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Genomic functions of U2AF in constitutive and regulated splicing

Tongbin Wu1 and Xiang-Dong Fu2,*
1Department of Medicine; University of California, San Diego; La Jolla, CA USA; 2Department of Cellular and Molecular Medicine; University of California,

San Diego; La Jolla, CA USA

The U2AF heterodimer is generally
accepted to play a vital role in defin-

ing functional 30 splice sites in pre-
mRNA splicing. Given prevalent muta-
tions in U2AF, particularly in the U2AF1
gene (which encodes for the U2AF35
subunit) in blood disorders and other
human cancers, there are renewed inter-
ests in these classic splicing factors to fur-
ther understand their regulatory
functions in RNA metabolism in both
physiological and disease settings. We
recently reported that U2AF has a maxi-
mal capacity to directly bind ~88% of
functional 30 splice sites in the human
genome and that numerous U2AF bind-
ing events also occur in various exonic
and intronic locations, thus providing
additional mechanisms for the regulation
of alternative splicing besides their tradi-
tional role in titrating weak splice sites in
the cell. These findings, coupled with the
existence of multiple related proteins to
both U2AF65 and U2AF35, beg a series
of questions on the universal role of
U2AF in functional 30 splice site defini-
tion, their binding specificities in vivo,
potential mechanisms to bypass their
requirement for certain intron removal
events, contribution of splicing-indepen-
dent functions of U2AF to important cel-
lular functions, and the mechanism for
U2AF mutations to invoke specific dis-
eases in humans.

Pre-mRNA splicing takes place in a
large RNA processing machine known as
the spliceosome, which consists of U1,
U2, and U4/U6.U5 small nuclear ribonu-
cleoprotein particles (snRNPs).1 In addi-
tion to the removal of the vast majority of
introns by this machinery in mammals,
there also exists of minor class of introns,
which are excised by the minor

spliceosome consisting of U11, U12,
U4atac/U6atac, and the shared U5 with
the major spliceosome.2 According to the
textbook version for the spliceosome
assembly pathway in early steps (Fig. 1),
U1 defines the functional 50 splice site
(50ss) whereas U2 recognizes the func-
tional 30 splice site (30ss), both via base
pairing with specific splicing signals at the
ends of the intron. Because the branch-
point sequence (BPS) as part of the func-
tional 30ss is quite degenerate in higher
eukaryotic cells, the addition of U2
snRNP requires multiple auxiliary factors,
the most important one being the U2AF
heterodimer consisting of a 65kD and a
35kD subunit, which binds the polypyri-
midine tract (Py-tract) immediate down-
stream of the BPS and contacts the AG
dinucleotide, respectively. Following a
series of ATP-dependent steps, the U4/
U6.U5 tri-snRNP complex joins the ini-
tial pre-spliceosome to convert it into the
mature spliceosome. The U2AF hetero-
dimer is one of the best-characterized
splicing factors in higher eukaryotic cells.
Numerous studies have been done about
its function in defining functional 3’ splice
sites (30ss) as if no room has left for further
investigation. However, this is clearly not
the case. This Point-of-View commentary
focuses on some outstanding questions on
the function of U2AF in both physiologi-
cal and disease states in the context of our
recently published genomic analysis of
U2AF.3

U2AF: A conserved auxiliary factor
vital for 30ss recognition

U2AF was originally identified as a
splicing factor required for facilitating U2
snRNP’s interaction with BPS in Michael
Green’s laboratory.4 In follow-up studies,
they found U2AF consists of 65kD and
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35kD subunits, and
intriguingly, the initial
evidence based on in vitro
depletion and reconstitu-
tion suggested that
U2AF65 was both neces-
sary and sufficient for
spliceosome assembly and
the splicing reaction.5

U2AF65’s homologs
were identified in other
organisms and shown to
be required for both in
vivo splicing and survival
in fission yeast and Dro-
sophila.6,7 The involve-
ment of U2AF65 in
alternative splicing was
first characterized by Val-
carcel et al on the Sxl
gene model, observing its
ability to bind and modu-
late the polypyrimidine
tract,8 which was quickly
substantiated in a series
of studies.9-12

The functional impor-
tance of U2AF35 was
subsequently appreciated
by studies in Drosophila
and C. elegans where it
was found to be essential
for survival.13,14 In fission
yeast Schizosaccharomyces
pombe, the U2AF35
homolog U2AFsm could
be functionally substi-
tuted by human U2AF35
(ref.15), underscoring
both structural and func-
tional conservation of
U2AF35 from fission
yeast to humans. The
apparent dispensable role
of U2AF35 in in vitro
splicing was re-visited by
Zuo et al., finding that
both subunits were
required for efficient
splicing, and interest-
ingly, one subunit could
enhance the splicing
activity of the other in
U2AF-depleted nuclear
extracts.16 Using site-spe-
cific crosslinking, Wu

Figure 1. Critical events in early spliceosome assembly steps. U1 snRNP interacts with the functional 5’ splice site
(5’ss), SF1 recognizes branchpoint sequence (BPS), and U2 snRNP auxiliary factors bind the polypyrimidine tract (Py-
tract) between the BPS and AG dinucleotide. After U2 snRNP binding at the 3’ splice site (3’ss), SF1 and U2AF hetero-
dimer detach from the spliceosome followed by the joining of the U4/U6.U5 tri-snRNPs in an ATP-dependent manner
to convert pre-spliceosome to mature spliceosome.
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et al. demonstrated the ability of U2AF35
in direct contact with the 30ss AG dinucle-
otide.17 This finding emphasizes the coop-
eration between the large and small U2AF
subunits in 3’ss recognition, especially on
introns associated with weak polypyrimi-
dine tract,17-19 which is in line with their
requirement for viability in Drosophila.20

A universal role of U2AF in 30ss
definition?

One of the remaining questions on the
function of U2AF is whether it is respon-
sible for defining all functional 3’ splice
sites in mammalian genomes. In fact, this
question has been partially addressed by
the observation that U2AF is not required
for splicing of the U12-type of introns,21

and thus, the question is narrowed down
to whether U2AF is required for splicing
of all introns in the major U2 class, which
may further be divided into 2 related
questions. The first is whether U2AF has
the capacity to directly bind 3’ss of all U2-
type introns and the second is whether
U2AF is functionally required for the
removal of these introns.

We have some clues to the first ques-
tion, as the data from both fission yeast
and mammalian cells indicate that not all
introns contain a classic Py-tract as part of
the functional 30ss in U2-type introns.
Interestingly, in fission yeast, splicing of
those introns with atypical Py-tracts
appears to depend on sequences near the
50ss in the intron, but excision of those
introns seems to still require the function
of U2AF.22 In HeLa cells, our recent max-
imal likelihood analysis indicates that
~12% introns may not be directly bound
by U2AF.3 Therefore, U2AF may not be
able to directly bind on a fraction of U2-
type introns in higher eukaryotic cells, but
importantly, binding may be decoupled
with functional requirement at least in
certain cases.

Bypassing the requirement for U2AF
binding versus function

In principle, U2AF may not be able to
directly bind some functional 30ss, but still
act on those sites through the recruitment
by some other factors. A recent study
showed that the apparently weak 30ss of
alternative CD44 ex5 contains CAUC
motifs between the BPS and 3’AG, which

have been characterized as the binding site
for YB-1 to help recruit U2AF.23 There-
fore, the lack of binding is not equivalent
to the lack of functional requirement, and
it is quite challenging at this point to
address the question of the functional
requirement for U2AF in the genome.

In unicellular organisms, such as bud-
ding yeast, there is a U2AF65 homolog
called Mud2, but Mud2 is a non-essential
gene, which may be due to the fact that
the splicing signals in budding yeast are
largely invariant.24 However, no one has
been able to design a perfect pre-mRNA
to splice without U2AF in mammalian
cells or their nuclear extracts. The only
exception is the splicing reaction in
U2AF-depleted nuclear extracts supple-
mented with an excessive amount of SR
proteins.25 However, it has been unclear
whether SR proteins merely dramatically
reduce the required threshold for U2AF
to an undetectable level or are able to truly
bypass it. One way to test the idea is to
determine whether U2AF is still present
in purified pre-spliceosome from bio-
chemically depleted extracts supplemented
with SR proteins.

The strongest evidence for some
U2AF-independent introns to date is
from genetic analysis in fission yeast by
characterizing a conditional (ts) U2AF
mutant on global splicing, which revealed
~8% U2AF-insensitive introns.26 Again,
until the ts mutant is proven to be an
absolute functional null mutation at the
restrictive temperature, one cannot rule
out the possibility that some of those
apparent U2AF-insenstive introns may
merely have much reduced dependence on
U2AF. Therefore, the question has
remained, which may be pursued by using
biochemical approaches employed to
demonstrate U2AF-independent splicing
of the U12 type of introns.21 Analysis of
those introns may reveal alternative mech-
anisms for 30ss definition in higher
eukaryotic cells, which has been show-
cased by the demonstrated requirement
for Urp, an U2AF35-related protein,27 in
splicing U12 introns.28

Roles of U2AF related proteins
Eukaryotic cells often evolve additional

pathways by using gene family members
with related, yet distinct functions. This

also applies to U2AF because of the exis-
tence of multiple proteins with related
structures to both U2AF65 and U2AF35
(Fig. 2). There are 3 factors with struc-
tural similarities to U2AF65 and
U2AF35, respectively.29 The U2AF65
related protein PUF60 appears to have
similar binding specificity for the Py-tract;
however, the existing evidence suggests
that it still functions in conjunction with,
rather than independent of, the U2AF
heterodimer in in vitro splicing.30

Whether PUF60 has a distinct RNA bind-
ing profile from U2AF65, especially
among those that do not enlist U2AF65
to splice, awaits future studies. RBM39 (a.
k.a. HCC1 or CAPERa) and RBM23 (a.
k.a. CAPERb) are highly related to
U2AF65, and interestingly, besides their
roles in splicing, these RNA binding pro-
teins are also involved in transcriptional
control,31,32 which is important to keep in
mind in understanding the in vivo func-
tion of U2AF and its family members (see
below). Systematic investigation of the
RNA maps and their potential overlap-
ping and distinct functions in splicing will
be an important subject for future studies.

The U2AF35-related proteins are also
interesting. U2AF26 appears to have
related functions to U2AF35 in splicing.33

Urp, also known as ZRSR2 encoded by
the U2AF1L2 gene,34 on the other hand,
has been demonstrated to be critical for
splicing of U12-type of introns, even
though it has the capacity to interact with
U2AF65 and appears to be required for
the U2-type of introns in the second step
of the splicing reaction.27,28 The
U2AF1L1 gene encodes for the third fam-
ily member of U2AF35-related proteins,
but little is known about its function in
splicing or other gene expression path-
ways. It will be interesting to determine
their prospective partnership of these
U2AF35-related molecules with U2AF65,
U2AF65-related proteins, and perhaps
other RNA binding proteins to under-
stand their potential contributions to con-
stitutive and regulated splicing.

Genomic landscape of U2AF binding
and regulation

The U2AF heterodimer binds RNA
mainly through the U2AF65 subunit,
whose preference for pyrimidine-rich
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sequences has been extensively demon-
strated by a series of biochemical stud-
ies.35,36 Its in vivo binding profile
determined by UV-induced crosslinking
coupled with deep sequencing (CLIP-seq)
has confirmed such binding specificity on
functional 30ss.3,37 The question is why it
has such exceptional capacity to avoid
many related sequences abundantly pres-
ent in both exonic and intronic regions of
many pre-mRNAs. Early studies suggest
that DEK38 and hnRNP A139 may help
orient U2AF on authentic 3’ss that con-
tains a flanking AG dinucleotide; how-
ever, it has remained to be determined
how extensively these mechanisms are uti-
lized to prevent U2AF binding elsewhere
in mammalian genomes. In fact, 2 pub-
lished genome-wide analysis of U2AF65
showed numerous binding events beyond
functional 30ss.3,37 Still, there are just as
many pyrimidine-rich sequences without
evidence for U2AF binding.

In principle, the RNA binding specific-
ity of a given RNA binding protein may
be influenced by both cooperative and

antagonist proteins besides their intrinsic
RNA binding preference. The former may
enhance the binding specificity whereas
the latter may prevent binding on certain
locations. This principle has been demon-
strated with U2AF35, which appears to
guide U2AF65 to the Py-tract flanked by
the AG dinucleotide.17,40 As spliceosome
assembly involves extensive protein-pro-
tein interaction networks across the exon
and then across the intron, we may further
envision that such interaction networks
may help confine U2AF to its intended
target sites in mammalian genomes. These
positive enhancement mechanisms may be
further enforced by other RNA binding
proteins that also show strong preference
for pyrimidine-rich sequences, such as
hnRNP C, TIA-1/TIAR, and PTB,37,41-43

which many effectively compete U2AF off
on many non-functional 30ss. A more
recent study revealed a critical role of
hnRNP C, which appear to act to prevent
accidental activation of potential 30ss asso-
ciated with a set of expressed Alu repeats
in the human genome.37 Therefore, both

positive and negative
enforcements may together
provide critical regulatory
mechanisms for U2AF to
interact with a unique set
of functional RNA ele-
ments in mammalian
genomes.

Distinct mechanisms
for U2AF to participate in
regulated splicing

Alternative splicing is
widespread in higher
eukaryotic cells, which in
many cases take advantage
of evolutionarily conserved
weak splice sites in which
U2AF has been a key target
for modulation by other
RNA binding splicing reg-
ulators.19,44 However,
recent bioinformatics anal-
yses and genomic mapping
studies suggest additional
mechanisms for more
active involvement of
U2AF in regulated splic-
ing. For example, various
potential U2AF binding

motifs were found in some exonic regions.
By engineering those motifs in model
genes, it has been demonstrated that
U2AF binding in exons cause exon
skipping.45,46

In addition to such interference on
exons, recent genomic mapping analysis
also revealed extensive U2AF binding in
many intronic locations.3,37 Our mecha-
nistic studies further showed that such
intronic U2AF binding events have posi-
tion-dependent effects on the splicing out-
comes (Fig. 3), a general trend for nearly
all splicing regulators characterized to
date.47 When U2AF binds to an intronic
location upstream of the alternative exon,
it tends to cause exon skipping, which
likely results from interference with the
communication between the splicing
complexes assembled on the upstream 5’ss
and those on the 3’ss of the alternative
exon. On the other hand, if U2AF binds
to an intronic location downstream of the
alternative exon, it appears to interfere
with the recognition or pairing of the
downstream 3’ss, thus offering certain

Figure 2. Domain structures of human U2AF-related proteins. (A), Human U2AF65 (NCBI Accession No.
NP_009210) and its paralogues RBM39/CAPERa (NP_004893), RBM23/CAPERb (NP_060577) and PUF60
(NP_001258027). (B), Human U2AF35 (NP_006749) and its paralogues U2AF26 (NP_659424), U2AF35R1 (Q15695)
and Urp/U2AF35R2 (NP_005080). RRM, RNA recognition motif (blue); UHM, U2AF homology motif (green); RS, argi-
nine-serine-rich (deep pink); Zn, zinc knuckle (gold).
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advantage for the upstream competing 3’ss
associated with the alternative exon to
engage in productive recognition or pair-
ing interactions, thereby causing increased
inclusion of the alternative exon.

U2AF in disease
For many of us conducting basic

research, we love to see the connection of
our favorable genes to some human dis-
eases to justify funding from NIH, and
contribution of our research to the contin-
uous battle against incurable disease, such
as cancer. This is also the case for U2AF,
as multiple mutations in both U2AF65
and U2AF35 have been reported to associ-
ate with blood disorders, particularly the
Myelodysplasia Syndrome (MDS).48 The
current battleground is to understand how
such mutations may induce specific dis-
ease pathways. The obvious possibility is
the compromised function of U2AF in
splicing regulation. Interestingly, our
recent results indicate that the mutations
in U2AF35 (which is encoded by the
U2AF1 gene) cause widespread changes in

alternative splicing, which is linked to
decreased cell proliferation, consistent
with the disease phenotype in MDS.3 In
contrast, we were unable to detect any
measurable defect with mutations in
U2AF65. Together, these observations
raise a possibility that the mutations in
U2AF35 may drive the disease whereas
those in U2AF65 may be passenger
mutations.

While it is quite logical to hypothesize
disease mechanisms in the splicing path-
way by mutations in specific splicing fac-
tors, we may be side tracked by this
assumption, because accumulating evi-
dence suggests that many RNA binding
splicing regulators have splicing indepen-
dent functions. This is best exemplified by
U1 splicing-independent functions in
cryptic transcription termination49 and by
the roles of SR proteins in transcription
initiation and elongation.50,51 In fact,
U2AF has also been reported to have other
functions, such as mRNA export, by bind-
ing intronless transcripts in Drosophila 52

and certain spliced mRNAs in

mammalian cells.48,53 Given the tight
coupling between transcription and co-
transcriptional RNA processing in the
nucleus of mammalian cells, we should
not be surprised if U2AF were also found
to have a role in transcriptional control.
This and other questions are certainly
interesting directions to be pursued in
future studies.
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