein
interactions with splicing factors of the SR family, and it was
proposed that SR proteins bound to purine-rich exonic splicing
enhancers facilitate recruitment of U2AF%® to the polypyrimi-
dine tract via bridging interactions mediated by U2AF35 (20—
22). Other results, however, argue that the RS domain-medi-
ated interactions with SR proteins bound to the exonic splicing
enhancers is dispensable for the function of U2AF3® in AG-de-
pendent pre-mRNA splicing (23). Although interaction of
U2AF3® with the 3’ splice site AG can stabilize U2AF®® bind-
ing, not all the activities of U2AF3® correlate with increased
cross-linking of U2AF®? to the polypyrimidine tract, suggesting
an additional, yet unknown function for U2AF2® in pre-mRNA
splicing (23).

In this work we show that primary transcripts encoding
U2AF35 splicing factor in higher vertebrates can be alterna-
tively spliced and polyadenylated. Alternative splicing of
U2AF3® pre-mRNAs may either introduce a premature stop
codon that targets the resulting mRNA to nonsense-mediated
mRNA decay (NMD) or alter 7 amino acid residues within the
RRM domain. This alteration gives rise to a protein isoform
that maintains the ability to bind U2AF®® and stimulates splic-
ing activity in vitro. Most interestingly, the two U2AF35 protein
isoforms have been under high selective pressure during evo-
lution, suggesting that they play specific functions in verte-
brate organisms. Our results further show that the relative
abundance of mRNAs encoding each U2AF3® isoform differs
between cell types, arguing that expression of the U2AF1 gene
is controlled in a tissue-specific manner.

EXPERIMENTAL PROCEDURES

Isolation and Characterization of Chicken U2AF1 c¢DNA—
Degenerate oligonucleotides were designed to regions of U2AF?® cDNA
conserved among Homo sapiens, Drosophila melanogaster, and Schiz-
osaccharomyces pombe. The forward PCR primer (5'-AAGATHG-
GIGCITGYCGICAYGC-3') was designed from amino acids 23 to 30 of
human U2AF?®®. The reverse PCR primer (5'-TCRTAYTGICGRCAIG-
CYTC-3’) was designed to be complementary to the region encoding
from amino acids 152 to 160. PCR was carried out with a pool of random
chicken embryo cDNA molecules as template. A Biometra® UNO II
thermocycler (Germany) was used, and the conditions for amplification
were as follows: 94 °C for 5 min, followed by 40 cycles of denaturation at
94 °C for 30 s, annealing at 54 °C for 2 min, and extension at 72 °C for
1 min, with a time increment of 1 s per cycle, and finally 72 °C for 30
min. The PCR product was gel-purified using QIAEX II Gel Extraction
Kit (Qiagen) and subcloned into pBluescript IT KS (+/—) by “TA cloning”
(24). This 392-bp chicken U2AF?® ¢cDNA fragment (PCR35) was random
prime-labeled with [a-*?P]dCTP using the Prime-it® II Random Primer
Labeling kit (Stratagene®) and used to screen a chicken embryo cDNA
library constructed in AZAP II (Stratagene®). Approximately 1.5 X 10°
plaques were screened, and five positive plaques were isolated. cDNA
inserts in pBluescript II KS phagemid were excised in vivo using the
ExAssist/SOLR System (Stratagene®), purified, analyzed by restriction
digest, and completely sequenced.

Cloning of Chicken U2AF1 Gene—The chicken U2AF?> ¢cDNA frag-
ment PCR35 was random prime labeled and used to screen a DT40 cell
line genomic library constructed in LambdaGEM®-11 (Promega), using
standard procedures (25). From 1.2 X 10° plaques, six positive clones
were isolated. Phage DNAs were purified and analyzed by restriction
endonuclease mapping and Southern blotting (26). Genomic fragments
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were subcloned into pBluescript II KS, and an 18-kb region covering the
entire chicken U2AF1 gene was sequenced.

Sequencing—Cycle sequencing of plasmid DNA was performed with
the AmpliTaqFS Dye Primer Core kit (Applied Biosystems), using 1 ug
of plasmid DNA and 3 pmol of each standard forward and reverse
primers labeled with fluorescein isothiocyanate or CY5. An MJ Re-
search (Waltham, MA) PT-200 cycler was used for 35 cycles (97 °C, 15 s;
55 °C, 30 s; 68 °C, 30 s). Reactions were loaded “off-gel” on 72-clone
porous-membrane combs, applied to 60-cm long polyacrylamide gels
(4.5% Hydrolink Long Ranger gel solution, FMC BioProducts), and
analyzed on the ARAKIS sequencing system with array detectors, de-
veloped at EMBL (27). Raw sequencing data were evaluated and ana-
lyzed, and the consensus sequence was assembled by using the software
packages (Lane Tracker and Gene Skipper) developed at EMBL. Re-
maining sequencing gaps were covered by primer walking (28).

Cell Culture—DT40 cells (ATCC CRL-2111) were grown in Dulbec-
co’s modified Eagle’s medium (Invitrogen) supplemented as recom-
mended by the American Type Culture Collection. HeLa cells (ECACC
93021013) were grown in minimum essential medium with Earle’s salts
supplemented with 10% (v/v) fetal calf serum and 1% (v/v) nonessential
amino acids (Invitrogen).

Northern Blotting—Total RNA was extracted from either DT40 cells
or chicken embryos using the TRIzol® reagent (Invitrogen). Poly(A)
RNA was isolated using oligo(dT)-cellulose (Amersham Biosciences),
electrophoresed on an agarose-formaldehyde gel, and transferred to an
Hybond-N+ membrane (Amersham Biosciences) (26). Hybridizations
were carried out with the following probes: (@) chicken U2AF?®® cDNA
fragment PCR35; (b) a 1175-bp Xbal/Xbal (2403-3578) fragment ob-
tained by restriction digest of pBluescript-chU2AF?°III (a class III
clone); additionally, a probe complementary to chicken B-actin was used
as an internal control. Probes were gel-purified and labeled with
[a-32P]dCTP by random priming. Pre-hybridization (30 min) and hy-
bridization (1 h) were carried out at 68 °C in ExpressHyb Solution
(Clontech). Following hybridization, washing was performed in 2X
SSC, 0.05% SDS (three times 10 min at room temperature), and 0.1X
SSC, 0.1% SDS (two times at 50 °C). Filters were exposed to a Kodak
Biomax-MR film (Eastman Kodak Co.), with intensifying screens, at
—70 °C. Autoradiograms were analyzed using the software package
ONE-Dscan™, version 1.0 (Scanalytics, a Division of CSPI).

NMD Inhibition and Reverse Transcriptase-PCR—RNA interference
of Upfl was carried out as described previously (29). Briefly, for a
typical siRNA transfection, 24-well dishes were seeded with 10° cells
prior to transfection. The following day (day 2) 120 pmol of siRNA
duplex was transfected using 3 ul of Lipofect AMINE® 2000 (Invitrogen)
as described previously (30). On day 3 cells were trypsinized and split to
a well of a 6-well plate. On day 4 cells were retransfected with siRNA
duplex as on day 2, and finally, cells were harvested on day 6. mRNA
targets for gene specific knockdown were UPF1: AAGAUGCAGUUC-
CGCUCCAUU (31) and control C2: AAGGUCCGGCUCCCCCAAAUG
(30). Gene silencing was monitored by immunoblotting. Total RNA was
isolated with the TRIzol® reagent (Invitrogen) and treated with RQ1
RNase-free DNase (Promega). Reverse transcriptase reactions were
primed with oligo(dT) by using Superscript II RT enzyme (Invitrogen).
The resulting ¢cDNA was amplified with primers BothFor, 5'-GCA-
CAATAAACCGACGTTTAGCCAG-3', and BothRev, 5-TGGATCG-
GCTGTCCATTAAACCAAC-3’ (exons 2-4, Fig. 4). The amplification
products were digested with HinfI, separated by gel electrophoresis,
and detected by ethidium bromide staining.

Expression and Purification of Recombinant Proteins—Full-length
human U2AF®°a ¢cDNA was used to screen a Uni-ZAP®XR Human
Fetal Spleen A ¢cDNA library (Stratagene®). Positive clones were ana-
lyzed by restriction digestion with Hinfl and sequenced in order to
isolate U2AF?°b ¢DNA clones. U2AF3°b ¢cDNA was subsequently cloned
into Ncol/Kpnl sites of pFastBac™ HT plasmid, and recombinant bacu-
loviruses were generated by using the Bac-to-Bac® Baculovirus Expres-
sion System (Invitrogen). His,-tagged U2AF?%a and U2AF*%b proteins
were purified from baculovirus-infected cells as described previously
(32) and dialyzed against 100 mm KCI buffer D (20 mm HEPES (pH 8.0),
0.5 mm EDTA, 20% glycerol, 1 mm dithiothreitol, 0.05% Nonidet P-40).
U2AF% and U2AF%A35 were expressed as glutathione S-transferase
(GST) fusion proteins in Escherichia coli and purified as described
previously (33). The plasmids used for protein expression were de-
scribed previously (13, 34). The purified proteins were dialyzed against
100 mMm KCI buffer D. Protein concentrations were estimated by com-
paring dilutions of the preparations to serial dilutions of a bovine serum
albumin standard in SDS-containing denaturing gels.

Construction and Expression of GFP Fusion Proteins—Green fluo-
rescent protein (GFP) fusion constructs were obtained by restriction
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TaBLE I
Sequence of primers and TagMan® MGB probes used in the quantitative real time reverse transcriptase-PCR

FAM, 6-carboxyfluoresceine; MGB, Minor Groove Binder.

Gene Primers and probes sequences Concentration in reaction Amplicon size

nm bp

U2AF%%a Forward, 5'-TAGCCAGACCATTGCCTCTT-3' 900
Reverse, 5'-CGCAAACCGTCAGCAGACTS3' 900 72

Probe, FAM-5'-AACATTTACCGTAACCCT3'-MGB 150

U2AF*%b Forward, 5'-TCCCCAAAACAGTGCACAGA3’ 900
Reverse, 5'-TCATCATAGTGCTCCTGCATCTC3’ 900 78

Probe, FAM-5'-GGCTCACACTGTGCTG3'-MGB 150

U2AF® Forward, 5'-ACATCACCCCAATGCAGTACAA3’ 300
Reverse, 5'-AGGGCAGTGGCTGGAATCTS3' 300 61

Probe, FAM-5'-ACCCGCAGCTTGCATG3'-MGB 200

digestion and subcloning into the appropriate pEGFP-C vector (Clon-
tech). GFP-U2AF®°a was described previously (35). GFP-U2AF?°b was
constructed by digestion of pBS-U2AF#°b with BgllI followed by fill-in
and Pstl digestion. The insert was then cloned into PstI/Smal sites of
pEGFP-C3. HeLa cells were transfected and analyzed by confocal mi-
croscopy as described previously (35).

In Vitro Binding Assays—GST pull-down assays were carried out
using 1 ug of GST-U2AF® or GST-U2AF%°A35 fusion proteins immobi-
lized on 10 ul of glutathione S-Sepharose 4B beads (Amersham Bio-
sciences) and incubating with 5 ul of a standard [**S]methionine-la-
beled rabbit reticulocyte RNase-A-treated lysate reaction (TNT T7 Kkit;
Promega). Incubation was carried out in 20 mm HEPES (pH 7.5), 100
mM NaCl, 0.5% Nonidet P-40, 5 mm MgCl,, 0.1 mM EDTA, 100 pg/ml
bovine serum albumin, 1 mM dithiothreitol, for 2 h at 4 °C. After
extensive washing of the beads, proteins were eluted by boiling in
SDS-loading dye, electrophoresed on SDS-10% polyacrylamide gels, and
visualized by autoradiography. Alternatively, 0.5 ug of GST-U2AF®® or
GST-U2AF%°A35 was incubated with 0.5 ug of His-U2AF®°a or His-
U2AF?%b in 50 mM Tris-HCI (pH 7.5), 200 mm NaCl, 0.5% Nonidet P-40,
on ice, for 15 min. Then 10 ul of Ni*"-NTA-agarose beads (Qiagen) was
added, and incubation was continued at 4 °C for 1 h. Beads were
washed three times with 50 mum Tris-HCI (pH 7.5), 200 mm NaCl, 15 mm
imidazole and resuspended in 15 pl of SDS-loading dye. Proteins were
resolved on SDS-PAGE, transferred to nitrocellulose, and probed by
Western blotting with anti-U2AF®® monoclonal antibody MC3 (36) and
anti-U2AF?® polyclonal serum. Immunoblots were developed using
horseradish peroxidase-coupled secondary antibodies and detected by
enhanced chemiluminescence (ECL; Amersham Biosciences).

UV Cross-linking—U,;CAG oligo RNA was 5’ end-labeled with
[y-*2P]ATP (Amersham Biosciences) and T, polynucleotide kinase (New
England Biolabs). RNA-protein binding reactions were assembled in
buffer D, with 2 mg/ml tRNA, 0.5 um purified GST-U2AF®®, and His-
tagged U2AF3%a or U2AF®°b, and ~50,000 cpm *2P-labeled RNA in a
final volume of 20 ul. After a 15-min incubation on ice, samples were
UV cross-linked (Stratalinker; 254 nm, 0.6 J, 4-cm distance to light
source) and then treated with RNase A (final concentration, 1 mg/ml) at
37 °C for 20 min. Samples were mixed with SDS-loading dye, boiled for
5 min, and loaded on an SDS-10% polyacrylamide gel. The gel was fixed
and dried, and cross-linked proteins were detected by autoradiography.

In Vitro Splicing Assays—HeLa nuclear extract was prepared as
described by Dignam et al. (37) and depleted of U2AF exactly as de-
scribed (38) by passing the extract over an oligo(dT)-cellulose column at
1 M KCIl. The column flow-through of this procedure yielded the de-
pleted nuclear extract (0dTANE). Transcription templates were gener-
ated by PCR using plasmids harboring the sequence of AAML (39, 40)
preceded by an SP6 promoter. Full-length substrates were transcribed
in the presence of a CAP analogue (m7G(5')ppp(5')G, New England
Biolabs) and [a-**P]UTP (Amersham Biosciences) as described (17).
After a 2-h incubation at 37 °C, the transcripts were gel-purified, eth-
anol-precipitated, and resuspended in water. Splicing reactions and
splicing complementation assays were performed as described previ-
ously (17). Spliced products were resolved on 13% denaturing polyacryl-
amide gels in Tris/borate/EDTA buffer (TBE) and analyzed by
autoradiography.

Real Time Quantitative PCR—Total RNA was extracted from a va-
riety of murine tissues (brain, heart, lung, and skeletal muscle) using
the TRIzol® reagent (Invitrogen) and treated with RNase-free DNase I
(Roche Diagnostics). The concentration of RNA was determined by
spectrophotometry, and RNA quality was assessed by gel electrophore-
sis. Only samples yielding distinct 28 S and 18 S bands and A,4/A,5,
ratios between 1.8 and 2.1 were further used. Production of cDNA was

carried out using Superscript II reverse transcriptase (Invitrogen).
TagMan® Minor Groove Binder probes and primers (Table I) were
designed by using the computer software Primer Express (Applied
Biosystems, Foster City, CA). Primer and probe concentrations were
optimized for each amplicon using Mouse Universal RNA (Invitrogen)
as a template. The values obtained for each set of primers and probe are
listed in Table I. For 18 S quantification we used a pre-developed assay
(D64333760, Applied Biosystems, Foster City, CA). All reactions were
performed in the ABI7000 Sequence Detector (Applied Biosystems,
Foster City, CA). The relative expression of each gene in murine tissues
was calculated using a derivative of the 2(—AAC(#)) method, as de-
scribed (41). To validate the use of the 272¢* method, serial dilutions of
c¢DNA prepared from Mouse Universal RNA were amplified by real time
PCR using gene-specific primers and fluorogenic probes for U2AF*°a,
U2AF?°b, U2AF®°, and 18 S rRNA. All the analyzed transcripts exhib-
ited high linearity amplification plots (> > 0.98) (data not shown). The
slopes of the Ct versus the log RNA quantity were —3.36, —3.27, —3.28,
and —3.27 for U2AF%%a, U2AF®°b, U2AF®®, and 18 S rRNA, respec-
tively. The similarity of these slopes clearly shows that the PCR effi-
ciencies for these genes are similar. Also when doing ACt¢ plots versus
log RNA quantities for each pair of genes, the slope was approximately
equal to 0, further confirming that the expression of each of these genes
can be directly compared with one another.

Sequence Analysis—BLAST searches (42) were carried out on NCBI
data bases (National Center for Biotechnology Information, ww-
w.ncbi.nlm.nih.gov/blast) and on the Mouse, Fugu, and Danio rerio
Ensembl genomic sequence data bases (43) (www.ensembl.org/).
Genomic structures were further analyzed using Wise2 software (44)
from EMBL-EBI (European Bioinformatic Institute; www.ebi.ac.uk/).
Analysis of synonymous and nonsynonymous codon positions was car-
ried out with SNAP (45). Protein sequences were obtained from
SPTREMBL, SWISSPROT, and GenBank™ and predicted from ESTs
sequences. Multiple sequence alignments were generated with Clustal
X (1.83) (46), with no adjustment of the default parameters, and shaded
using BOXSHADE 3.21 (www.ch.embnet.org/) according to conserva-
tion and similarity of residues

RESULTS

Cloning of Chicken U2AF1 Gene and Identification of Three
Alternatively Spliced and Polyadenylated mRNA Isoforms—
Chicken (Gallus gallus) U2AF1 ¢cDNA was cloned using degen-
erate primers complementary to previously defined conserved
regions in the U2AF1 sequence from H. sapiens, D. melano-
gaster, and S. pombe (19, 47, 48). These primers were used to
amplify by PCR a chicken U2AF3® ¢cDNA fragment, which was
subsequently cloned and sequenced. The sequence (data not
shown) revealed a ¢cDNA closely related to those of other or-
ganisms. This ¢cDNA fragment was then used as a probe to
screen a chicken embryonic cDNA library. Restriction digestion
and sequence analysis of five isolated cDNA clones revealed the
presence of three distinct classes of U2AF1 transcripts (Fig.
1A). The first class consists of a 915-bp ¢cDNA that is 86%
identical to the human U2AF1 cDNA reported previously (19).
The open reading frame of this clone encodes a putative protein
of 237 amino acid residues with a predicted M, of 27,684. An
alignment of the amino acid sequences encoded by chicken and
human U2AF1 genes shows that the two proteins are 99%
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A

FiG. 1. Structure of chicken U2AF1
gene. A, schematic representation of the
three classes of ¢cDNA isolated from an
embryonic library. Classes II and III
¢DNAs contain a long 3'-UTR (solid line).
This 3’-UTR has a high content of A and T
residues and multiple copies of the AT-
TTA motif (asterisks). Potential poly-
adenylation sites in the 3'-UTR are indi-
cated (pA). Class III ¢cDNAs contain an
in-frame premature stop codon (TAA). B,
chicken U2AF1 gene spans ~13 kb and
contains 10 exons (boxes). Exons Aa and B
Ab can be alternatively spliced and the
two splicing patterns identified are indi-
cated; cDNAs from classes I and II arise
by splicing out exons Aa and Ab, whereas
class III transcripts result from an alter-

native splice site selection that causes in- Exons 1
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clusion of these two exons.

Class | and |l splicing pattern

identical and differ only at the glycine tract located at the
C-terminal part of the protein. The U2AF2® glycine-stretch is
12 residues long in the human protein, whereas in chicken it
contains only 9 residues.

The remaining two classes have not been reported previ-
ously. Compared with the first class, the cDNAs of classes II
and IIT are much larger (3.5 and 3.6 kb, respectively). Both
contain a long 2.6-kb 3'-untranslated region that arises by use
of an alternative polyadenylation site located 2570 bp down-
stream of the translation stop codon. This long 3’-UTR has a
high content of A and T residues and contains multiple copies
of the pentanucleotide ATTTA (Fig. 1A, asterisks), which is
thought to function as an RNA-destabilizing element (49).
Within the long 3'-UTR, four additional potential polyadenyl-
ation signals were identified (Fig. 14, pA). Similarly to class I
¢DNA, the transcripts of class II encode a full-length U2AF3?
protein. In contrast, class III ¢cDNAs contain a novel 124-bp
sequence that introduces a premature termination codon (Fig.
1A, TAA).

From the screening of a genomic library, six clones were
isolated and sequenced. These clones span the entire genomic
sequence of chicken U2AF1, thus allowing the determination of
the complete exon-intron organization of this gene (Fig. 1B and
Table II). In addition to the eight exons identical in structure to
the previously described U2AF1 gene from man and Fugu
rubripes (50), two novel exons termed Aa and Ab were identi-
fied. The sequence of these two new exons corresponds pre-
cisely to the 124-bp insert observed in class III ¢cDNAs. Thus,
we conclude that cDNAs from classes I and II arise by splicing
out exons Aa and Ab, whereas class III transcripts result from
an alternative splice site selection that causes inclusion of
these two exons.

By having established that chicken U2AF1 transcripts can
be alternatively spliced and polyadenylated, we next analyzed
the expression pattern of this gene by Northern blotting. Hy-
bridization of poly(A) RNA from DT40 cells (51) with a chicken
U2AF1 cDNA fragment reveals three major mRNA species of
~1.1, 1.5, and 3.8 kb (Fig. 24, lane I). In contrast, a probe
complementary to the last 1175 nucleotides of the 3'-UTR
hybridizes only to the 3.8-kb species (Fig. 2A, lane 2). From
these results we infer that the 1.1-kb mRNA corresponds to
class I cDNA, whereas the largest form (3.8 kb) may correspond
to cDNAs of classes II or III (because class IT and III transcripts
differ by only 124 nucleotides, they cannot be resolved in these
gels). The 1.5-kb mRNA may result from the use of the second

3
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polyadenylation signal (located 553 nucleotides downstream of
the translation stop codon), but further experiments are needed
to confirm this interpretation. The same three species of
mRNAs are expressed in chicken embryos and pre-B lymphoid
cells (Fig. 2B). However, densitometer scanning of the autora-
diograms indicated that the relative proportion of the 1.1-kb
species varied from ~46% in embryonic cells to over 70% in
DT40 cells. In summary, we conclude that in chicken there are
multiple forms of U2AF1 mRNAs, which arise by alternative
processing of the primary transcripts, and that there might be
cell type variations in the relative amounts of U2AFI mRNA
isoforms.

Three Different mRNA Isoforms Are Produced by Alterna-
tive Splicing of Human U2AF1 Gene—In an attempt to iden-
tify sequences corresponding to exons Aa and Ab in the hu-
man U2AF1 gene, we performed BLAST searches against the
human chromosome 21 genomic contig (accession number
NT_030188). This allowed us to identify a sequence homo-
logue to chicken exon Ab in the second intron of h=U2AF1 (Fig.
3A), but we could not find any sequence homologue to chicken
exon Aa in either the AU2AF1 gene or ESTs data base.
Sequence analysis of human ESTs led us to group mRNAs
according to three different alternative splicing patterns
(Fig. 3, A and B). Pattern a corresponds to the mRNA previ-
ously described (19). In splicing pattern b, exon Ab substi-
tutes exon 3 with no alteration of the reading frame. Trans-
lation of this type of transcript gives rise to a protein product
very similar to the known U2AF?° with only 7 different
amino acid residues (Fig. 3C). Finally, as result of splicing
pattern c, exon Ab is included between exons 2 and 3 and
induces a frameshift that introduces a premature termina-
tion codon (TAA), similarly to what is observed in chicken
class III cDNAs (see Fig. 2B). We shall hereafter refer to the
isoform produced by each alternative splicing pattern as
U2AF?%a, U2AF3%h, and U2AF??c, respectively.

U2AF%%c Transcripts Are Degraded by NMD—In eukaryotes,
mRNAs that contain premature stop codons tend to be selec-
tively degraded by a critical quality control mechanism termed
nonsense-mediated decay (NMD) (reviewed in Refs. 52-54).
Because the hU2AF1 gene transcripts that undergo splicing
pattern c¢ carry a premature termination codon, we asked
whether the mRNA isoform U2AF3c is targeted to NMD. Be-
cause a first round of translation is required to trigger NMD,
we treated HeLa cells with the translational inhibitor cyclo-
heximide (20 ug/ml). Reverse transcriptase-PCR was then per-
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TasLE 11
Exon-intron organization of chicken U2AF1 gene

Intronic sequences are in lowercase letters; exons are in capital letters.

Exon Size Intron 5' splice site Size 3’ splice site
bp bp
1 >44 1-2 CAA:gtgagtacceca 1,490 ttatacttgcag:AGT
2 88 2-Aa CAG:gtttgtttteet 216 taatggetgecag:GAA
Aa 57 Aa-Ab CAG:gtgagtgtgcct 1,241 tttteeecegeag:ACC
Ab 67 Ab-3 ACT:gtaagtcccaca 1,792 tttgtatttcag:ACC
3 67 3-4 GCT:gtaagttcaata 3,300 tggtttttacag:GTG
4 50 4-5 GAG:gtatgcagaaaa 611 gtttgtgtttag:GAG
5 99 5-6 AAG:gtaggataaaaa 1,200 ttttgettttag: TTT
6 134 6-7 GGG:gtaaaaagcaac 329 attgtgtttcag:AGA
7 93 7-8 AAA:gtgagtttgett 1,935 ctttetttgaag:GCA
8 242/2,828
A B (18), we asked whether the substitution of exon 3 (in U2AF3%a)
E— DT40 Chick by exon Ab6 EEU2AF35b) would a.ffect the physical intera.ction
Kb ——— - i with U2AF®°. For these experiments we used recombinant
44— a4 B0 B U2AF%® and U2AF%A35 (a U2AF® deletion mutant lacking
- = . . | : X X P4
amino acid residues 95-138, unable to interact with U2AF
24— - (34)) expressed as N-terminal GST fusion proteins in E. coli.

1,35—‘ . |
Bl
-

B-actin . . B-actin . ‘
LI 1 2

Fic. 2. Northern blot analysis of chicken U2AF1 mRNAs. A,
poly(A) RNA was isolated from chicken DT40 cells and probed with
either PCR35 chicken U2AF?® ¢cDNA fragment (lane 1) or with a probe
complementary to the last 1175 nucleotides of the 3'-UTR (lane 2). The
structure of each mRNA species is illustrated on the right. B, poly(A)
RNA isolated from DT40 cells (lane 1) and chicken embryos (lane 2)
probed with PCR35 fragment. A probe complementary to chicken B-ac-
tin was also used as an internal control.

formed on total cellular RNA to determine the abundance of
each U2AF?® isoform. Prior to treatment, the isoform U2AF3°¢
was nearly undetectable, while after 2-10 h of treatment with
cycloheximide it became progressively more abundant (data
not shown). A key factor in NMD is hUpfl, an RNA helicase
that is part of the mRNA surveillance complex (55). We there-
fore used siRNAs to down-regulate hUpfl protein in HeLa
cells, as described previously (29, 31). PCR was carried out
using primers flanking the alternative regions, and the ampli-
fied DNA was then digested with HinfI to allow the discrimi-
nation of the three isoforms. As depicted in Fig. 4, 48 h after
transfection of HeLa cells with siRNAs against hUpf1, there is
a specific increase in the steady-state levels of the U2AF5c
isoform (Fig. 4, lane 3), compared with control transfected cells
(Fig. 4, lane 2). Western blot analysis confirmed that the level
of Upfl protein was significant reduced in the transfected cells
(not shown). From this we conclude that U2AF1 pre-mRNAs
that undergo splicing pattern c, which includes exon Ab be-
tween exons 2 and 3 introducing a premature termination
codon, are subject to NMD.

U2AF3%b Protein Isoform Binds to U2AF% and Enhances in
Vitro U2AF Splicing Activity—Full-length human U2AF3°a
cDNA was used as a probe to screen a human fetal spleen
c¢DNA library, and positive clones were analyzed by restriction
digestion and sequenced in order to isolate U2AF3°b cDNA
clones. U2AF3%b ¢cDNA encodes a protein product 97% identical
to the known U2AF3?a, with 7 amino acid substitutions at
positions 47—-49, 59, 61, 65, and 66 (Fig. 3C). This region is part
of the noncanonical RRM domain of U2AF3® involved in dimer-
ization with U2AF® and although the residues that directly
interact with U2AF®® are identical between the two isoforms

Recombinant proteins were purified by affinity chromatogra-
phy on glutathione-Sepharose 4B beads and incubated with
either U2AF?5a or U2AF3%b transcribed and translated in vitro
in the presence of [*°S]methionine. Fig. 5A shows that GST-
U2AF%5 immobilized on glutathione-Sepharose beads interacts
with both U2AF35a (lane 1) and U2AF®%b (lane 2), whereas the
signal detected with GST-U2AF®°A35 (lane 3) is close to back-
ground level (lane 4). This result was confirmed by incubating
His-tagged recombinant U2AF®°a and U2AF®°b with either
GST-U2AF® or GST-U2AF%°A35 (Fig. 5B). Proteins linked to
His-tagged U2AF?® were purified using Ni2*-NTA-agarose
beads, fractionated by SDS-PAGE, and analyzed by Western
blotting with anti-U2AF® monoclonal antibody. As can be seen
in Fig. 5B, both His-U2AF°a and His-U2AF3°b bind to GST-
U2AF®® (lanes 1 and 3), whereas no His-U2AF3°b binds to
either GST-U2AF®°A35 (lane 4) or uncoated beads (lane 5).

By having established that U2AF3b binds U2AF®®, we
wished to determine whether the heterodimer U2AF®5/
U2AF3%D recognizes a pre-mRNA substrate as described for the
heterodimer U2AF%%/U2AF3%a (14-16). For these experiments,
purified recombinant GST-U2AF® protein was used in RNA-
binding assays either alone or together with recombinant His-
U2AF3%a and His-U2AF3%b (Fig. 5C). Similar amounts of pro-
teins were exposed to UV light in the presence of a 3?P-labeled
RNA substrate. The RNA substrate is an oligonucleotide
(U,5CAG) that mimics a U-rich polypyrimidine tract followed
by the consensus 3’ splice site AG. Although GST-U2AF%5
alone binds the RNA substrate (Fig. 5C, lane 1), addition of
either U2AF®%a (lane 2) or U2AF®°b (lane 3) results in a stron-
ger signal. This suggests that U2AF?b can replace U2AF?°a in
stabilizing U2AF®® binding to pre-mRNA substrates.

Next, we asked whether U2AF3%b can functionally replace
U2AF3?a in an in vitro splicing reaction. Oligo(dT) chromatog-
raphy was performed to deplete U2AF from HeLa nuclear
extracts, as described previously (38). The extract obtained
from the column odTANE was unable to support in vitro splic-
ing assays unless complemented with U2AF activity. For some
splicing substrates that contain strong 3’ splice site signals,
such as AAML, complementation can be achieved with U2AF®°
alone (23) (Fig. 5D, compare lanes 2 and 3). However, simulta-
neous addition of U2AF%® and U2AF3%a significantly enhances
the efficiency of AAML pre-mRNA splicing (Fig. 5D, compare
lanes 3 and 4). Although U2AF3%b can also enhance splicing
activity, this isoform appears to be less efficient than U2AF3%a
(compare lanes 4 and 5).

Collectively, these data suggest that the alternative inclu-
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H. sapiens U2AF1 gene
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GECTRGGFCNFMHLKPISRELRRELYGRRRKKHRSRSRSRERRSRSRDRGRGGGGGGGGGGGGRERDRRRSRDRERSGRF

Fic. 3. Alternative splicing of human U2AF1 gene. A, structure of human U2AF1 gene; exons are represented by boxes and introns by lines.
A homologue of chicken exon Ab is present in the sequence of human U2AF1 second intron. The alternative splicing patterns are indicated (a—c);
B, representation of the three distinct alternative splicing products of human U2AFI gene; form a corresponds to the cDNA reported by Zhang et
al. (19); in form b exon Ab substitutes exon 3; and in form ¢ exon Ab is included between exons 2 and 3, introducing of a premature stop codon (TAA).
Sequences of exons 3 and Ab are shown, and the different nucleotides between both are highlighted in gray. C, comparison of the amino acid
sequences translated from the three alternative splicing products. The peptide sequences coded by exons 3 and Ab are boxed and differ in 7 amino
acid residues. Nonsimilar amino acids are depicted as dark gray, and similar amino acids are depicted as light gray. The asterisk indicates a stop

codon.

sion of exon Ab maintains the ability of the resulting U2AF3®
protein isoform to interact with U2AFS®, stabilizes U2AF%®
binding to a pre-mRNA substrates, and enhances U2AF splic-
ing activity in vitro.

U2AF%°q and U2AF®°b Protein Isoforms Have Similar Cel-
lular Localization—A GFP-tagging approach combined with
confocal microscopy was used to compare the cellular localiza-
tion of U2AF3%a and U2AF3%b proteins. Plasmids encoding
each U2AF3® protein fused to GFP at the N terminus were
transfected into HeLa cells. As shown in Fig. 6, GFP-U2AF3%a

(A) and GFP-U2AF3°b (B) are similarly distributed. The two
proteins are exclusively detected in the nucleus, excluding the
nucleoli. Both isoforms are detected diffuse in the nucleoplasm
with additional concentration in speckles, as described previ-
ously (35) for GFP-U2AF®5,

U2AF%%a and U2AF3°b mRNA Isoforms Are Differentially
Expressed in a Tissue-specific Manner—A real time, quantita-
tive PCR assay was performed to compare the expression of
U2AF3%3, U2AF3%b, and U2AF% mRNAs in a variety of mouse
tissues (brain, heart, lung, and skeletal muscle). The probes
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Fic. 4. U2AF?*°¢c mRNA isoform is targeted to NMD. Depletion of
cellular Upfl was achieved by RNA interference by using specifically
designed 21-nucleotide double-stranded RNAs. At 48 h after the second
transfection of HeLa cells with the siRNA, total RNA was extracted
from control transfected cells (C, lane 2) or cells transfected with siRNA
against Upfl (lane 3). Reverse transcriptase-PCR amplification was
carried out on total cellular mRNA using primers flanking the alterna-
tively spliced regions. The amplification products were digested with
Hinfl, which specifically cleaves the PCR products inside exon Ab,
separated by agarose gel electrophoresis, and detected by ethidium
bromide staining. The structure of each product is illustrated on the
right. Molecular weight markers are indicated on the left (lane I).

and primers are schematically depicted in Fig. 7A. To test that
the probes were specific, we used as template plasmid DNA
containing U2AF3%a, U2AF3%b, or U2AF% ¢cDNA inserts. We
observed amplification only when the specific probe for the
template plasmid was used (data not shown).

First, we compared the relative expression of U2AF2°a and
U2AF3°b mRNA isoforms (Fig. 7B). The results clearly show
that U2AF3°a is the major isoform expressed in all tissues
examined. However, the ratio between U2AF3%a and U2AF3%b
differs from tissue to tissue, being lowest in brain (where
U2AF3?a is 10-fold more abundant than U2AF3®b) and highest
in lung and skeletal muscle (where U2AF3%a is ~20-fold more
abundant than U2AF3°h). These observations suggest that al-
ternative splicing of primary transcripts from the U2AF1 gene
is regulated in a tissue-specific manner.

Next, we compared the expression of the major U2AF3®
mRNA isoform (U2AF3%a) relative to U2AF%®> mRNA (Fig. 7C).
The results show that in skeletal muscle U2AF3%a and U2AF%®
mRNAs are expressed at similar levels. However, in heart the
level of U2AF3°a mRNA is lower than that of U2AF%°. An even
lower expression ratio was detected in brain, where the level of
U2AF3%°a mRNA is less than half of U2AF®® mRNA. This shows
for the first time that in mammals there is a tissue-specific
regulation of U2AF gene expression.

Duplicate U2AF1 Genes in F. rubripes—The identification of
previously unknown exons that can be alternatively spliced in
chicken and human U2AF1 transcripts prompted us to inves-
tigate the evolutionary history of this gene. A search of data
bases of expressed sequence tags revealed several U2AF3®
ESTs containing a sequence homologue to chicken and human
exon Ab. These include ESTs from Mus musculus (e.g.
GenBank™ accession number CB203010), Rattus norvegicus
(e.g. GenBank™ accession number CB797022), Bos taurus
(e.g. GenBank™ accession number CB418879), Sus scrofa (e.g.
GenBank™ accession number BE235127), Oryzia latipes (e.g.
GenBank™ accession number BJ527861), and Ictalurus punc-
tatus (e.g. GenBank™ accession number CB940474). We could
not find any sequence homologue of chicken exon Aa.

Looking specifically to the mouse U2AF1 gene located
on chromosome 17 (www.ensembl.org/; accession ENS-
MUSG00000024040) we could also identify the exon Ab homo-
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logue on the second intron of MmU2AF1 gene, confirming the
alternative splicing patterns identified on the ESTs data bases.
We then used human exon Ab sequence to search the draft
sequence generated by the Japanese pufferfish F. rubripes
genome project, and surprisingly, the only result with high
score obtained was a sequence on scaffold_79 (length 361,291
bp). The Fugu U2AF1 gene is annotated on scaffold_3186
(length 17,872 bp; accession SINFRUG00000150274). Al-
though there is a second annotation on scaffold_79 (accession
SINFRUG00000124936), it shows a very short and unlikely
sequence, and we decided to analyze it in greater detail. By
using GENEWISE software (44) the amino acid sequence from
human U2AF?%a was aligned with the nucleotide sequence on
scaffold_79 and that in fact revealed the existence of a second
putative U2AF1 gene comprising 8 exons. The new prediction
of exon sizes and intron placement match the gene structure of
U2AF1 gene on scaff._3186 (Fig. 8 A; Table III), and all the
intronic sequences identified are in agreement with the GT/AG
splice site rule. Because duplicated gene copies without evolu-
tionary constraints can frequently evolve as pseudogenes, we
compared the number of synonymous versus nonsynonymous
substitutions in the Fugu U2AF1 genes. The nucleotide iden-
tity between exonic sequences is about 70% with a 10-fold
predominance of synonymous codon substitutions (0.95 and
0.07 substitutions per synonymous and nonsynonymous posi-
tion, respectively), which strongly suggests that both putative
U2AF1 genes evolved under selective conditions. Most inter-
estingly, the third exon of the predicted U2AF1 gene located on
scaffold_3186 is a homologue of human exon 3, whereas the
third exon of the predicted U2AF1 gene located on scaffold_79
is a homologue of exon Ab. These data suggest that the puffer-
fish F. rubripes contains two separate genes encoding homo-
logues of the U2AF2%a and U2AF3%b protein isoforms that are
generated in higher vertebrates using alternative exons from a
single gene. We propose to refer to each Fugu gene as U2AF1-a
and U2AF1-b, respectively.

Based on the ancient fish-specific genome duplication hy-
pothesis (56), we extended our search looking for duplicated
UZ2AF1 orthologues in other teleost species. Searching the En-
sembl genomic sequence data base of D. rerio, we only found
one putative U2AF1 gene on chromosome fragment ctg30223,
containing exon 3 (accession ENSDARG00000015325). How-
ever, it cannot exclude the hypothesis that U2AF1 duplication
occurred before the divergence of zebrafish and pufferfish but
with one copy being lost or not sequenced in zebrafish. Addi-
tionally, it is worthwhile to mention that the protein products
predicted from the teleosts O. latipes and I. punctatus ESTs
most probably correspond to the U2AF3?h isoform (Fig. 8B).

Taken together these data argue that the genomic sequences
that encode both U2AF3%a and U2AF5b protein isoforms have
been highly conserved in vertebrates, from fish to mammals.

DISCUSSION

This work describes the cloning and sequencing of the
chicken U2AF1 gene coding for the small subunit of the splicing
factor U2AF. This work also provides the first evidence that
vertebrate U2AF1 transcripts can be alternatively spliced and
polyadenylated.

Variations in the relative concentration of general splicing
factors and heterogeneous nuclear RNPs can affect splice site
choice and therefore regulate alternative splicing decisions
(57). However, the mechanisms that control the ratio of the
relevant splicing factors in any given cell type remain largely
unknown. One possibility is that the transcripts coding for the
splicing factors are themselves targets for post-transcriptional
regulation. In fact, a tissue-specific expression of alternatively
processed transcripts has been described for the following three
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Fic. 5. U2AF?°b protein isoform interaction with U2AF®® and functional analysis of U2AF¢/U2AF°b heterodimer. A, U2AF®?a (lane
1) and U2AF?%b (lanes 2-4) protein isoforms were in vitro transcribed-translated (IVTT) and [**S]methionine-labeled. After incubation with
immobilized GST-U2AF®? (lanes I and 2), GST-U2AF®°A35 (lane 3), or Sepharose glutathione beads alone (lane 4), proteins bound to the beads
were fractionated by SDS-PAGE and visualized by autoradiography. Molecular weight markers are indicated on the left. B, GST-U2AF®® (lanes
1-3) and GST-U2AF®°A35 (lane 4) were incubated with His-tagged U2AF?°b (lanes 1, 4, and 5) or U2AF?%a (lane 3). After purification with
NiZ2*-NTA-agarose beads, proteins were fractionated by SDS-PAGE and analyzed by Western blotting using either a monoclonal antibody against
U2AF®® (lanes 1-5) or a rabbit serum against U2AF®® (lane 6). In control lane 2, no His-tagged U2AF?® was added, and in control lanes 5 and 6,
no GST-U2AF®® was added. Molecular weight markers are indicated on the left. C, the radioactively labeled U,;CAG RNA oligonucleotide was
incubated with GST-U2AF®® alone (lane 1), or GST-U2AF®® together with either His-U2AF?°a (lane 2) or His-U2AF*°b (lane 3). After UV
irradiation, the samples were subjected to electrophoresis and autoradiography. Molecular weight markers are indicated on the left. D, in vitro
splicing reconstitution assay. Radioactively labeled AAML pre-mRNA substrate was incubated in HeLa nuclear extract (NE, lane 1) or extract
chromatographically depleted of U2AF (odTANE, lane 2). The reconstitution assay was performed by adding to odTANE recombinant GST-U2AF¢°
alone (lane 3) or GST-U2AF®® in the presence of either His-U2AF®°a (lane 4) or His-U2AF®b (lane 5). Splicing substrate and products are indicated
schematically on the left.

adenylation (58). Similarly, distinct mRNAs coding for splicing
factor 9G8 can be generated by alternative splicing of intron 3
and use of two alternative polyadenylation sites (59). Expres-
sion of SRp20 mRNAs is also regulated during the cell cycle
(61), and the SRp20 protein has been shown to auto-regulate
the alternative splicing of its own pre-mRNA, whereas another
SR protein (ASF/SF2) antagonizes this activity (60). More re-
cently, polypyrimidine tract binding protein and the SR-like
protein HTRA2-BETA1 were added to the growing list of splic-
ing factors that can auto-regulate their own expression at the
post-transcriptional level (29, 62).

In the chicken, human, and mouse U2AF1 genes, we identi-
fied a novel exon, referred to as exon Ab. The simultaneous
inclusion of exon Ab and exon 3 by alternative splicing intro-
duces an in-frame premature termination codon, and we have
classified this type of mRNA as isoform U2AF3°c (Fig. 3B). Our
experimental data further indicate that human U2AF3°c

A

GFP-U2AF 333 GFP-U2AF33p

Fic. 6. U2AF3a and U2AF®°b protein isoforms show similar
subcellular localization. HeLa cells were transfected with pEGFP
plasmid derivatives expressing GFP fusions of U2AF*a (A) and
U2AF?°b (B). Approximately 20 h after transfection, cells were fixed in
formaldehyde and directly observed with a confocal microscope.

members of the SR family of splicing factors: SC35/PR264 (58),
9G8 (59), and SRp20 (60, 61). In the case of SC35/PR264,
several mRNAs with variable 3’-untranslated regions and dif-
ferent stability are produced by alternative splicing and poly-

mRNAs are targeted to NMD, a mechanism by which cells
selectively recognize and degrade mRNAs that contain prema-
ture termination codons (for recent reviews see Refs. 52-54).
Although NMD was classically considered to represent a major
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Fic. 7. Relative expression of U2AF3°a, U2AF°b, and U2AF®® mRNAs in mouse tissues determined by quantitative real time PCR.
A, schematic representation of gene-specific PCR primers (arrows) and TagMan probes (¢hick lines) used to amplify and detect each cDNA; boxes
represent exons. B, U2AF3°a mRNA level relative to U2AF?°b. C, U2AF?°a mRNA level relative to U2AF®°. The ratios between mRNA levels were
calculated from the 27 2¢* formula as described under “Experimental Procedures,” and results are expressed as mean + S.D. (n = 12).

surveillance mechanism that destroys aberrant mRNAs gener-
ated as a result of biosynthetic errors or gene mutations, it was
recently proposed that NMD additionally participates in a
pathway that controls expression of a large number of genes
(5). Based on a bioinformatic approach, Lewis et al. (5) pre-
dicted that 35% of human EST-suggested alternative isoforms
contain premature termination codons and are potential tar-
gets for NMD. The same authors claim that alternative splicing
of NMD-targeted transcripts may be even more prevalent than
their data suggest. Additional experimental work will be nec-
essary to characterize further the physiological role of coupled
alternative splicing and NMD in the expression of U2AF3°
splicing factor. However, the existence of alternative mRNA
isoforms carrying premature termination codons and a possible
link to NMD have been suggested for the splicing factors SC35
(63), TIA-1, and TIAR (64). More recently, it has been shown
that regulated unproductive splicing and translation plays an
important role in quantitative control of polypyrimidine tract
binding protein gene expression (29). Thus, regulation of splic-
ing factors by alternative splicing leading to NMD might prove
to be a common mechanism of cellular regulation of their gene
expression.

As the result of a distinct alternative splicing pattern of
U2AF1 transcripts, exon 3 may be replaced by exon Ab produc-
ing U2AF?® isoform b (here referred to as U2AF3°b). U2AF3°b
mRNA gives rise to a protein 97% identical to the known
U2AF3?, with only 7 different amino acid residues located in
the RRM domain. Because this domain mediates dimerization
with U2AF%® (18), we analyzed the ability of U2AF3°b protein
isoform to interact with U2AF®®, to stabilize the binding of
U2AF heterodimer to pre-mRNA, and to promote splicing ac-
tivity in vitro. Although U2AF3%h was able to replace U2AF3%a
in all experiments, the results suggest that it may have slightly
less activity in splicing of the AAML pre-mRNA (Fig. 5D). From
our experiments we cannot rule out that this apparent differ-
ence in specific activity is caused by variations in preparation
of U2AF?°a and U2AF3°b recombinant proteins. However,
three of the seven different amino acids of U2AF3?b are within

the RNP-2 motif of the RRM, a change from alanine to leucine
at position 47, a change from leucine to isoleucine at position
48, and a change from leucine to glutamine at position 49. Most
importantly, based on modeling of previously published RRM/
RNA co-crystal structures, it was proposed that Ala-47 of
U2AF3? may directly contact RNA (18). Thus, it is compelling
to think that U2AF heterodimers containing a U2AF3%a or
U2AF3%b isoform may have slightly different specificity con-
cerning the sequence context at the 3’ splice site. Therefore,
differences in the expression levels of the two isoforms would
influence alternative splicing by the recognition and selection
of distinct 3’ splice sites.

BLAST analysis revealed that the genomic sequence homo-
logues to chicken exon Ab are present in U2AF1 genes from
man, mouse, and pufferfish. Most interesting, two separate
putative U2AF1 genes are present in the genome of F. rubripes,
one containing a homologue of human exon 3 (which we refer to
as U2AF1-a) and the other containing a homologue of human
exon Ab (which we refer to as U2AF1-b) (Fig. 8). This duplica-
tion of the U2AF1 locus observed in Fugu could be part of the
whole genome duplication proposed to have occurred in the
lineage leading to modern day teleosts, when they separated
from the last common ancestor they shared with amphibians,
reptiles, birds, and mammals (56, 65—68).

The classical model for the fate of duplicate genes predicts
that one member of the duplicate pair is generally inactivated
through accumulation of degenerative mutations (“defunction-
alization”) or is occasionally preserved because of beneficial
mutations that confer a novel function or an improvement of an
existing function to one copy, with the other retaining the
original function (“neofunctionalization”). However, contrary to
the predictions of the classical model, vertebrates, particularly
teleosts, seem to have retained a large proportion of gene
duplicates (66, 69). Recently, a third alternative mechanism by
which duplicate genes may be preserved was proposed. Accord-
ing to the duplication/degeneration/complementation model
(70), when a gene duplicate has independently mutable sub-
functions, the possibility exists that the two members of the
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Exons 1 2 34 56 78
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F. rubripes U2AF1-b gene (scaff_79)
Exons 1 2 Ab 56 78
1Kb
I
B
H.sapiens a MAEYLASIFGTEKDKVNCSFYFKIGACRHGDRCSRLHNKPTFSQTIALLNIYRNPONS 8QSADGLRCAVSDVEMQEHYD
Frubripes a MAEYLASIFGTEKDKVNCSFYFKIGACRHGDRCSRLHNKPTFSQTIALLNIYRNPONSAQSADG VSDMQMQEHFD
D.rerio MAEYLASIFGTEKDKVNCSFYFKIGACRHGDRCSRLHNKPTFSQTIALLNIYRNPONTAQSADG VSDVEMQEHYD
H.sapiens b MAEYLASIFGTEKDKVNCSFYFKIGACRHGDRCSRLHNKPTFSQT IYRNPQNSAQT, VSDVEMQEHYD
Frubripes b MAEYLASIFGTEKDKVNCSFYFKIGACRHGDRCSRLEHNKPTFSQT] IYRNPONSAQT, VSDVEMQEHYD
O.latipes EIBEYLASIFGTEKDKVNCSFYFKIGACRHGDRCSRLHNKPTFSQTIMIONT YRNPQNSAQTAD VSDVEMQEHYD
l.punctatus MAEYLASIFGTEKDKVNCSFYFKIGACRHGDRCSRLHNKPTFSQTIIAIS IYRNPQNSAQTM: VSDVEMQEHYD
B 0L vivinsn 205 Y1 PY R s | P 1| e 0 i 80

H.sapiens a FFEEVFTEMEEKYGEVEEMNVCDNLGDHLVGNVYVKFRR
Frubripes a FFEEVFSEMEEKYGEVEEMNICDNLGDHLVGNVYVKFRE
D.rerio FFEEVFTEMEEKYGEVEEMNVCDNLGDHLVGNVYVKFRR
H.sapiens b FFEEVFTEMEEKYGEVEEMNVCDNLGDHLVGNVYVKFRR
Frubripes b FFEEVFTEMEEKYGEVEEMNVCDNLGDHLVGNVYVKFRR
O.latipes FFEEVFTEMEEKYGEVEEMNVCDNLGDHLVGNVYVKFRR
I.punctatus FFEEVFTEMEEKYGEVEEMNVCDNLGDHLVGNVYVKFRR

FiG. 8. Structure of F. rubripes U2AF1 genes and comparison of human and fish U2AF?? orthologues. A, schematic representation of
Fugu U2AF1-a and U2AF1-b genes. Introns are represented by lines, and exons are represented by boxes and numbered according to the
homologous regions of the human U2AF1 gene. Fugu U2AF1-a gene contains a homologue of human exon 3, and U2AF1-b contains a homologue
of human exon Ab. B, alignment of human and fish U2AF?® orthologues (amino acids 1-120). The accession numbers are as follows: H. sapiens,
Q01081; F. rubripes, AAD13394; and D. rerio, NP_803432. U2AF?® sequences from O. latipes and I. punctatus were predicted from ESTs BJ527861
and CB940474, respectively; F. rubripes U2AF3°b was derived from the genomic sequence on scaff._79. Identical residues are black type on white,
similar amino acids are highlighted in gray, and nonsimilar amino acids are white type on black. Peptide sequences coded by exons 3 and Ab are

boxed.
TABLE III
Exon-intron organization of F. rubripes putative U2AF1 duplicate genes
U2AF1-a (scaffold_3186) U2AF1-b (scaffold_79)
Exon Size Intron Size Exon Size Intron Size
bp bp bp bp
1 >44 1-2 620 1 >44 1-2 824
2 88 2-3 734 2 88 2-Ab 482
3 67 34 103 Ab 67 Ab-4 747
4 50 4-5 183 4 50 4-5 161
5 99 5-6 127 5 99 5-6 120
6 134 6-7 255 6 134 6-7 710
7 93 7-8 81 7 93 7-8 68
8 >118 8 >118

pair may experience fixation of complementary loss-of-subfunc-
tion mutations, leading to gene preservations rather than gene
loss (71). In this situation, both members may accumulate
degenerative mutations in a way such that the function of the
ancestral gene is partitioned between the duplicates (“subfunc-
tionalization”) (70, 71). One example is the gene that codes for

the microphthalmia-associated transcription factor, MITF. In
mammals and birds, at least four isoforms of MITF are gener-
ated by using alternative exons and promoters from a single
gene, whereas in teleost fish two separate genes are present
(72, 73). Each fish gene is thought to encode proteins corre-
sponding to a particular bird/mammalian MITF isoform, be-
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cause of the degeneration of alternative exons and regulatory
elements (73). Another example is the duplicated Fugu Syn2
gene in which the two isoforms generated by alternative splic-
ing of the single human SYN2 gene are encoded separately by
the two duplicate Fugu genes (74).

Most probably, a mechanism of subfunctionalization has oc-
curred in the two separate Fugu U2AF1 genes, leading to the
degeneration of the alternative exons. In fact, we were unable
to detect either exon Ab sequences within the intron upstream
of exon 3 in the U2AF1-a gene or exon 3 sequences within the
intron downstream of exon Ab in the U2AF1-b gene.

The finding that both U2AF3%a and U2AF?%b isoforms have
been under high selective pressure during evolution strongly
suggests that each protein has important specific functions
that are essential for vertebrates. This, together with the ob-
servation that the relative abundance of U2AF3°a and
U2AF3°b mRNAs varies from organ to organ, raises the possi-
bility that different concentrations of U2AF?° protein isoforms
are available in each tissue. Considering that the function of
U2AF?? is critical for achieving splicing of a subset of introns
(17), we propose that tissue-specific regulation of U2AF1 gene
expression contributes to the finely tuned control of specific
pre-mRNA splicing events in vertebrate organisms.
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