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Abstract

The U2AF heterodimer has been well studied for its role in defining functional 3’ splice sites in
pre-mRNA splicing, but many fundamental questions still remain unaddressed regarding the
function of U2AF in mammalian genomes. Through genome-wide analysis of U2AF-RNA
interactions, we report that U2AF has the capacity to directly define ~88% of functional 3’ splice
sites in the human genome, but numerous U2AF binding events also occur in intronic locations.
Mechanistic dissection reveals that upstream intronic binding events interfere with the immediate
downstream 3’ splice site associated either with the alternative exon, to cause exon skipping, or
with the competing constitutive exon, to induce exon inclusion. We further demonstrate partial
functional impairment with leukemia-associated mutations in U2AF35, but not U2AF65, in
regulated splicing. These findings reveal the genomic function and regulatory mechanism of
U2AF in both normal and disease states.
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Pre-mRNA splicing takes place in the spliceosome, consisting of U1, U2 and U4/U6e 5
small nuclear ribonucleoprotein particles (sSnRNPs)L. U1 defines functional 5 splice sites (5’
SSs) whereas U2 recognizes functional 3’ splice sites (3’ SSs) by base-pairing with the
branch-point sequence (BPS). Because the BPS 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 65-kDa and a 35-kDa subunit?2, U2AF65
binds the polypyrimidine tract (Py tract) immediately downstream of the BPS, and U2AF35
contacts the AG dinucleotide®°. After a series of ATP-dependent steps, the U4/U6s s tri-
snRNP complex joins the initial prespliceosome to convert it into the mature spliceosomel.

Although it has been well established that U2AF defines functional 3’ SSs on model genes,
it remains unclear whether U2AF has the capacity to directly bind all functional 3’ SSs in
eukaryotic genomes. In budding yeast, Mud2 is the U2AF65 ortholog, but the gene is non-
essential, probably because of highly invariant BPS in this organism6.7. In fission yeast, a
substantial fraction of intron-containing genes seem to lack typical Py tracts, and multiple
introns appear to be insensitive to a temperature-sensitive mutant of U2AF89. In mammals,
high levels of splicing-enhancer factors, such as SR proteins, are able to bypass U2AF to
initiate spliceosome assembly10, and there also exist multiple genes related to both U2AF65
(refs. 11-13) and U2AF35 (refs. 14-16). Therefore, the functional requirement for U2AF
might be bypassed by multiple mechanisms, thus raising a general question regarding the
degree of the involvement of U2AF in the definition of 3’ SSs in mammalian genomes. This
fundamental question has remained unaddressed despite the availability of genome-wide
U2AF65-RNA interaction datal’.

Computational analysis and experimental studies have also suggested that definition of
many noncanonical introns in mammalian genomes may still involve U2AF but not via its
direct RNA-binding activity typically seen on canonical introns819, Interestingly, introns
that contain a strong Py tract can support spliceosome assembly in an AG-independent
manner?Y, and U2AF65 appears to be sufficient to support splicing of such AG-independent
introns, at least in vitro?. However, the U2AF35 subunit is responsible for directly
contacting the AG dinucleotide on typical functional 3’ SSs22:23, and this partnership
appears to be enforced by U2AF65-dependent stability control of U2AF35 (ref. 24).
Furthermore, some RNA-binding proteins, such as DEK and hnRNP A1, were previously
suggested to prevent U2AF from binding to pyrimidine-rich sequences elsewhere in
mammalian genomes2526, but these mechanisms await genome-wide evidence.

Both U2AF65 and U2AF35 have also been implicated in regulated splicing?”-28. In general,
alternative splice sites are weak, and suboptimal binding may render them particularly
sensitive to levels of U2AF; moreover, U2AF is further subjected to competition with or
enhancement by other RNA-binding proteins, such hnRNP C17, YB-1 (ref. 19), TIA-1 and
TIAR22:30 and PTB3L. Although these mechanisms may readily explain U2AF-dependent
exon inclusion, the mechanism for U2AF-regulated exon skipping observed in vivo?” has
been largely unknown. One potential mechanism is via skipping caused by U2AF binding
on exons, as demonstrated with exon-tethered U2AF32, Last, but not least, multiple
mutations in both U2AF65 and U2AF35 have been reported to associate with
myelodysplasia (MDS) and related blood disorders32-35, However, it has been unclear how
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such mutations might affect the function of U2AF in constitutive and regulated splicing,

thus underscoring the importance of understanding the regulatory function of U2AF in
mammalian cells.

Given such an array of mechanistic and functional issues that remain to be addressed, we set
out to perform genome-wide analysis of U2AF-RNA interactions in the human genome. By
defining the genomic landscape of U2AF binding and its functional requirement in regulated
splicing, we provide critical mechanistic insights into the function of U2AF in normal and
disease states.

Genome-wide mapping of U2AF-RNA interactions

To map U2AF65-RNA interactions, we initially used standard cross-linking and
immunoprecipitation coupled with deep sequencing (CLIP-seq) for library construction3L,
Although the monoclonal anti-U2AF65 antibody (MC3) quantitatively precipitated the
U2AF heterodimer from HeLa cells (Supplementary Fig. 1a), we could not efficiently ligate
the 3’ RNA linker to immunoprecipitated RNA on the U2AF complex. Reasoning that there
was potential steric hindrance at the 3’ end, we first ligated the 5’ linker to 32P-labeled RNA
on the complex (Fig. 1a), producing U2AF65-RNA complexes readily detectable by
autoradiography (Fig. 1b). We then ligated recovered RNA to the 3’ linker and performed
reverse transcription, PCR amplification and deep sequencing. Out of a total of 19.5 million
sequenced tags, 9.3 million could be uniquely mapped to the human genome
(Supplementary Table 1); these results also showed a reasonable concordance with the
previously published datal” on U2AF65-RNA interaction (Supplementary Fig. 1b).

We detected U2AF65 binding mostly in intronic regions (80.74%) and in an additional
fraction (13.24%) corresponding to exon-intron boundaries, which together accounted for
94% of mapped U2AF65 binding events in the human genome (Fig. 1c). We also detected
U2AF65 binding on exons (2.3%) and 3’ untranslated regions (2.7%), results consistent with
the negative impact of exon-bound U2AF65 on splicing32 and with a positive function of
U2AF65 in 3’-end formation36. By compiling a set of frequent U2AF65 binding events
(8,111 tags on 200 top clusters), we estimated the average U2AF65 footprint to be ~36 nt
(Fig. 1d). From cross-linking—induced mutation sites (CIMS), as described earlier3’, which
display a characteristic distribution of base deletions but not insertions or substitutions
(Supplementary Fig. 1c—f), we made a similar estimate of the U2AF footprint
(Supplementary Fig. 1g). Metagene analysis demonstrated prevalent U2AF65 binding at 3’/
SSs (Fig. 1e), as illustrated with the SNRPAL gene, on the basis of both mapped tags and
identified CIMS (Fig. 1f). These data demonstrated high-fidelity mapping results for
U2AF65-RNA interactions in the human genome.

U2AF recognition of ~88% of functional 3" SSs in the human genome

Consistently with the biochemically defined binding specificity of U2AF, motif analysis
showed highly pyrimidine-enriched sequences on mapped U2AF65-binding sites (Fig. 2a).
The top 50 hexamers alone, which all consist of pyrimidines (top 20 in Supplementary Fig.
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2a), account for 80% of all mapped U2AF65-binding sites, in contrast to ~20% for 50
randomly selected hexamers (Supplementary Fig. 2b). Alignment of mapped U2AF65-
binding sites according to the centers of CIMS in individual tags generated a Py tract-like
sequence typical of those associated with canonical 3’ SSs (Fig. 2b). This high-quality data
set allowed us to address two critical rules deduced from previous in vitro studies.

The first rule concerns the U2AF65 coverage of functional 3’ SSs in mammalian genomes.
U2AF65 was previously mapped to 58% of active 3’ SSs in HeLa cellsl’. However, this
simple counting method probably missed many U2AF-dependent 3’ SSs, especially among
genes that are expressed at modest to low levels. We thus developed a maximum-likelihood
approach to estimate the percentage of 3’ SSs that could be directly bound by U2AF65. We
first sorted expressed genes according to the average CLIP-tag density per annotated 3’ SS
in each gene and then divided these genes into consecutive groups of 50 genes. This allowed
us to calculate the coverage of annotated 3’ SSs by U2AF65 with s.d. in all groups. We next
determined the percentage of 3’-SS coverage when the CLIP-tag density per 3’ SS was
progressively increased. We observed that the coverage reached saturation at ~88%, with
increasing levels of U2AF65 binding at annotated 3’ SSs (Fig. 2c).

We next asked whether those U2AF65-unbound 3’ SSs contain a strong consensus and thus
do not require U2AF65, as in those in budding yeast, or conversely whether they might drift
from the consensus, therefore representing noncanonical introns. For this purpose, we sorted
expressed genes similarly according to the average CLIP-tag density per 3’ SS and then
grouped those splice sites in individual genes without detectable U2AF65 peaks into
consecutive groups of 100 3’ SSs. We next calculated the averaged strength score of
U2AF65-unbound 3’ SSs in each group according to the method of Yeo and Burge38. We
detected progressive decreases in the averaged strength scores with U2AF65-unbound 3’
SSs (Fig. 2c).

Combined, these data indicate that, among genes that show less-efficient U2AF binding in
general, the lack of U2AF binding in unoccupied introns is probably due to limited
expression, but among genes that show extensive U2AF binding on canonical 3’ SSs, the
lack of U2AF binding in remaining introns probably results from poor consensus in their 3’
SSs. Therefore, coupled with the maximum-likelihood analysis, our data suggest that about
12% of functional 3’ SSs may not require U2AF65’s binding activity or even its function for
their recognition in the human genome, although to definitively distinguish between these
two possibilities represents a major challenge.

Additional U2AF binding events beyond functional 3" SSs

The second rule concerns the ability of U2AF65 to discriminate between Py tracts with or
without a flanking AG dinucleotide in mammalian genomes. In vitro binding studies suggest
that U2AF efficiently binds Py tracts followed by AG but binds much less to Py tracts that
do not end with an AG dinucleotide?223, Such specificity may be enhanced by additional
RNA-binding factors, such as DEK and hnRNP Al (refs. 25,26). Because U2AF65
functions as a heterodimer in conjunction with U2AF35, on the basis of their tight
interactions in coimmunoprecipitation experiments (Supplementary Fig. 1a), it is likely that
the mapped genomic U2AF65 binding events largely reflect the action of the U2AF
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heterodimer in vivo; this allowed us to directly test whether U2AF indeed prefers Py tracts
followed by an AG dinucleotide in the human genome.

Comparing U2AF65 binding events on functional 3’ SSs and on other regions, we found that
both U2AF65-bound 3’ SSs and non-3’ SSs exhibited a similar profile of the S65 score, a
measure of U2AF65 binding affinity based on previous systematic evolution of ligands by
exponential enrichment (SELEX) experiments (Supplementary Fig. 2c)18. We next
segregated U2AF65 binding events on non-3’ SSs into two classes. The first contains
potential decoy exons (those with flanking sequences that resemble a 3’ or 5’ splice site) or
pseudo exons (those with flanking potential 3’ and 5’ splice sites separated by a sequence up
to 250 nt)38, and the second has no obvious evidence for any splicing signals. We found that
U2AF65 binding at functional 3’ SSs is strongly associated with a downstream AG;
U2AF65 binding at decoy and pseudo exons shows less enrichment with a downstream AG;
and the remaining U2AF65 binding in other intronic locations exhibits no selective
enrichment with a downstream AG (Fig. 2d). These data suggest that, despite the presence
of other specificity-enhancing factors, U2AF is still able to bind certain other locations in
pre-mRNA besides functional 3’ SSs. These U2AF65 binding events may interfere with
functional definition of adjacent bona fide 3’ SSs as a mechanism to modulate alternative
splicing (described below) and/or may reflect a role of U2AF65 in other RNA-metabolism
steps3940,

Key roles of U2AF in gene expression and regulated splicing

Despite the existence of potential U2AF65-independent introns, it is clear from our genome-
wide analysis that U2AF65 occupies the majority of functional 3’ SSs. To determine
whether U2AF65 is essential for gene expression, we performed RNA sequencing (RNA-
seq), generating 14.1 and 16.8 million uniquely mapped tags before and after U2AF65 RNA
interference (RNAI), respectively, and detected both up- and downregulated genes upon
U2AF65 knockdown. However, we noted from gene ontology term analysis that most
upregulated genes are either intronless histone genes or abundant ribosomal genes, thus
indicating that these genes appear upregulated because of their insensitivity to U2AF65
depletion. After normalizing the RNA-seq data set against the ribosomal genes, we found
that the majority of genes were downregulated in U2AF65-depleted cells (Fig. 3a). These
results suggest that U2AF65 is required for efficient expression of most intron-containing
genes, despite the possibility that U2AF65 may not be required for removal of a subset of
introns in them.

We also used the RNA-seq data to deduce altered splicing events in an unbiased manner.
U2AF65 has been implicated as a regulator of alternative splicing!22427 but it has been
unclear how extensively U2AF65 is involved in regulated splicing and, if so, what
mechanism(s) underlie such regulatory function. Taking advantage of 75-nt sequences from
both ends of our libraries, we generated sequence contigs that cover alternative splice
junctions, thus permitting calculation of the splicing ratio (percentage spliced in, PSI) of
individual annotated cassette exons, as described previously*!. The data revealed 102 and
343 (out of a total of 6,915) cassette exons that showed significantly increased and
decreased inclusion, respectively, in response to U2AF65 knockdown (Fig. 3b).
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Most identified alternative-splicing events are evident even from RNA-seq tags mapped on
the alternative and flanking exons (examples in Fig. 3c). We validated ~70 randomly
selected alternative-splicing events by PCR with reverse transcription (RT-PCR) and found
that the induced exon-inclusion (Supplementary Fig. 3a) or skipping (Supplementary Fig.
3b) events detected by RNA-seq were well correlated with RT-PCR results (Fig. 3d). These
data demonstrated that U2AF65 is extensively involved in the regulation of alternative
splicing. Importantly, although three-quarters of events induced by U2AF65 RNAI showed
increased exon skipping, results consistent with a decisive role of U2AF65 binding at the 3’
SS of the alternative exon in dictating the selection of the exon, the remaining one-quarter
exhibited increased exon inclusion, thus raising an important mechanistic question of how
U2AF65 might be directly involved in repressing such alternative-splicing events (described
below).

Multiple mechanisms for U2AF-regulated alternative splicing

We observed that U2AF65 binding levels are generally proportional to the levels of exon
inclusion (Fig. 3e), thus suggesting that the 3’ SSs of alternative exons are weaker in general
relative to the flanking competing exons and, as a result, that the alternative exons are
preferentially affected when U2AF65 is reduced in short interfering RNA (siRNA)-treated
cells. Although U2AF65 RNAI-induced exon-skipping events could be comprehended on
the basis of existing knowledge, it remains to be determined whether and how some
U2AF65 RNAi-induced exon-inclusion events might also result from a direct effect of
U2AF65. We noted many examples in which U2AF65 bound on exons (GANAB and
ANKRD10 genes, Supplementary Fig. 4a,b); this is actually consistent with a recent report
showing splicing inhibition by exon-bound U2AF65 in minigene assays32. However, this
mechanism could not explain other U2AF65 RNAi-induced exon-inclusion events,
particularly those linked to intronic U2AF65 binding events. We noted that, among 102
U2AF65 depletion—induced exon-inclusion events, ~80% showed U2AF65 binding in
intronic regions that flank the alternative exon, but this was not the case with the majority of
introns that flank a constitutive exon, thus suggesting that U2AF65 binding around those
regulated exons may be directly responsible for their U2AF65-dependent changes in
alternative splicing.

To aid in mechanistic dissection, we constructed a U2AF65 RNA map based on detected
exon-inclusion or skipping events in response to U2AF65 RNAI (Fig. 4a). Although we saw
no obvious trend for U2AF65-dependent exon inclusion or skipping at first, close inspection
of the RNA map revealed higher intronic binding events upstream of U2AF65-repressed
alternative exons in the immediate intronic regions of 300 nt that we displayed (Fig. 4a).
When we considered all intronic binding events among U2AF65 RNAi-induced alternative
splicing events, we found that the percentage of upstream intronic U2AF65 binding events
over total intronic (both upstream and downstream) binding events was evenly distributed
among induced exon-skipping events. In contrast, higher U2AF65 binding in upstream
intronic regions was mostly linked to induced exon-inclusion cases (Fig. 4b). These
observations suggest two combinatory mechanisms in operation; one is more sensitive to
U2AF65 binding at the 3’ SS of the alternative exon relative to intronic binding events, as
associated with induced exon-skipping cases, and the other is more dependent on U2AF65

Nat Struct Mol Biol. Author manuscript; available in PMC 2015 May 13.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shao et al. Page 7

binding in upstream intronic regions, as predominantly associated with induced exon-
inclusion events.

Polar effects of U2AF binding on downstream 3’-SS recognition

The prevalent intronic U2AF65 binding events could be more directly appreciated in
specific examples (Fig. 4c—e). To explore the regulatory mechanism(s), we chose these
representative genes and performed mutational analysis on their minigenes to avoid potential
indirect effects of U2AF65 depletion. On the TPD52L 2 gene, U2AF65 binding
predominantly took place within the downstream intron, and independent knockdown of
U2AF65 by two different sSiRNASs caused increased skipping of the alternative exon (Fig.
4c). Deletion of the major U2AF65-binding site near the 5’ SS of the alternative exon
induced exon skipping in the same way as in U2AF65-depleted cells, and this mutant
minigene no longer responded to U2AF65 knockdown (Fig. 4c). In comparison, on the
DROSHA gene the major U2AF65 binding event occurred in the intron upstream of the
alternative exon, and U2AF65 RNA. increased the inclusion of the alternative exon (Fig.
4d). Mutational analysis showed that deletion of the intronic U2AF65-binding site induced
exon inclusion, and the mutant minigene became largely insensitive to U2AF65 RNAI (Fig.
4d). (The remaining U2AF-dependent effect was probably due to other minor binding events
in the upstream intron.) These data suggest that the intronic U2AF65 binding events on these
two tested cases are directly responsible for U2AF65-dependent splicing responses.

We next dissected a more complex case on the EIF4A2 gene, where U2AF65 bound
extensively on both upstream and downstream introns, and U2AF65 depletion induced a net
increase in exon inclusion (Fig. 4e). In this case, instead of constructing simple deletion
mutants (because deletion of the U2AF-binding sequence would remove most of the
upstream or downstream intron), we replaced the U2AF65-binding sequence with a non—
U2AF65-binding sequence of similar length in either the upstream or the downstream intron.
Interestingly, we detected enhanced exon inclusion when the upstream U2AF65-binding site
was substituted but reduced exon inclusion when the downstream U2AF65-binding site was
replaced, and on both mutant minigenes U2AF65 knockdown resulted in no further effects
(Fig. 4e). Finally, we took a non—-U2AF65-responsive gene (Clorf43), inserted the U2AF65-
binding site from DROSHA in either the upstream or the downstream intron and found that
the extra upstream U2AF65-binding site increased exon skipping, whereas the extra
downstream site repressed exon skipping, both in a U2AF65-dependent manner
(Supplementary Fig. 4c).

The simplest interpretation of the above combined results is that intronic U2AF65 binding
events interfere with the recognition of the immediate downstream functional 3’ SS
according to rules for context-dependent splicing®2. In the case of TPD52L2, release of such
inhibition increases the competitiveness of the flanking 3’ SS, thereby suppressing the
selection of the upstream 3’ SS associated with the alternative exon. This is also the case
with U2AF65 binding in the downstream intron of the EIF4A2 gene. However, the removal
of U2AF65 competition from the upstream intron in both DROSHA and EIF4A2 genes
enhances the competitiveness of the 3’ SS of the alternative exon, thus allowing more
efficient exon inclusion in each case. When both competing events operate in the same
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alternative-splicing unit, a stronger one wins, as in the case of the EIF4A2 gene, thus
generating a net effect of exon inclusion in U2AF65-depleted cells. From these findings, we
propose a polar mechanism for intronic U2AF65 binding to interfere with the recognition of
the downstream 3’ SS (Fig. 4f).

Coordinated action of U2AF65 and U2AF35 in regulated splicing

It has been unclear thus far whether U2AF65 acts predominantly alone or in conjunction
with U2AF35 or other U2AF35-related molecules in regulated splicing. Because the
majority of U2AF65 appears to exist as a heterodimer with U2AF35 in the cell, it is likely
that the heterodimer may have a dominant role in both constitutive and regulated splicing in
the human genome. To directly test this hypothesis, we used alternative splicing as a
functional readout to compare the cellular response to U2AF65 and U2AF35 RNAI. As
previously reported?4, U2AF35 RNAI reduced the expression of only U2AF35, whereas
U2AF65 RNAI reduced the levels of both subunits (Fig. 5a).

We used our recently developed technology*3, based on RNA-mediated oligonucleotide
annealing, selection and ligation coupled with sequencing (RASL-seq), to conduct a cost-
effective survey of alternative-splicing events in HeLa cells subjected to U2AF65 and
U2AF35 RNA.. Using this oligonucleotide ligation—based approach, which was designed to
specifically interrogate a large set of annotated splicing events (~5,000), we detected 1,892
alternative-splicing events in control sSiRNA-treated HeLa cells, among which 271 and 334
events showed significant changes (statistics described in Online Methods) in response to
U2AF65 and U2AF35 depletion, respectively, which we extensively validated by RT-PCR
(Fig. 5b and Supplementary Fig. 5a,b). Notably, we detected nearly identical sets of
alternative-splicing events induced by RNAI against U2AF65 and U2AF35 with either
RASL-seq (Fig. 5¢c and Supplementary Table 1) or RT-PCR (Supplementary Fig. 5¢).

Because U2AF35 was reduced in U2AF65 siRNA-treated cells, and this might account for
the similar effects of U2AF35 and U2AF65 on alternative splicing, we further tested
splicing responses in U2AF65 siRNA-treated cells in which expression of U2AF35 was
restored. We found largely identical induced splicing events with or without exogenously
expressed U2AF35 (Supplementary Fig. 5d), and we further confirmed this by RT-PCR
(Supplementary Fig. 5e). Altogether, these data demonstrated that U2AF35 functions largely
in conjunction with U2AF65 in the regulation of alternative splicing in mammalian cells.

Causal effects of MDS mutations in U2AF35 but not U2AF65

Recent advances in disease studies have revealed the association of prevalent mutations in
splicing factors, including both U2AF65 and U2AF35, with MDS and related blood
disorders3>. A published analysis suggested that the MDS-associated mutations in U2AF35
caused widespread defects in pre-mRNA processing in HeLa cells33; this is reminiscent of
global downregulation of gene expression in U2AF65-depleted cells (Fig. 3a). Because such
dramatic defects are expected to cause cell lethality, it has remained unclear how such null-
like mutations in U2AF35 would permit the transition of initial MDS to eventual acute
myeloid leukemia in patients with MDS. We decided to use U2AF-regulated alternative-
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splicing events as functional measurements to determine the nature of MDS-associated
mutations in U2AF35 and to extend the analysis to mutations in U2AF65.

We constructed expression units for mutant U2AF65 (official symbol U2AF2) and U2AF35
(official symbol U2AF1) that carry individual mutations identified in patients with MDS
(Fig. 6a) and expressed them in individual U2AF35- and U2AF65-knockdown cells (Fig.
6b,c). We observed that all U2AF35 mutations retarded cell growth upon introduction into
HeLa cells (Fig. 6d), but surprisingly none of the U2AF65 mutations that we tested
displayed the same growth phenotype (Fig. 6e). These observations imply that, in contrast to
those in U2AF35, the mutations in U2AF65 might be neutral; this is consistent with their
low frequency among patients with MDS.

We next selected seven alternative-splicing events to test the ability of individual U2AF
mutations to rescue the splicing responses induced by U2AF RNA. (Fig. 6f,g). We found
that wild-type U2AF35 was able to fully rescue the splicing changes, but the mutant
U2AF35 that lacks the U2AF65 interaction domain failed to rescue them, and individual
U2AF35 mutations displayed variable rescuing effects. On the CAST, TPD52L2 and PSMG1
genes, for example, all mutant U2AF35 expression units fully rescued the splicing defects.
On the CHEK?2 and DDX3X genes, however, the mutants showed either full or partial
rescuing effects, but on the THYN1 gene, none of the mutants was able to rescue. Among all
U2AF35 mutants tested, the Q157P mutation appears most interesting, showing full effects
on four genes, a partial effect on one and no effect on the other two (Fig. 6f). In contrast to
U2AF35 mutations and consistently with the lack of growth phenotype, all U2AF65 mutants
functioned like the wild-type protein (Fig. 6g). These data suggest that the MDS-associated
mutations in U2AF35 are partially compromised at the functional level, but are not null,
whereas the mutations in U2AF65 are all likely to be neutral.

To further examine critically altered splicing events detected by RNA-seq in patients with
MDS who carry mutations in U2AF35 (ref. 44), we noted that six genes (labeled in red in
Fig. 6f,g) from the reported 35 alternatively spliced genes in blood cells also showed
expression in HelL a cells. Because the alternative-splicing events in these genes were not
covered by our RASL-seq pool, we designed specific PCR primers to detect individual
U2AF35 mutation—associated alternative-splicing events and found that, although wild-type
U2AF35 was able to rescue U2AF35 RNAi-induced splicing, none of the U2AF35 mutants
showed the ability to rescue (Fig. 6g). Importantly, the induced exon-skipping events on all
six genes were identical to those observed in blood cells*4. In contrast, all U2AF65 mutants
behaved identically to the wild-type gene in rescuing U2AF65 RNAi-induced alternative
splicing (Fig. 6g). The ability to detect the same effects of U2AF35 mutations in HeLa cells
as those in patient blood cells suggests that the induced alternative-splicing events directly
result from mutations in the U2AF35 gene, rather than being due to selection of different
cell types, as part of MDS etiology.

DISCUSSION

Our data demonstrate a predominant role of U2AF in defining functional 3’ SSs in the
human genome. Interestingly, our analysis also suggests that U2AF65 may not be able to
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directly bind ~12% of introns, whose recognition may be aided by other intronic splicing—
enhancer factors, such as YB1 (ref. 19). However, the existence of a fraction of introns that
lack U2AF65 binding is consistent with previous observations in fission yeast8, thus
raising the question of which specific splicing factors might fulfill such a role in defining
those noncanonical 3’ SSs. Although several RNA-binding splicing factors have structures
related to those of U2AF65 or U2AF35 (ref. 16), the available functional evidence suggests
that most of them function in synergy with, rather than independently of, U2AF13-15.45,
Therefore, it remains unclear how those potential U2AF-independent introns might be
recognized in mammalian genomes.

The preferential binding of U2AF65 to functional 3’ SSs over other pyrimidine-rich
sequences in the genome is enforced by the U2AF35 subunit, and other factors may provide
additional proofreading functions?>26. However, our genome-wide binding data clearly
show that U2AF65 can also bind to various locations that are not part of annotated 3’ SSs,
and these binding events do not seem to depend on a downstream AG dinucleotide. This is
consistent with the proposed function of U2AF65 in promoting nuclear export of intronless
transcripts in Drosophila®® and with U2AF65 binding on some spliced mMRNAs*0. A more
recent study showed that hnRNP C is able to prevent U2AF65 from binding to many Alu-
containing transcripts to suppress exonization of those Alu elementsl’. Therefore, U2AF
binding appears to be a highly regulated process in mammalian genomes.

U2AF has been implicated in the regulation of alternative splicing. Our data suggest U2AF
binding on the 3’ SS of alternative exons as a predominant mechanism for U2AF-regulated
splicing. In addition, U2AF65 also binds in other locations, such as those on exonic regions,
to interfere with the selection of the exon32. We found that U2AF65 also binds various
intronic locations, which appear to selectively interfere with the recognition of immediate
downstream 3’ SSs to dictate the splicing outcome. This splice-site competition model
provides a universal mechanism for the regulation of alternative splicing by both sequence-
specific RNA-binding proteins and core components of the splicing machinery*2.

A major advance in the field is the identification of specific mutations in multiple splicing
factors, including U2AF65 and U2AF35, in specific types of myeloid leukemia. The
mutations have been generally considered to drive the disease, although this actually
remains to be functionally determined. A HelLa cell-based study indicated that U2AF35
mutations cause a slow-growth phenotype and more-severe defects in gene expression, thus
implying that those mutations might be functionally null33. However, RNA-seq detected
only limited splicing defects in patient blood cells**. This agrees with our observation that
mutant U2AF35 is still functional in rescuing many, but not all, U2AF35 RNAi-induced
changes in alternative splicing. Thus, the mutations in U2AF35 are not functionally null. In
contrast, a parallel analysis indicated that the disease-associated mutations in U2AF65 might
be neural mutations, and this is consistent with the low frequency of those mutations in
MDS patients3°. These findings thus provide critical insights into the nature of specific
mutations in the splicing regulators. The challenge ahead will be to link specific molecular
defects to the etiology of the disease.
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ONLINE METHODS

Cell culture and transfection

HelLa cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% FBS at 37 °C and 5% CO». Lipofectamine 2000 or
Lipofectamine RNAIi Max (Life Technology) was used to transfect plasmid or siRNA. For
double transfection, cells were transfected with the reporter minigene 48 h after sSiRNA
transfection and harvested 24 h later for RNA and protein analysis. Sense sequences of
siRNAs are as follows: U2AF65-1 siRNA, 5-GCACGGTGGACTGATTCGTAT dT-3;
U2AF65-2 siRNA, 5-GCAAGTACGGGCTTGTCAAdTIT-3’; U2AF35 siRNA, 5'-
GAAAGTGTTGTAGTTGATTGAdTIT-3'.

Plasmids and antibodies

To construct the expression plasmids for U2AF65 and U2AF35, Flag-tagged primer sets
were designed to amplify the coding region of individual genes, and the PCR products were
inserted into pcDNA3.0 between the Hindlll and BamHI sites. U2AF35-Del-UHM was
made by PCR to delete amino acids 65 to 147 from the U2AF35 coding region. All other
site-specific mutations, including those for the U2AF35 mutants S34Y, S34F, Q157R and
Q157P, and the U2AF65 mutants R18W, M1441 and L187V, were generated by a PCR-
based method (KOD Plus, TOYOBO). Supplementary Table 2 lists the primers used to
construct U2AF-expression plasmids described above, and Supplementary Table 3 lists the
primers used to construct and analyze individual minigenes in transfected cells. All
constructs were verified by DNA sequencing.

The following primary antibodies were used: anti-U2AF65 (U4758, Clone MC3, Sigma-
Aldrich, 1:10,000), anti-U2AF35 (ab86305, Abcam, 1:2,000), anti—B-actin (A1978, Clone
AC-15, Sigma-Aldrich, 1:20,000), anti-GAPDH (10494-1-AP Proteintech, 1:10,000) and
anti-Flag (F1804, Clone M2, Sigma-Aldrich, 1:3,000). Primary antibodies were detected
with horseradish peroxidase (HRP)-labeled secondary antibodies (anti-rabbit IgG, A8275,
Sigma-Aldrich, 1:10,000; anti-mouse 1gG, A9044, Sigma-Aldrich, 1:10,000) for western
blotting.

CLIP-seq, RNA-seq and RASL-seq

CLIP-seq for U2AF65 was performed as previously described3?, with additional
modifications. Briefly, we first ligated the 5’ linker to RNA on the immunoprecipitated
U2AF complex. T4 Polynucleotide Kinase (3’ phosphatase minus) was next used to 32pP-
label the 5" end of RNA so that both ends of the RNA contained a phosphate group, thus
preventing self-ligation of immunoprecipitated RNA. After blotting onto nitrocellulose,
recovery of U2AF65-RNA adducts, and removal of proteins by proteinase K digestion, a 3/
linker containing 3’ puromycin was ligated to isolated RNA. The remaining steps were
identical to the CLIP-seq procedure described previously3L.

CLIP-seq reads were processed as previously described3L. Briefly, reads were trimmed to
remove sequencing adaptors and homopolymeric runs of =220 nt and mapped to the human
genome (hg18) with Bowtie2 (version 0.12.7 with parameters -q -1 25 -m 2 —best).
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Significant peaks, footprint, and CIMS were determined as previously described31:37. De
novo motif finding was implemented with the RSA tools oligonucleotide analysis algorithm
(http://rsat.ulb.ac.be/) with input U2AF65 peaks*®.

Paired-end RNA-seq was performed with RNA isolated from control sSiRNA- or U2AF65
siRNA-treated HelL a cells. Supplementary Table 4 lists PCR primers used for validating
U2AF-regulated splicing events.

Both ends of RNA-seq libraries were sequenced for 75 nt, and these were separately mapped
(allowing two mismatches) into a custom Bowtie index built from UCSC Known Genes
(hg18) not including introns and then joined together to reconstruct into full contigs of ~200
nt. The splicing ratio was calculated with reads mapped on specific splice junctions.
Significant changes in alternative splicing in response to U2AF depletion were identified by
two-sided Fisher’s exact test with a threshold of inclusion-ratio change =0.10. In the current
study, we mainly focused our analysis on cassette exons.

The library construction and data analysis for RASL-seq were performed as previously
described?3.

Maximum-likelihood analysis of U2AF binding percentage on 3’ SSs

We first sorted all genes by the averaged CLIP-seq read density at annotated 3’ SSs, from
low to high. For smoothing, we grouped 50 genes as one data point. As the averaged density
increases, an increased percentage of U2AF65 occupancy on annotated 3’ SSs is expected,
as we observed. A logarithmic regression model leads to the estimate of ~88% functional 3’
SSs recognizable by U2AF65, thus implying the existence of ~12% of functional 3’ SSs that
may not be bound directly by U2AF65 in the human genome. We next asked whether those
potential U2AF65-independent sites tend to have low splice-site strength, which is
calculated as previously described38.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Mapping of U2AF65-RNA interactions in the human genome. (a) Schematic illustration of
U2AF65 CLIP-seq. IP, immunoprecipitation; MNase, micrococcal nuclease. (b) The
U2AF65-RNA complexes trimmed by two different concentrations of MNase (1:2M,
1:2,000,000 dilution; 1:1K, 1:1,000 dilution), detected by autoradiography. WB, western
blotting. Asterisk indicates IgG heavy chain. Bracketed RNA-protein adducts were
recovered for CLIP library construction. (¢) Genomic distribution of U2AF65 CLIP-seq
peaks. UTR, untranslated region; CDS, coding sequence. (d) U2AF65 footprint on RNA. A
set of high-density clusters used to derive the footprint is shown by lines of different colors.
Green line, cluster density; orange area, density of all tags in the clusters; black dashed lines,
deduced U2AF65 footprint. (€) Metagene analysis of U2AF65-RNA interactions on a
composite pre-mRNA. Relative density (normalized tag count) is shown. (f) U2AF65
binding on a gene example, showing raw tags, peaks and identified cross-linking—induced
mutation sites (CIMS).
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Figure 2.
Specificity of U2AF65-RNA interactions in the human genome. (a) Enriched motifs for

U2AF65 binding. The top three motifs are shown. Inset, consensus sequence, deduced from
the top 50 motifs. (b) Nucleotide frequency centered on identified CIMS. (¢) Maximum-
likelihood analysis to determine the capacity of U2AF65-occupied 3’ SSs in the human
genome. Each blue dot represents the averaged occupancy of a group of 50 genes, on the
basis of CLIP-seq tag density. Individual groups were sorted according to the averaged
CLIP-seq tag density at 3’ SSs. Each orange dot represents the average strength score of 3’
SSs among a group of 100 3’ SSs that exhibited no U2AF65 binding peak. Error bars, s.d. (n
= 50 genes for blue dot; n =100 splice sites for orange dot). (d) The frequency of the AG
dinucleotide from the mapped U2AF65-binding sites on annotated 3’ SSs (red), deduced
decoy and pseudo exons (blue) or other intronic regions (green).
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Figure 3.
Roles of U2AF65 in gene expression and alternative splicing. (a) Global analysis of gene

expression by RNA-seq. Ribosomal-gene transcripts (red dots) were used to normalize the
levels of the individual genes in U2AF65-knockdown cells. Orange and red lines illustrate
the normalization scale. NC, negative control. (b) Altered alternative-splicing events
determined by RNA-seq. Significantly induced and repressed splicing events in U2AF65-
knockdown cells are indicated by blue and red dots, respectively, which were identified by
two-sided Fisher’s exact test with a threshold of inclusion-ratio change =0.10 for individual
detected cassette exons. (¢) Splicing of two representative genes in response to U2AF65
knockdown. RNA-seq data were validated by RT-PCR (gels and quantification at right) in
HeL a cells treated independently with two different U2AF65 siRNAs. Error bars, s.d. (n=3
cell cultures). Uncropped gels are shown in Supplementary Data Set 1. (d) Comparison
between the alternative-splicing events detected by RNA-seq and validated by
semiquantitative RT-PCR. P < 2.2 x 10716 by F test (n = 70 randomly selected alternative-
splicing events). APSI, difference in percentage spliced in, in HeLa cells treated with
U2AF65 siRNA or negative control (NC) siRNA. (e) U2AF65 binding densities (normalized
tag count) on genes with different exon inclusion levels. CE, alternative cassette exon.
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Polar effects of U2AF65 binding on recognition of downstream 3’ SSs. (a) Normalized
U2AF65 binding events (normalized tag count) on unaffected cassette exons (black) or
upregulated (blue) or downregulated (red) cassette exons in U2AF65-knockdown cells. The
composite gene model contains flanking intronic sequences of 300 nt. (b) Box-plot analysis
of relative distribution of intronic binding events flanking U2AF65 RNAi-repressed or
enhanced exons. ‘Up’ and ‘down’ represent upstream and downstream intronic U2AF65
binding events, respectively. Center line, median; bottom and top box limits, first and third
quartiles, respectively; whiskers, minimum and maximum. The events were selected with at
least one binding peak in intronic regions, with 81 upregulated cases and 153 downregulated
cases. (c—e) Minigene constructs and induced alternative splicing in response to U2AF65
RNAI, analyzed by RT-PCR. Top, CLIP analysis of U2AF65 binding to intronic regions
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downstream and upstream of the alternative exon, respectively (c,d) and U2AF65 binding to
both introns flanking the alternative exon (e), with schematics of constructs shown below.
Bottom left, RT-PCR analysis showing splicing response of these genes to U2AF65 RNA..
Bottom right, RT-PCR for specific deletion mutants (c,d) and the replacement mutant (e) at
the prevalent U2AF65 binding site(s), tested in both control siRNA-treated and U2AF65
siRNA-treated HelLa cells. Error bars, s.d. (n = 3 cell cultures). Uncropped images of gels
are in Supplementary Data Set 1. WT, wild type; del, deletion. (f) A proposed model for the
polar effects of intronically bound U2AF65 interfering with the recognition of the
immediate downstream 3’ SS in regulated splicing.

Nat Struct Mol Biol. Author manuscript; available in PMC 2015 May 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shao et al.

Page 20
a b EIF4A2 GSK3B
© o SRNA NC  U2AF35 U2AF65 NC  U2AF35 U2AF65
& & 261 213
: %0 \3"73\ Qrﬁ“ — +1 4441 1 + =3 —_———_——TE e =
siRNA T 54 174
- U2AFSS 409 ®inclusion 100 @ Inclusion
3 O Exclusion o O Exclusion
— — — U2AFB5 & 70 g 7
% 50 % 50
w—— W W [acin @ T 25 T 25
0 0
SiRNA _© é{,g; v((ng & é{,_;c é(q;o
NN NN
c R®=0.8939 PRRC2B CAST
Pvalue <22x§07"® - .~ siRNA NC  U2AF35 U2AF65 o84 NC  U2AF35 U2AF65
s N T [ R Ty o2
z - D . W e s — — —— e w— v TT] i i s — — — — — [==]
z § AR 212 105
g Y1T°~"°°° ' I~ 7 100 | Inclusion 100 @ Inclusion
z R & 75 O Exclusion T 75 O Exclusion
o Pl = ~
] : ' g 50 2 50
* 1 © ©
' T 25 c 25
0 0
o° o oV O ¥ oh P SRNAQ Yz{b@ ?gé’ ‘;{g’ v@o’
NN NN

APSIUZAFES siRNA

Figure 5.
Coordinated action of U2AF65 and U2AF35 in regulated splicing. (a) Western blotting

analysis of RNAi-mediated U2AF65 and U2AF35 knockdown, showing reduced U2AF35 in
U2AF65 siRNA-treated cells. B-actin is a loading control. (b) Splicing response of
representative genes in response to RNAi against U2AF65 or U2AF35. Error bars, s.d. (n=
3 cell cultures). Uncropped gels are provided in Supplementary Data Set 1. (c) Global
concordance of U2AF65- and U2AF35-dependent splicing revealed by RASL-seq. P < 2.2 x
10716 by F test (n = 208 splicing-changed events). APSI, difference in percentage spliced in,
in HelLa cells treated with U2AF65 siRNA, U2AF35 siRNA or negative control (NC)
SiRNA.
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Figure 6.
Splicing defects induced by MDS-associated mutations in U2AF35 but not in U2AF65. (a)

Schematic illustration of mutations in U2AF65 and U2AF35 detected in leukemia. (b,c)
Western blot analysis of U2AF35 and U2AF65 expression in knockdown of U2AF35 (b) or
U2AF65 (c) and reconstitution of knockdown cells with wild-type and mutant genes. p-actin
is a loading control. (d,e) Growth of HelLa cells expressing the indicated mutants of
U2AF35 (d) or U2AF65 (e) and the indicated siRNAs. Error bars, s.d. (n = 3 cell cultures).
(f,g) RT-PCR analysis of functional rescue of RNAi-induced alternative splicing events
(ASE) with individual U2AF mutants. Genes in black, representative genes initially scored
by RASL-seq in U2AF65 siRNA-treated HeL a cells. Genes in red, genes expressed in HeLa
cells and shown to exhibit induced exon skipping in blood cells of patients with MDS
carrying mutations in U2AF35. 35-WT, wild-type U2AF35; 35-Del-UHM, U2AF35 lacking
the U2AF65 interaction domain; 65-WT, wild-type U2AF65.
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