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Alternative splicing generates distinct mRNA isoforms and is crucial for proteome diversity in eukaryotes. The RNA-bind-
ing protein (RBP) U2AF2 is central to splicing decisions, as it recognizes 3 splice sites and recruits the spliccosome. We es-
tablish “in vitro iCLIP” experiments, in which recombinant RBPs are incubated with long transcripts, to study how U2AF2
recognizes RNA sequences and how this is modulated by trans-acting RBPs. We measure U2AF2 affinities at hundreds of
binding sites and compare in vitro and in vivo binding landscapes by mathematical modeling. We find that trans-acting
RBPs extensively regulate U2AF2 binding in vivo, including enhanced recruitment to 3’ splice sites and clearance of introns.
Using machine learning, we identify and experimentally validate novel trans-acting RBPs (including FUBPI, CELFé, and
PCBPI1) that modulate U2AF2 binding and affect splicing outcomes. Our study offers a blueprint for the high-throughput
characterization of in vitro mRNP assembly and in vivo splicing regulation.

[Supplemental material is available for this article.]

Most eukaryotic genes are transcribed into long pre-mRNAs that
consist of multiple exons and introns. The splicing reaction, i.e.,
the removal of introns and joining of exons in different combina-
tions, allows for the production of distinct mature mRNA isoforms
and is the main source of proteome diversity in eukaryotes (Nilsen
and Graveley 2010).

Splicing is catalyzed by a large multi-subunit complex called
the spliceosome that recognizes the 5 and 3’ splice sites as well
as the branch point of each intron (Matera and Wang 2014).
Spliceosome activity is regulated by a large set of trans-acting
RNA-binding proteins (RBPs) that bind to cis-regulatory elements
in the pre-mRNA and guide splice site recognition (Fu and Ares
2014; Vuong et al. 2016). How these RBPs act together on the
cis-regulatory elements to assemble pre-ribonucleoprotein com-
plexes (pre-mRNPs) and determine the splicing outcome is com-
monly referred to as the “splicing code.” Understanding the
splicing code remains one major goal in RNA biology.

A central player in 3’ splice site definition is the U2 Auxiliary
Factor 2 (U2AF2; also referred to as U2AF65). U2AF2 binds to a uri-
dine/cytidine-rich sequence element upstream of the 3’ splice site,
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referred to as the polypyrimidine tract (Py-tract) (Singh et al. 2000;
Mackereth et al. 2011). Together with SF1 and U2AF1, which recog-
nize the branch point and the AG dinucleotide of the 3’ splice site,
respectively, U2AF2 is essential to recruit the small nuclear ribonu-
cleoprotein (snRNP) U2, a subunit of the spliceosome (Berglund
et al. 1998; Merendino et al. 1999; Zorio and Blumenthal 1999).
U2AF2 binding comprises a major regulatory step during spliceo-
some assembly and is modulated by several RBPs, e.g., by means
of direct competition, cooperative recruitment, or modulation of
RNA secondary structure (Zuo and Maniatis 1996; Sauliere et al.
2006; Soares et al. 2006; Warf et al. 2009; Tavanez et al. 2012;
Zarnack et al. 2013). Despite these individual examples, we still
lack a comprehensive understanding of the factors that shape
U2AF2 binding and enable targeted splice site recognition.

A state-of-the-art approach to study protein—-RNA interactions
in vivo is individual-nucleotide resolution UV crosslinking and
immunoprecipitation (iCLIP), which allows quantitative mapping
of RBP binding at high resolution (Konig et al. 2010). Given
that RBP binding to RNA is highly modulated by the presence of
other RBPs in vivo, different high-throughput assays have been
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developed to study the intrinsic binding of isolated RBPs in vitro,
including RNAcompete, RNA Bind-n-Seq, RNA-MaP, and RNA-
MITOMI (Ray et al. 2009; Martin et al. 2012; Buenrostro et al.
2014; Lambert et al. 2014; Cook et al. 2015). Depending on the
setup, these approaches allow determination of the consensus mo-
tif of an RBP, measuring its affinity to a large number of short RNA
substrates, or studying the impact of additional factors on RBP
binding. However, they often employ short, artificially designed
oligonucleotides as substrates, making it difficult to directly com-
pare in vitro to in vivo binding.

Here, we develop in vitro iCLIP to close the gap between in
vitro and in vivo approaches. Based on these data, we employ
mathematical modeling and machine learning to systematically
compare in vitro and in vivo iCLIP landscapes and to identify reg-
ulatory RBPs controlling U2AF2 binding in vivo. Our study thus of-
fers a blueprint for high-throughput in vitro experiments to study
interactive RBP binding in mRNP assembly and the regulatory
code of splicing.

Results

In vitro iCLIP provides the intrinsic binding landscape of U2AF2

Consistent with U2AF2 playing a key role in 3’ splice site defini-
tion, iCLIP data from HeLa cells show that U2AF2 binding is highly
enriched at 3’ splice sites and depleted from the intron body
(Supplemental Fig. S1A; Zarnack et al. 2013). Given that pyrimi-
dine-rich U2AF2 binding motifs also exist throughout introns,
the question arises how U2AF2 is specifically recruited to 3’
splice sites.

In order to determine the intrinsic RNA binding behavior of
U2AF2 in the absence of other RBPs, we developed in vitro iCLIP
to characterize its binding on long transcripts in a well-defined
minimal system (Fig. 1A). We use a recombinant peptide compris-
ing the two RRM domains of U2AF2 (U2AF2"*™'2; amino acid
residues 148-342), which largely recapitulates the binding charac-
teristics of the full-length protein (Mackereth et al. 2011).
U2AF2RM12 §s mixed with an equimolar pool of 11 in vitro-tran-
scribed RNAs that resemble endogenous pre-mRNAs with constitu-
tively and alternatively spliced exons. Upon UV crosslinking (254
nm), the full binding landscape of U2AF28*™!2 along the 11 in vi-
tro transcripts is determined using the standard iCLIP protocol. To
capture the complete set of potential U2AF2 binding sites, we
combined in vitro and in vivo iCLIP data for peak calling and iden-
tify a total of 795 U2AF2 binding sites (see Materials and Methods).
We find a good agreement across all binding sites in three replicate
experiments (Pearson correlation coefficient r>0.742, P-value <
107'%) (Fig. 1C; Supplemental Fig. S1B) and between in vitro
iCLIP experiments with either U2AF2R*M!2 or recombinant full-
length U2AF2 (Pearson correlation coefficient r=0.806, P-value
<107'%) (Supplemental Fig. S1C).

Comparison with transcriptome-wide in vivo iCLIP data
(HeLa cells) indicates that the in vivo binding specificity of
U2AF2 is preserved in vitro (Fig. 1B). This is supported by a strong
correlation in the frequency of 4-nt sequence motifs (4-mers),
which correspond to the common motif width recognized by a
single RRM of U2AF2 (Pearson correlation coefficient r=0.967, P-
value < 107'%) (Fig. 1D; Mackereth et al. 2011). Moreover, a compu-
tational binding model (GraphProt) (Maticzka et al. 2014) trained
on the in vivo iCLIP data scores the top in vitro iCLIP-derived bind-
ing sites similar to in vivo sites (Supplemental Fig. S1D). Never-
theless, differences of in vitro and in vivo landscapes exist, in

particular when comparing the positioning of U2AF28*M12 across
introns. Unlike the in vivo scenario, the in vitro iCLIP binding sig-
nal is only slightly higher at 3’ splice sites compared to other
intronic regions (Fig. 1E). This suggests that U2AF2 does not exhib-
it an intrinsic preference for 3’ splice sites and that additional lay-
ers of regulation exist that direct U2AF2 to 3’ splice sites in vivo.

Large-scale quantification of U2AF2 binding affinities

To further quantify U2AF2’s binding specificity, we determined
dissociation constants (Kg) that reflect the affinity for a given bind-
ing site. To this end, we performed titration experiments in which
increasing concentrations of U2AF2RM12 (0 15-15 M) are mixed
with stable amounts of the 11 in vitro transcripts. Visual inspec-
tion confirmed that incremental increases in the U2AF2RRM12
concentration enhance binding in a dose-dependent manner,
eventually leading to saturation of several binding sites (Fig. 2A;
Supplemental Fig. S2A,B). To determine Kq4 values, we fit a mathe-
matical model that describes RNA-protein binding to the titration
curves of all U2AF2 binding sites in four replicate experiments (Fig.
2B,C; see Supplemental Material). This model describes U2AF2
binding to short RNA sequence elements in a 1:1 equilibrium us-
ing mass-action kinetics, and resembles previous models of protein
or small RNA binding to multiple target sequences (Schmiedel
et al. 2012; Jens and Rajewsky 2015; Lorenzin et al. 2016).
Importantly, the model accounts for confounding technical bias-
es, such as the sequencing depth of each sample, UV crosslinking
efficiencies, PCR amplification biases of RNA sequences, and ex-
perimental noise. Our titration experiments thus allow us to disen-
tangle U2AF2 binding affinities from these technical biases (Fig.
2B; see Supplemental Material).

By model fitting, we simultaneously estimate K4 values for all
795 U2AF28*M!12 hinding sites within a range from 0.1 to 1000 uM
(Fig. 2D; Supplemental Table S2). In total, we find 120 high-affin-
ity sites with a K4 of <1 pM. The remaining sites subdivide into 513
sites with an intermediate affinity (1 pM <K4 <18 pM) and 162
low-affinity sites (Kq>18 puM). The latter no longer reach satura-
tion within the employed concentration range, resulting in uncer-
tainty in the predicted Ky values (Fig. 2D). Determining parameter
confidence intervals using a profile likelihood approach (Raue
et al. 2009) confirmed that the Ky values of the high-affinity sites
(Ka<1 pM) can be inferred with good accuracy (on average, five-
fold difference between 5% and 95% confidence levels) (Fig. 2D).

We validated the K, estimates using microscale thermophore-
sis (MST). To this end, short RNA oligonucleotides (18-36 nt) re-
sembling eight binding sites from the in vitro transcripts were
Cy5-labeled and incubated with U2AF2R*M!2, The obtained MST-
K4 values correlate well with the best-fit in vitro iCLIP estimates
(Pearson correlation coefficient r=0.751, P-value=0.03) (Fig. 2E;
Supplemental Table S3). We note that the MST-Ky4 values differ
in absolute terms (10-fold, on average), possibly due to the fluores-
cence labeling of oligonucleotides for MST. We therefore addition-
ally performed label-free quantification using isothermal titration
calorimetry (ITC). The resulting ITC-Kq4 values again correlated and
were in better absolute agreement with the in vitro iCLIP-derived
K4 values (Pearson correlation coefficient r=0.71, P-value =0.07;
average twofold difference) (Supplemental Fig. S2C,D; Supple-
mental Table S3). The remaining deviation may result from differ-
ent reaction temperatures or the fact that binding sites are
presented in the context of longer in vitro iCLIP transcripts.
Taken together, we conclude that mathematical modeling of titra-
tion data allows us to reliably estimate U2AF2 affinities.
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Figure 1. In vitro iCLIP provides intrinsic binding landscapes that can be directly compared to in vivo data. (A) Schematic comparison of in vitro and in
vivo iCLIP. Unlike in vivo iCLIP, which identifies RNA-protein interactions in the complex cellular environment, in vitro iCLIP captures the interactions in a
simplified system consisting of naked in vitro transcripts and recombinant RBP. (B) Regulated binding sites show strong differences between in vivo and in
vitro U2AF2 bmdmg Genome browser view of U2AF2R"12 in vitro (blue) and U2AF2 in vivo (brown) iCLIP on MAT2A. In vitro iCLIP was performed with
1.5 uM U2AF2R"M12 and an equimolar pool of 11 in vitro-transcribed RNAs (length 1.7-4.4 kb; final concentration per transcript = 0.2 nM) (Supplemental
Table S1). Selected sites that are not regulated (gray), stabilized (blue), or cleared (orange) in vivo are highlighted. (C) Replicate experiments are
highly reproducible. Scatter plot of read counts in U2AF2R*M12 binding sites from two independent in vitro iCLIP experlments Pearson correlation coef-
ficient (r) and associated P-value indicated above. (D) RNA binding preferences are conserved between in vitro and in vivo. Scatter plot showing the fre-
quency of 4-mers in a 9-nt window around U2AF2R*M12 in vitro and U2AF2 in vivo binding sites (from genome-wide in vivo iCLIP data) (Zarnack et al.
2013). Pearson correlation coefficient (r) and P-value indicated above. (E) U2AF2 distribution across transcrlpt regions differs between in vitro and in
vivo. Bar diagram showing the proportion of iCLIP reads from U2AF2R"M!Ziin vitro (blue) and U2AF2 in vivo iCLIP (brown) originating from 5’ splice sites
(5'ss), 3’ splice sites (3'ss), and intronic regions (intron body).

In order to assess how the RNA sequence composition af-
fects the U2AF2 binding affinity to RNA, we extracted all 8-
mers in a 17-nt window around each binding site. As expected
from the literature, binding sites containing pyrimidine-rich
Ug-mers show the highest affinities (median Kq =320 nM), while
increasing numbers of cytidines and purines weaken and abro-
gate U2AF2R™M12 binding, respectively (Fig. 2F; Mackereth et al.
2011). Surprisingly, binding sites with a similar sequence motif

can exhibit very different Ky values. We tested for the impact
of RNA secondary structure by calculating a probability for each
binding site to be accessible or within a double-stranded RNA re-
gion (see Materials and Methods). Indeed, we find that structural
accessibility accounts for clear differences in Ky values: For in-
stance, Ug-containing binding sites buried within RNA secondary
structure show substantially lower U2AF2 affinities when com-
pared to unstructured Ug-mers that can be freely accessed by
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Figure 2. Binding site affinities can be extracted from in vitro iCLIP titration experiments. (A) Titration
experiments with increasing U2AF2%*M12 concentrations (0.15-15 puM). Genome browser view of nor-
malized U2AF2RM12 i vitro iCLIP signal in MAT2A. Red bars indicate values beyond the displayed
data range. (B) K4 values were extracted by modeling the read counts from in vitro iCLIP as a function
of RNA and U2AF2R"M12 concentrations. A scaling factor (§F) and a normalization factor (N) account
for motif and sequencing biases, respectively. Schematic titration curves show two binding sites with low-
er or higher affinity and/or crosslinking efficiency (dark or light blue, respectively). (C) Titration curves for
an intermediate-affinity (left) and a high-affinity binding site (right) (numbers above relate to
Supplemental Table S2). Best-fit curves (dark blue) and confidence intervals for the estimated Ky values
(orange lines) based on four replicate experiments. (D, lower panel) Plot showing all K4 values from in vitro
iCLIP in increasing order (black circles) with their confidence intervals (gray lines). (Upper panel)
Histogram of binding sites along the range of K4 values. Binding sites were divided into 120 high-affinity
binding sites (K4 <1 uM), 513 intermediate-affinity sites (1 < K4 < 18 pM), and 162 low-affinity sites (Kq >
18 puM). (E) Ky values from in vitro iCLIP are correlated with microscale thermophoresis (MST) measure-
ments for eight selected binding sites (Supplemental Table S3). Binding sites are marked as accessible
(gray) or unaccessible (white) based on RNA fold predictions (see Materials and Methods). Pearson cor-
relation coefficient (r) and associated P-value indicated above. (F) Ky values from in vitro iCLIP are propor-
tionate to the underlying pyrimidine content. Binding sites were stratified based on different 8-mers
within a 17-nt window (blue; number of binding sites within each category in brackets), and further sub-
divided into unaccessible (white) or accessible (gray) as in F. (G) Affinities at 3’ splice sites do not signifi-
cantly differ from other transcript regions. Bar plot showing the distribution of Ky values from in vitro
iCLIP for U2AF2 binding sites in different transcript regions.

the protein (median Kq=1.75 uM vs.
0.17 pM) (Fig. 2F). This could also ex-
plain some of the deviation to MST/
ITC measurements, which do not allow
for secondary structure effects (Fig. 2E).
These observations confirm previous
reports (Luo et al. 2016; Taliaferro et
al. 2016) that RNA secondary structure
can have a strong impact on protein—
RNA interactions.

UZ2AF2 binding to RNA is highly
regulated in vivo

As a first step to investigate the rules of
U2AF2 binding, we compared affinities
across transcript regions. We find that
U2AF2 binding sites at 3’ splice sites are
not strongly enriched for high-affinity
binding, but instead exhibit an affin-
ity spectrum largely overlapping with
intronic sites (Fig. 2G). This observation
indicates that affinity is not the primary
determinant of U2AF2’s preference for
3’ splice sites, pointing toward regulation
of U2AF2 binding in vivo.

To systematically identify sites that
are regulated in vivo, we compared in
vivo and in vitro U2AF2 binding land-
scapes. We asked to what extent the cali-
brated in vitro U2AF2 binding model can
explain the in vivo iCLIP data. Specifi-
cally, we simulated sets of hypothetical
U2AF2R™M12 binding landscapes across a
range of RNA and protein concentrations
using the previously determined in vitro
K4 values (Fig. 3A). We then identified
the hypothetical landscape with the
best fit to the in vivo iCLIP data by calcu-
lating the difference between model sim-
ulation and in vivo data for nine in vitro
transcripts (571 binding sites). The best-
fit binding landscape overlaps well with
the in vivo iCLIP data but also shows
clear differences at putatively regulated
sites (Fig. 3B).

Sites with strong in vivo regulation
were identified using a z-score that quan-
tifies the distance between best-fit land-
scape and in vivo observation relative to
the in vivo experimental variation (Fig.
3A; Supplemental Table S2). Intriguing-
ly, 324 (57%) out of 571 binding sites
may be regulated in vivo (|z-score|>1).
These include 151 (26%) stabilized and
173 (30%) cleared sites with enhanced
and reduced U2AF2 binding in vivo, re-
spectively (Supplemental Fig. S3A). The
remaining 247 (43%) binding sites dis-
play no evidence of regulation in Hela
cells. The discrepancy between in vivo
and in vitro binding suggests that these
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Figure 3. Comparative modeling of in vitro and in vivo binding reveals numerous sites of U2AF2 regulation. (A) Schematic of in vitro—-in vivo fitting to
identify regulatog hotspots. Best-fit was obtained by comparing the in vivo binding to hypothetical landscapes that were simulated from the mathematical
model of U2AF2®™12 in vitro binding based on identified K4 values and varying RNA and U2AF2 concentrations. Discrepancies between best-fit and in
vivo binding landscape (z-score) were used to infer stabilization (blue) and clearance (orange) in vivo. (B) Comparison of best-fit (dotted blue line) and
in vivo landscape (gray line) on PCBP2 showing stabilized (blue) and cleared (orange) U2AF2 binding sites. Gray shadow represents standard deviation
of in vivo iCLIP read counts from three independent replicates. (C) The majority of U2AF2 binding sites are regulated. Plot showing the proportion of non-
regulated (|z-score| < 1; white), stabilized (z-score > 1; blue), and cleared (z-score < —1; orange) binding sites in different transcript regions (5’ splice sites,
constitutive or alternative 3’ splice sites, and intron body). (D) U2AF2 binding is most efficiently maintained at 3’ splice sites upon partial U2AF2 knockdown
(KD). Bar plot showing the proportion of U2AF2 in vivo iCLIP reads in control cells (light gray) and upon partial U2AF2 KD (dark gray) for binding sites in
different transcript regions. Analyses across transcriptomes (left) as well as restricted to nine tested in vitro transcripts (right) are shown. (E,F) A nearby AG
dinucleotide or branch point (BP) motif is not sufficient to explain the substantial U2AF2 stabilization at 3’ splice sites. (E) Box plot showing the z-score
distribution of U2AF2 binding sites at 3’ splice sites (gray) and in intron bodies (white). Binding sites were separated into six roughly equal-sized bins
with increasing distance to the next AG dinucleotide (between 1 nt and 417 nt; indicated as ranges below). Individual data points are shown for n<

15. (F) Box plot as in E for binding sites without BP (n=191 binding sites), with upstream BP motif (n=230), and with upstream BP motif and adjacent
3’ splice site (n=55).

sites may represent regulatory hotspots at which U2AF2 binding is we observe that U2AF2 binding at these sites reacts least to a partial

shaped by auxiliary factors. U2AF2 knockdown (reflected in an increased relative proportion of
Focusing on different transcript regions, we observe that 75% U2AF2 binding) (Fig. 3D; Supplemental Fig. S3B). This suggests

of all U2AF2 binding sites at 3’ splice sites of constitutive exons are that U2AF2 binding at 3’ splice sites is close to saturation and ro-

stabilized in vivo (Fig. 3C; Supplemental Fig. S3A). Similarly, 100% bust to perturbations.

of the alternative 3’ splice sites are regulated—either stabilized In contrast to the prevalent stabilization at 3’ splice sites,

or cleared, consistent with alternative splicing decisions occurring the majority of U2AF2 binding sites at 5 splice sites and in

at these exons. In line with strong stabilization at 3’ splice sites, intron bodies are either not regulated or cleared in vivo (Fig. 3C;
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Supplemental Fig. S3A). The widespread clearance supports the ex-
istence of proofreading mechanisms that suppress the recognition
of cryptic sites to ensure accurate splicing. In addition, we observe
a substantial number of stabilized U2AF2 binding sites within in-
tron bodies, which could be of functional importance in distally
regulating neighboring exons (Shao et al. 2014).

U2AF1 and SF1 are direct U2AF2 interaction partners that are
known to stabilize its binding at 3’ splice sites by recognizing
the AG dinucleotide and the branch point (BP), respectively
(Berglund et al. 1998; Wu et al. 1999). We therefore related the de-
gree of in vivo stabilization to the presence or absence of a down-
stream AG dinucleotide and an upstream BP motif. We observe a
preferential in vivo clearance of intronic binding sites that are
devoid of AG or BP motifs, as expected from previous reports
(Fig. 3E,F; Soares et al. 2006; Tavanez et al. 2012). However, not
all binding sites that harbor AG or BP motifs are stabilized in
vivo. Instead, it is specifically the binding sites at 3’ splice sites
that show pronounced stabilization, whereas intronic sites do
not (Fig. 3E,F). This suggests the involvement of further auxiliary
factors, other than U2AF1 and SF1, in regulating U2AF2 binding.

Machine learning predicts regulators of U2AF2 binding

In order to identify auxiliary RBPs that shape U2AF2 binding in liv-
ing cells, we pursued a supervised machine learning approach that
relates the direction of regulation to the presence of 4224 sequence
features (Fig. 4A). These features include primary sequence motifs,
such as in silico predictions of RBP binding sites (position-specific
scoring matrices, PSSMs) (Ray et al. 2013) and all possible 6-nt mo-
tifs (referred to as k-mers), as well as positional information such as
the relative location within the transcript. We then trained a
Random Forests machine learning approach on these features,
thereby correctly classifying U2AF2 binding sites into stabilized
or cleared in vivo with high accuracy (misclassification rate of
~12%) (see Supplemental Material).

For further analyses of the classification results, we considered
the top 100 features, which include four positional features, 11
PSSMs, and 85 k-mers (Supplemental Table S4). The specificity of
the identified features was confirmed by comparisons with
Random Forests runs on nonregulated binding sites (see Supple-
mental Material). The highest-ranking feature is “distance to 3’
splice site,” reflecting the pronounced level of U2AF2 regulation
at 3’ splice sites. In addition, we find PSSM matches of known splic-
ing factors, such as HNRNPC, SRSF9, and SF3B4 (Champion-
Arnaud and Reed 1994; Konig et al. 2010; Fu et al. 2013). To reduce
redundancy, we mapped the k-mers to known RBP binding motifs
based on their similarity with available PSSMs (see Supplemental
Material). Moreover, we collapsed RBPs that belong to the same
protein family (such as the paralogs PCBP1/2/3) or share similar
motifs into 12 regulatory groups (Supplemental Table S5). For
each group, we calculated a “purity factor” that reflects their specif-
icity for either stabilized or cleared U2AF2 binding sites (see
Materials and Methods).

Taking into account both importance and purity, we predict
the RBPs from the regulatory groups “PCBP,” “PTB,” “HNRNPC,”
“FUBP,” and “SR proteins” among the top regulators of U2AF2
binding (Fig. 4B). Some groups, such as “SR proteins” or “PCBP,”
preferentially associate with either stabilized or cleared binding
sites, suggesting that they mainly function as enhancers or sup-
pressors of U2AF2 binding, respectively. For most regulatory
groups, however, the specificity for a certain direction is low, indi-
cating that their effect may depend on the sequence context. In es-

sence, using machine learning we derived a shortlist of promising
candidate RBPs that could be involved in stabilizing or clearing
U2AF2 binding in vivo.

In vitro iCLIP cofactor assays recapitulate in vivo regulation
by HNRNPC

To test the impact of the predicted U2AF2 regulators, we performed
in vitro iCLIP cofactor assays, in which we assessed how the
addition of recombinant RBPs affects U2AF2 binding to tran-
scripts. We initially validated this approach using HNRNPC (C1)
(HNRNPC isoform 1), which ranks among the top regulators in
our Random Forests analysis (rank #5; Supplemental Table S4)
and is known to regulate U2AF2 binding by direct competition
(Burd et al. 1989; Zarnack et al. 2013).

The addition of recombinant HNRNPC (C1) to our in vitro
U2AF2RRM12iCT [P assay recapitulates known regulatory scenarios:
For instance, HNRNPC suppresses in vitro U2AF28*™12 binding to
the Py-tract of the alternative exon in CD55 (Fig. 4D), reflecting
that HNRNPC affects U2AF2 binding to this site and alternative
splicing of the corresponding exon in vivo (Zarnack et al. 2013).
On a global scale, our in vitro assay confirms that HNRNPC (C1)
suppresses U2AF2R™!2 pinding in a dose-dependent manner
(Fig. 4C). This effect preferentially occurs at U2AF2 binding sites,
which harbor a nearby HNRNPC binding site according to motif
predictions (Ray et al. 2013) or previously published in vivo iCLIP
data (Fig. 4C, right panel; Zarnack et al. 2013). Notably, the stron-
gest HNRNPC-induced changes are specifically observed at cleared
U2AF2 binding sites (z-score < —1) (Fig. 4C, orange boxes), which
suggests that our model accurately predicts sites of in vivo U2AF2
regulation. To further confirm that in vitro HNRNPC addition re-
flects the in vivo situation, we compared our data to a published
HNRNPC knockdown in Hela cells (Zarnack et al. 2013).
Importantly, we find that the same U2AF2 binding sites that re-
spond to HNRNPC knockdown are also controlled by HNRNPC
(C1) in vitro in a concentration-dependent manner (Pearson corre-
lation coefficient r ~ 0.4, P-value < 10~*) (Fig. 4C,E, yellow boxes).

Together, this demonstrates that the in vitro cofactor assay re-
flects HNRNPC's regulatory effects on U2AF2 binding as they oc-
cur in vivo. Thus, this setup enables us to investigate the
molecular mechanisms of U2AF2 regulation across hundreds of
binding sites in a defined environment.

Cofactor assays validate new activators and repressors
of U2AF2 recruitment

To further explore U2AF2 regulation, we selected 10 additional
RBPs from different regulatory groups obtained from our machine
learning approach. These comprise previously described regula-
tors of U2AF2, including ELAVL1, PTBP1, and MBNL1 (Sauliere
et al. 2006; Izquierdo 2008; Warf et al. 2009; Echeverria and
Cooper 2014; Wongpalee et al. 2016), as well as novel candidates,
such as FUBP1, RBM24, CELF6, KHDRBS1 (Samé68), PCBP1
(HNRNPE1), SNRPA (U1-A), and RBM41.

We performed in vitro iCLIP cofactor assays by adding 114-
500 nM of the recombinant RBPs (Supplemental Fig. S4) to in vitro
iCLIP reactions with U2AF28"M!2 and the nine protein-coding in
vitro transcripts (see Materials and Methods). As a negative con-
trol, we used 500 nM BSA. The impact of each RBP was quantified
as a log, fold-change (1og;FC) in U2AF2"*™!? binding upon RBP
addition. We find that the added RBPs substantially modify
U2AF2R'M12 hinding at dozens of sites (Fig. 5A), with the majority
of binding sites being specifically affected by individual RBPs.
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Figure 4. Random Forests machine learning reveals possible regulators of in vivo U2AF2 binding. (A) Schematic workflow of the Random Forests ap-
proach that learns the most relevant features to classify U2AF2 binding sites into stabilized (z-score > 1, 151 sites) or cleared (z-score < —1, 173 sites) in
vivo. (B) Twelve regulatory groups are identified as top candidates for in vivo U2AF2 regulation. Plot contrasting the relative importance and purity of col-
lapsed regulatory groups from the top 100 features obtained by Random Forests analysis. Purity indicates specificity of association with a certain direction of
regulation (see Supplemental Material). Circle diameter represents scaled number of sites with predicted binding sites of a representative RBP from the
group for the predominant direction of regulation (blue = stabilized in vivo, orange = cleared in vivo). (C) HNRNPC (C1) suppresses U2AF2""M'2 hinding
specifically at sites that are down-regulated in vivo and show overlapping HNRNPC binding according to in silico predictions (left panel) or HNRNPC in vivo
iCLIP data (right panel). Box plots of log,-transformed fold-changes (log,FC) of normalized U2AF2R*™12 read counts from in vitro iCLIP cofactor assays with
different concentrations of recombinant HNRNPC (C1) (200, 500, and 1000 nM) over a control with U2AF2R*"M'2 alone. U2AF2 binding sites are subdi-
vided into sites without HNRNPC (white) and sites with HNRNPC but not regulated in vivo (z-score <|0.5|; gray), stabilized in vivo (z-score > 1; blue), or
cleared in vivo (z-score < —1; orange). An additional box summarizes all sites with decreased U2AF2 binding upon HNRNPCKD in vivo (log,FC < —1; yellow)
(Zarnack et al. 2013). Individual data points are shown for n<11. (D) In vitro iCLIP recapitulates in vivo competition between HNRNPC and U2AF2.
Genome browser view of U2AF2 in vivo iCLIP data (brown) from control and HNRNPC knockdown Hela cells (Zarnack et al. 2013), as well as in vitro
iCLIP data (blue) for U2AF2R®"M12 3lone (control) and upon addition of recombinant HNRNPC (C1) at HNRNPC-regulated alternative exon of CD55.
Orange shading highlights HNRNPC-regulated site. () HNRNPC triggers similar regulation of U2AF2 binding in vivo and in vitro. Scatter plots comparing
log,FC upon in vitro addition of HNRNPC (C1) (HNRNPC (CT) + U2AF2R*M12/U2AF2R*M12) wwith log,FC of U2AF2 in vivo iCLIP read counts upon HNRNPC
KD (KD/control) for three different concentrations of recombinant HNRNPC (C1). Pearson correlation coefficients (r) and associated P-values are given.
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Figure 5. Cofactors change U2AF2"*™M12 binding in vitro. (A) Different patterns of U2AF2 reglulation by cofactors can be observed in vitro. Heat map

showing log,FC of normalized U2AF2%"M12 read counts upon addition of cofactors (U2AF2%R
above. Only binding sites with |log,FC| > 2 in at least one cofactor experiment are shown. (B) Several cofactors significantly change U2AF2®

12 4 cofactor/U2AF2R"M12) | vitro transcri'!ots indicated
M12
binding.

Bar plot showing log,FC upon cofactor addition as in A for sites with no cofactor motif (white) as well as sites with cofactor motif and not regulated (gray,
—0.5 < z-score < 0.5), stabilized in vivo (blue, z-score > 1), or cleared in vivo (orange, z-score < —1). Data were scaled such that log,FC of sites without co-
factor motif are centered around zero. Added cofactor concentrations are indicated in each panel. Dots indicate individual data points for n < 50. Adjusted
P-values are given for all groups with false discovery rate (FDR) < 10% (two-sided Student’s t-test, Benjamini-Hochberg correction, compared to binding

sites without cofactor motif).

To deduce the overall impact of each RBP, we followed the
analysis strategy described above for HNRNPC (C1) and sorted
the U2AF2 binding sites according to their model-predicted
in vivo regulation and the presence of in silico predicted RBP
binding motifs. This consolidated analysis confirms that, similarly
to HNRNPC (C1), PTBP1 and PCBP1 significantly decrease
U2AF2R™!12 hinding specifically at sites that show overlapping
binding motifs and are cleared in vivo (Fig. 5SB). Moreover, our
in vitro iCLIP cofactor assay identifies CELF6 and FUBP1 as
novel U2AF2 enhancers that significantly stabilize U2AF2RRM!2
binding (Fig. 5B). Likewise, SNRPA and MBNL1 may also cause

an up-regulation of U2AF2 binding; however, these effects only oc-
cur at a few binding sites and do not reach statistical significance.
For the remaining RBPs (ELAVL1, KHDRBS1, RBM24, and RBM41),
we do not observe coherent effects in our in vitro iCLIP cofactor as-
says, possibly because their in vivo function relies on additional
factors such as U2AF1 or domains not present in U2AF2RRM12
(Zuo and Maniatis 1996; Zhang et al. 2013). Together, we confirm
that several predicted cofactors regulate U2AF28*™!? binding in vi-
tro, in a way that coincides with stabilized or cleared U2AF2 bind-
ing in vivo. Altogether, these observations underline the power of
in vitro iCLIP in combination with mathematical modeling and
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machine learning to identify regulators and to detect genuine sites
of U2AF2 regulation.

Multiple U2AF2 binding sites affect PTBP2 alternative splicing

The ability of our in vitro iCLIP cofactor assays to mimic in vivo
U2AF2 regulation is exemplified at the alternative PTBP2 exon
10. This exon harbors two U2AF2 binding sites directly on the
Py-tract as well as multiple distal intronic sites. We find that in vi-
tro addition of PTBP1 down-regulates U2AF2 binding at one of the
Py-tract-associated sites (referred to as BS1) as well as at an extend-
ed cluster of distal binding sites (jointly referred to as BS2), thereby
restoring the in vivo U2AF2 binding pattern at these sites (Fig. 6A).
In vivo PTBP1 iCLIP data (Coelho et al. 2015) confirm overlapping
PTBP1 binding at BS1 and BS2, suggesting direct competition.

To probe the impact of PTBP1 on splicing regulation, we gen-
erated a minigene reporter spanning PTBP2 exons 9-11 including
BS1-3 (Fig. 6B). Consistent with our in vitro cofactor assays and
previous reports, we find that siRNA-mediated knockdown of

PTBP1 (together with PTBP2 to avoid functional redundancy) sig-
nificantly changes exon 10 inclusion in the wild-type minigene
(measured as percent spliced in, PSI) (Fig. 6C; Boutz et al. 2007;
Li et al. 2013). In order to test the relevance of BS1 and BS2 in
PTBP1 regulation, we first deleted the Py-tract-associated BS1,
which should eliminate PTBP1 binding while preserving U2AF2
binding on the neighboring site (Fig. 6A; Supplemental Table
S6). This results in 100% PTBP2 exon 10 inclusion and thus
resembles the PTBP1/2 knockdown, indicating that the mutation
completely relieves PTBP1 repression at the 3’ splice site (Fig.
6C). This suggests that BS1 is the primary site of PTBP2 exon 10 reg-
ulation via PTBP1. In addition, deleting BS2 also enhances exon 10
inclusion, indicating that this intronic U2AF2 binding site can ex-
ert a splicing-inhibitory function. In order to selectively increase
U2AF2 binding at BS2, we deactivated PTBP1 regulation by substi-
tuting BS2 with a heterologous U2AF2 binding site (BS2,,) that is
strongly bound by U2AF2 and lacks overlapping PTBP1 binding in
vivo. In support of a splicing-inhibitory function of U2AF2 bind-
ing at BS2, the substitution results in decreased exon 10 inclusion
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Figure 6.

In vitro experiment captures in vivo regulation at PTBP2 exon 10. (A) In vitro cofactor assays recapitulate in vivo clearance and stabilization of
U2AF2 binding by PTBP1 and FUBP1, respectively. Genome browser view of in vivo iCLIP for PTBP1 (green) and U2AF2 (brown), as well as in vitro iCLIP for

U2AF2RR"M12 3lone and upon addition of recombinant FUBP1 and PTBP1 proteins upstream of PTBP2 exon 10. Regulated U2AF2 sites are marked as BS1-3.

Red bar marks in vivo PTBP1 iCLIP signal that extends beyond the visualized range. (B) Minigene reporter assays reveal regulatory impact on alternative exon
inclusion. (Top) RT-PCR primers to measure splicing changes. (Bottom) Schematic model of U2AF2 regulation at BS1-3 and its impact on inclusion of PTBP2
exon 10. (C,D) Inclusion of PTBP2 exon 10 is conjointly regulated by BS1, BS2, and BS3. Bar plots showing PTBP2 exon 10 inclusion (depicted as “percent
spliced in,” PSI) in control (light gray) and PTBP1/2 (C) or FUBP1 (D) knockdown (KD, dark gray) HeLa cells. Minigene constructs include wild-type (WT) and
four mutated versions with BS1 deletion (BS14e), BS2 deletion (BS24e), substitution of BS2 with a U2AF2 binding site that is not regulated by PTBP1
(BS24,p), and BS3 mutation that eliminates the U2AF2 recognition motif (BS3 ). (**) P-value < 0.01 (two-sided Student’s t-test). Error bars represent stan-
dard deviation of the mean (n= 2 for FUBP1 and n=3 for PTBP1 knockdown experiments).
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(Fig. 6C). This suggests that PTBP1 can
promote PTBP2 exon 10 inclusion by
clearing intronic U2AF2 binding at BS2
which otherwise would inhibit splicing.

In addition to PTBP1 regulation, we
observed that in vitro addition of FUBP1
strongly increases U2AF28™!2 binding
to a distal intronic site (BS3), thereby
resembling the stabilized U2AF2 bind-
ing at this site in vivo (Fig. 6A). Similar
to BS2, mutations that eliminate U2AF2
binding at BS3 (BS3,u) point to a
splicing-inhibitory function (Fig. 6D),
possibly by recruiting U2AF2 to an
unproductive site, which may interfere
with intron definition. However, BS3,,,.¢
shows the opposite effect as seen upon
FUBP1 knockdown (Fig. 6D), suggesting
that FUBP1 can act via additional sites
to regulate exon 10 inclusion.

Taken together, these observations
unfold a complex regulatory scenario
for PTBP2 exon 10 involving multiple
U2AF2 sites, some of which are located
more than 300 nt upstream of the 3’
splice site. By pinpointing the sites of reg-
ulated U2AF2 binding, in vitro iCLIP
helps in the functional and mechanistic
interpretation of splicing regulation.

Figure 7. In vitro changes predict in vivo
regulatlon of alternative spllcmg (A) Changes
in U2AF2R"M12 hinding in vitro coincide with
effects on alternative exon inclusion upon KD
of individual cofactors. (Left panel) Heat maps
showing log,FC of normalized in vitro
U2AF2f*M12 read counts upon cofactor addi-
tion (U2AF2RM12 4 cofactor/U2AF2R*M12) for
binding sites within 600 nt of the 3’ splice sites
of four alternative exons (PTBP2 exon 10, MYL6
exon 6, CD55 exon 10, and PCBP2 exon 12;
note that the preceding introns in MYL6 and
PCBP2 are only 304 ntand 510 ntin length, re-
spectively). Cofactors in each heat map are or-
dered by the maximum change in U2AF2Rf™12
binding at any site in vitro (summarized in the
middle panel). Binding sites with low coverage
are marked with a diagonal line or completely
removed if present in less than half of the KD
samples. (Right panel) Bar chart showing abso-
lute changes in exon inclusion (percent spliced
in, PSI) in vivo upon KD of individual cofactors.
Colors indicate direction of splicing change
(orange, up-regulation upon KD; purple
down-regulation). Based on their maximum
effect on U2AF2®*™12 binding in vitro, co-
factors were subdivided into “in vitro U2AF2
regulators” (green, maximal |log,FC|>2 in
U2AF2RRM12 hinding upon cofactor addition)
and “nonregulators” (white, maximal |log,.
FC| < 2). Error bars represent standard devia-
tion of the mean (n=3). (B) Cofactors that
significantly influence U2AF2%"™12 binding in
vitro trigger stronger splicing changes in vivo.
Dot plot showing APSI upon cofactor KDs for
four alternative exons. Coloring of in vitro
U2AF2 regulators and nonregulators as in A.

10 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on July 17, 2018 - Published by Cold Spring Harbor Laboratory Press

In vitro iCLIP uncovers U2AF2 regulation

RBP regulation in vitro predicts endogenous splicing in vivo

To systematically investigate the effect of all 11 auxiliary RBPs, we
depleted them in HeLa cells and monitored endogenous splicing
of the four alternative exons present in our in vitro transcripts us-
ing semiquantitative RT-PCR (Supplemental Fig. S5). We find that
up to seven out of 11 RBP knockdowns substantially change alter-
native exon inclusion in PTBP2 exon 10, MYL6 exon 6, and CD55
exon 10 (JAPSI|>10%), whereas PCBP2 exon 12 does not respond to
any knockdown (Fig. 7A, right).

Accordingly, these exons are preceded by numerous strongly
regulated U2AF2 binding sites within a 600-nt window upstream
of the 3’ splice site (Fig. 7A, left). For instance, MYL6 exon 6
hosts multiple sites that are targeted by KHDRBS1, MBNLI,
PTBP1, and SNRPA in the cofactor assays and could be involved
in splicing regulation (Fig. 7A). We used the maximal regulatory ef-
fect on these binding sites to classify the 11 RBPs as “in vitro
U2AF2 regulators” or “nonregulators” for each exon (labeled in
green or black, respectively, in Fig. 7A). We find that in vitro
U2AF2 regulators of a given exon generally trigger larger splicing
changes upon knockdown compared to nonregulators (Fig. 7B).
The direction of the splicing change is difficult to infer, possibly
due to complex constellations of multiple regulated U2AF2 bind-
ing sites. Taken together, these results illustrate that our in vitro
iCLIP cofactor assays can facilitate the interpretation of U2AF2 reg-
ulation and alternative splicing in vivo.

Discussion

In vitro iCLIP monitors hundreds of natural U2AF2
binding sites

Binding site affinity is a key biophysical parameter that drives the
behavior and mode of action of RBPs. High-throughput methods,
such as RNA Bind-n-Seq or HTS-EQ, employ simultaneous mea-
surements across large oligonucleotide libraries to determine affin-
ities (Lambert et al. 2014; Jain et al. 2017). However, as these
approaches usually entail short synthetic RNA fragments present-
ing random sequences, the obtained information is not directly
transferable to in vivo binding events. More recently, Taliaferro
et al. (2016) used natural sequence RNA Bind-n-Seq (nsRBNS) to
monitor the binding of two RBPs to natural 109-nt RNA fragments
taken from evolutionary conserved alternative exons, although
the exact location of the binding site remained elusive.

Here, we introduce in vitro iCLIP to quantify RBP binding
across hundreds of naturally occurring binding sites in their natu-
ral RNA sequence context within long transcripts (~2 kb on aver-
age). The transcripts were chosen to cover different regulatory
scenarios, including alternative and constitutive exons as well as
the complete intervening introns, and harbor almost 800 U2AF2
binding sites with the full spectrum of affinities. Notably, in vitro
iCLIP precisely defines the binding sites, thereby pinpointing the
contextual RNA sequence and structural features with high resolu-
tion and accuracy.

An elementary binding model derives the RNA
binding affinities

A central part of our analytical framework is the mathematical
binding model, which assumes reversible and monomeric binding
of U2AF2 to quantitatively describe the binding equilibrium un-
derlying the in vitro iCLIP data.

More complex model variants beyond monomeric binding
are conceivable, such as a dimeric assembly of U2AF2 on RNA.
However, in line with previous biochemical and structural data
(Mackereth et al. 2005, 2011), such scenarios are not supported
by our data (Supplemental Fig. S7C; see Supplemental Material).
When fitting the model to in vivo U2AF2 binding landscapes,
we explicitly consider that RNA binding sites may compete for a
limiting U2AF2 pool in the cell. Nevertheless, the best-fit in vivo
model indicates that competition is absent in vivo, owing to a
large pool of free U2AF2. Consistently, the estimated intracellular
UZ2AF2 concentration of 11 pM agrees well with previous mass
spectrometry measurements of absolute cellular protein expres-
sion (Schwanhdusser et al. 2011). Thus, RBPs such as U2AF2 may
behave differently from small RNA-based post-transcriptional reg-
ulators that are often present in limiting amounts (Salmena et al.
2011; Schmiedel et al. 2012; Jens and Rajewsky 2015).

So far, quantitative comparisons of iCLIP signals between
binding sites are challenging because technical biases lead to dif-
ferent absolute signals. Confounding effects include, for example,
sequence-dependent UV crosslinking preferences and PCR ampli-
fication biases. Notably, our in vitro iCLIP approach provides the
opportunity to overcome this limitation and to quantitatively
determine dissociation constants (Kg) that reflect the affinity for
a given binding site. Moreover, the mathematical model provides
a combined estimate of binding site-specific biases in form of the
scaling factor (Fig. 2B). These results could be used to train se-
quence-bias models that predict technical biases for arbitrary
sequence compositions, which could aid the quantitative interpre-
tation of iCLIP signals in the future.

U2AF2’s binding affinity is driven by RNA sequence
and structure

The K4 values from our model agree well with reported affinities in
the low micromolar range for synthetic Uy or Uy 3 oligonucleotides
(Mackereth et al. 2011; Agrawal et al. 2016; Voith von Voithenberg
et al. 2016). Consistently, naturally occurring sites harboring con-
tinuous Us-tracts are among the strongest binding sites in our data
set. In contrast, we confirm that an isolated Uy half-site offers only
a weak binding site that does not outperform any other motif
(Mackereth et al. 2011). Together, our results support the confor-
mational model of U2AF2 RNA recognition, assuming that two
half-sites (U4 or Y4) are required to accommodate both RNA recog-
nition motifs (RRMs) of U2AF2 (Mackereth et al. 2011). In this con-
text, it will be of particular interest to understand how the
pyrimidine arrangement at a binding site affects U2AF2’s affinity
and how U2AF2 can discriminate between weak and strong RNA
sequence motifs.

The long transcripts in our in vitro experiments allow for the
formation of RNA secondary structures, which can affect in vivo
RNA-protein interactions (Luo et al. 2016; Taliaferro et al. 2016).
Notably, we globally find that binding motifs within local RNA
structures show, on average, almost 10-fold lower affinities com-
pared to freely accessible sites. Consistently, it was previously
shown that U2AF2’s affinity to troponin T2, cardiac type
(TNNT2) pre-mRNA is strongly reduced if the binding site is oc-
cluded within a stem-loop structure (Warf et al. 2009). Binding
of the RBP MBNL1 modulates this local RNA structure, thereby
limiting U2AF2 access and regulating TNNT2 alternative splicing.
Our data suggest that this mode of regulation through RNA sec-
ondary structure may be widespread for U2AF2.
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U2AF2 is extensively stabilized at 3’ splice sites and cleared
in introns

Our mathematical binding model allows quantitative comparison
of in vivo and in vitro U2AF2 binding. Notably, we obtain a sub-
stantial overlap between in vivo and in vitro binding landscapes,
even with the simplest assumption of invariant K4 values, en-
abling us to specifically identify divergent binding sites which
are regulated in vivo (see below). A similar set was retrieved using
more elaborate fitting approaches in which a subset of K4 values
are allowed to change during fitting to reflect that auxiliary RBPs
may affect apparent U2AF2 binding affinities (see Supplemental
Material). This confirmed the robustness of our model to reliably
predict in vivo U2AF2 regulation.

We find that U2AF2 is subject to extensive regulation in vivo.
First, we observe a massive stabilization of U2AF2 binding at
3’ splice sites in vivo and show that affinity itself is not the most
critical factor in 3’ splice site recognition. Similarly, we detect an
efficient in vivo clearance of many high-affinity sites within in-
trons, supporting the existence of proofreading mechanisms. For
instance, the specific suppression of binding sites without nearby
AG motifs could be mediated by HNRNPA1 or DEK in conjunction
with U2AF1 as previously described (Soares et al. 2006; Tavanez
et al. 2012).

The theoretical-experimental approach identifies and validates
novel U2AF2 regulators

In order to identify putative regulators, we trained a Random
Forests classifier. Random Forests models provide information on
the importance of each feature for classification, thereby facilitat-
ing the extraction of regulatory RBPs (Breiman 2001).

Importantly, the in vitro iCLIP cofactor assays verify several
of these RBPs as genuine regulators of U2AF2. Among them,
HNRNPC and PTBP1 had already been described to suppress
U2AF2 binding via direct competitive binding at Py-tracts
(Sauliere et al. 2006; Zarnack et al. 2013; Wongpalee et al. 2016).
For HNRNPC, our in vitro setup recapitulates the in vivo changes
(Zarnack et al. 2013), supporting that the competition does not re-
quire additional factors. For PTBP1, on the other hand, several
mechanisms have been previously described (Keppetipola et al.
2012). In our assay, addition of PTBP1 alone triggers profound
down-regulation at numerous U2AF2 binding sites, resembling
the direct competition at the alternative exons in tropomyosin 2
(TPM2) or gamma-aminobutyric acid type A (GABA,) receptor
gamma2 subunit (GABRG2) pre-mRNA (Ashiya and Grabowski
1997; Gooding et al. 1998).

In addition to HNRNPC and PTBP1, our study suggests PCBP1
(also known as HNRNPE1) as a novel suppressor of U2AF2 binding
in vivo. To date, this protein has been studied mostly in transla-
tion, while knowledge about its role in splicing focused on one al-
ternative exon in CD44 pre-mRNA (Geuens et al. 2016; Tripathi
et al. 2016). More recently, PCBP1 was found in a complex with
the splicing regulators TIA1 and RBM39 that was suggested to in-
crease U2 snRNP recruitment (Huang et al. 2017). Notably, our ex-
periments offer support for a direct role of PCBP1 in shaping the in
vivo U2AF2 binding landscape.

We also identify two RBPs as novel enhancers of U2AF2 bind-
ing, namely CELF6 and FUBP1 (Fig. 5B). Little is known about the
role of both proteins in splicing regulation. CELF6 belongs to the
family of CUG-BP- and ETR-3-like factors (CELF). Other family
members had already been shown to interfere with U2AF2 binding
at neurofibromin 1 (NF1) exon 23a (Barron et al. 2010). CELF6, how-

ever, was the only CELF protein that did not change inclusion of this
exon upon knockdown, and its role thus remained enigmatic.

FUBP1 was originally described as a DNA-binding protein
(Duncan et al. 1994; Zhang and Chen 2013) but also was reported
to function as an RBP in mRNA stability and translation (Wang
et al. 1998; Olanich et al. 2011). However, its known involvement
in splicing regulation is restricted to a few examples of activated
target exons, e.g., in DMD or MDM2 pre-mRNA (Jacob et al.
2014; Miro et al. 2015). Notably, our data suggest enhanced
U2AF2 binding as a molecular mechanism of FUBP1 splicing regu-
lation, for instance, through cooperative binding. Considering
that U2AF2R*™12 Jacks the RS domain commonly implicated in
protein-protein interactions (Boucher et al. 2001), the impact on
U2AF2 binding is most likely accomplished by different interac-
tion interfaces or other means. In this context, two recent publica-
tions describe FUBP1 binding to double-stranded RNA structures
that it might partially unfold in vivo using its helicase activity
(Li et al. 2013; Kralovicova and Vorechovsky 2017). Given
U2AF2’s strong preference for single-stranded RNA that we and
others observed (Warf et al. 2009; Mackereth et al. 2011), it is
tempting to speculate that FUBP1 might open critical binding sites
for U2AF2.

iCLIP-based modeling disentangles complex regulatory
mechanisms in vivo

By comparing our in vitro iCLIP cofactor assays to RBP
knockdowns in living cells, we show that regulated in vitro
U2AF2RM12 binding upon cofactor addition is generally asso-
ciated with knockdown-induced alternative splicing changes.
Notably, our results extend beyond a simple interpretation of splic-
ing efficiency as a function of Py-tract composition and intrinsic
U2AF2 binding site strength (Voith von Voithenberg et al.
2016). We demonstrate that U2AF2 is extensively regulated by
auxiliary factors, resulting in low-affinity sites that can be highly
bound in vivo and vice versa. Moreover, each exon is preceded
by multiple U2AF2 binding sites, and the extent and direction of
splicing regulation depend on the complex interplay of these sites
(Shao et al. 2014; Wu and Fu 2015). It has been shown that in-
creased binding of core factors—even directly at the splice sites—
does not always result in enhanced splicing, e.g., if it impedes
the access of other regulators. For instance, PTBP1 was found to sta-
bilize U1 snRNP binding at the 5’ splice site of FAS exon 6. This has
been suggested to block across-exon interactions during exon def-
inition, thereby reducing alternative exon inclusion (Izquierdo
et al. 2005). A similar scenario would be conceivable to explain
why MBNLI1 activates U2AF2R*M!2 binding at the 3’ splice site of
PTBP2 exon 10 and at the same time inhibits inclusion of this
exon in vivo (Fig. 7A). Future in vitro iCLIP experiments with an
increasing number of alternative exons will help to understand
how the concerted action of multiple RBPs determines the splicing
outcome.

In conclusion, we use comparative modeling of in vivo and in
vitro iCLIP to identify and validate auxiliary RBPs that can stabilize
or clear U2AF2 binding in vivo and control alternative splicing.
The in vitro iCLIP method can be extended to a transcriptome-
wide scale to further increase the analytical power in future appli-
cations. Furthermore, the approach can be applied to RBPs in-
volved in other processes, thus offering a valuable tool for
studying RNA-protein interactions and providing novel insights
into the complexity of mRNP assembly in post-transcriptional
regulation.
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Materials and Methods

In vitro iCLIP experiments

In vitro iCLIP experiments were performed with recombinant
U2AF2R"™12 and a pool of 11 different in vitro transcripts (Supple-
mental Table S1) that were obtained as described in the Supplemen-
tal Material. Briefly, the protocol builds on the standard iCLIP
protocol (Huppertz et al. 2014; Sutandy et al. 2016) with the follow-
ing modifications in early steps: The in vitro transcripts were pre-
heated to reduce large-scale RNA secondary structures, and then
mixed with titrated concentrations of U2AF2R™!2 (150 nM-15
uM). For the cofactor experiments, different concentrations of 11
recombinant RBPs were added to an in vitro mix of 500 nM
U2AF2*™!2 and nine different in vitro transcripts in binding buff-
er (Fig. 5). All in vitro mixtures were incubated for 10 min at 37°C
and then UV-irradiated on top of an ice plate (250 nm). To normal-
ize the final in vitro iCLIP libraries, a crosslinked mixture of
U2AF2R*M12 and the U2AF2-bound NUPI33 in vitro transcript
was spiked in to each sample. Partial RNase digestion and DNase
treatment were performed following the standard iCLIP protocol.
The final libraries were sequenced as single-end reads on an Illu-
mina MiSeq sequencing system. An overview of the in vitro iCLIP
libraries is given in Supplemental Table S7. A more detailed descrip-
tion of the protocol can be found in the Supplemental Material.

Characterization of U2AF2 binding sites

iCLIP sequencing reads were filtered and mapped to the human ge-
nome as described in the Supplemental Material. Peak calling was
performed on combined normalized in vitro and in vivo iCLIP data
by iteratively identifying 9-nt windows with the highest cumula-
tive signal and sufficient enrichment over a region-wise uniform
background distribution. This procedure yielded a total of 795
binding sites (Supplemental Table S2). To compare the RNA se-
quence composition at U2AF2 binding sites, we counted all 4-
mers as well as the occurrence of pyrimidine-rich motifs within
the 9-nt peak region. RNAplfold (Bernhart et al. 2006) was used
to compute local RNA sequence accessibility. Moreover, we as-
signed binding sites to three different transcript regions: Binding
sites within the first 40 nt of an intron or between the start of
the Py-tract and the 3’ splice site were defined as “associated
with the 5’ or 3’ splice site,” respectively, while the remaining in-
tron body is referred to as “intronic.” Further details on all steps are
given in the Supplemental Material.

Model-based estimation of in vitro K; values

The binding of U2AF2R*™12 o the binding sites in the 11 in vitro
transcripts was modeled using a reversible and monomeric bind-
ing model (details in Supplemental Material). By assuming steady
state, we expressed the concentration of bound U2AF2R*M12 on
binding site i as a function of the dissociation constant Kgy;, and
the U2AF2"™12 and binding site concentrations:

[Siteiliorar - [U2AF2]
Ky + [U2AF2]

Model and experimental data were compared by assuming
that the in vitro iCLIP signal is proportional to the complex con-
centration, the experimental error (¢”%; Z; being an independent
normal random variable), the binding site-specific “scaling factor”
(SF)), and an experiment-specific normalization factor (N) (details
in Supplemental Material):

[U2AF2 : Site;] =

Signal; = SF; - N - [U2AF2 : Site;] - ¢4,

The unknown parameters SF;, N, K;;, o were estimated by sep-
arately fitting the simulated in vitro iCLIP signal to four replicate in

vitro iCLIP titration experiments (see Supplemental Material). For
all replicates and experimental conditions, we assumed the same
values for K;, SF;, and [Site;]iora1, and a relative (log-constant) error
o, whereas N differs between experiments and replicates. Since
U2AF2R™!12 was present in excess over its target RNAs under in vi-
tro conditions, we neglected that the protein may be limiting and
therefore set [U2AF2] to be the total U2AF28*™12 concentration in
the test tube.

Parameter uncertainties were assessed using the profile likeli-
hood approach (Raue et al. 2009). To this end, each parameter was
systematically perturbed around its best-fit value and fixed to this
perturbed value, while allowing all remaining parameters to chan-
ge when refitting the model to the data. This approach yields a
two-dimensional profile for each parameter, the profile likelihood,
in which the goodness-of-fit is shown as a function of the fixed pa-
rameter value. Finally, a profile likelihood-based confidence inter-
val was calculated for each parameter using the likelihood ratio
test at a 95% confidence level (a=0.05, degrees of freedom =1).
For more details, see Supplemental Material and Supplemental
Figures S6, S7.

Model-based analysis of in vivo regulatory hotspots

We employed our binding model to systematically identify differ-
ences between in vitro and in vivo binding landscapes. To this end,
we searched for the best overlap by fitting the in vitro model to the
in vivo iCLIP landscape. Some biophysical parameters such as Kj;
and SF; were assumed to be the same in vitro and in vivo. The un-
known concentration of U2AF2, the concentrations of the 29 in-
trons in the nine protein-coding transcripts, as well as the in
vivo experimental error and the in vivo normalization factor
were estimated by fitting (see Supplemental Material). In contrast
to the in vitro model fitting, we did not assume the free pool of
U2AF2 to be present in excess over the transcripts and hence al-
lowed for protein sequestration effects between the binding sites.

In order to identify regulatory hotspots at which U2AF2 bind-
ing is modulated in vivo, we tested at which binding sites the “ex-
pected in vivo signal” given by the model fit differs from the in
vivo measurement. We quantified this difference for binding site
i and normalized it to the experimental variation to obtain a
z-score:

7= In(Signal; jnyive) — In(Signal; moger)

=

Tinvivo

Here, Ginvivo is the relative error estimated as the standard devi-
ation of the three in vivo iCLIP replicates. Binding sites are called as
regulated in vivo if the difference between model fit and experi-
ment is bigger than the experimental variation (|| > 1). The sign
of the z-score indicates whether a binding site shows a higher or
lower binding affinity in vivo when compared to the in vitro situa-
tion (z-score > 1 and z-score < —1, respectively). For more details, see
Supplemental Material and Supplemental Figures S6, S7.

Random Forests analysis

Random Forests (RF) machine learning (Breiman 2001) was used to
classify binding sites into cleared in vivo (z-score < —1) or stabilized
in vivo (z-score > 1). Each binding site was characterized by three
types of features in a 99-nt window, comprising k-mers, position-
specific scoring matrices (PSSMs) for 120 unique RBPs (Ray et al.
2013), and positional information, such as splice site strength or
distance to the next downstream AG. To identify putative U2AF2
regulators, we considered the top 100 features ranked by impor-
tance (Supplemental Table S4), which were collapsed into 12 reg-
ulatory groups (see Supplemental Material).
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Aunalysis of in vitro iCLIP cofactor assays

To facilitate direct comparisons, reads from each in vitro iCLIP co-
factor replicate were down-sampled, normalized to the spike-in
control, and converted to “signal-over-background.” For Figure
5B, regulatory categories were assigned according to (1) their mod-
el-based in vivo regulation (based on comparison of in vivo and in
vitro U2AF2 binding landscapes), and (2) in silico predictions of as-
sociated RBP binding sites. Each set was tested against the control
group of U2AF2 binding sites without an associated RBP binding
site. To validate the HNRNPC-mediated regulation, we compared
our results to previously published in vivo U2AF2 iCLIP data
from HNRNPC knockdown Hela cells (Fig. 4C,E; Zarnack et al.
2013). For Figure 7A, we used all U2AF2 binding sites within
600 nt upstream of the 3’ splice site (with the exception of MYL6
exon 6 and PCBP2 exon 12, which harbor only 304 nt and
510 nt of preceding intron, respectively). Further details are given
in the Supplemental Material.

RBP knockdowns and in vivo splicing assays

RBPs were depleted from HeLa cells for 48 h using specific siRNAs
(Supplemental Table S8). Knockdown efficiency was confirmed us-
ing Western blot or quantitative PCR (qPCR). Wild-type and mu-
tated PTBP2 minigenes (Supplemental Table S6) were measured
in HeLa cells upon FUBP1 KD or PTBP1/2 double-KD for 48 h.

For in vivo splicing measurements, cDNAs were reverse tran-
scribed from total RNA with oligo(dT);s primers. Splicing products
were measured by amplification with different primer combina-
tions targeting four alternative exons in PTBP2, MYL6, CD55, and
PCBP2, and visualization of the products in a 2200 TapeStation sys-
tem (Agilent) to obtain the molar ratio of each splicing product.
Percent spliced in (PSI) in each sample was calculated as

molar conc. of inclusion product

PSI = .
molar conc. of inclusion product + molar conc. of skipping product

All primers used in these experiments are listed in Supple-
mental Table S9.

Data access

All data from this study have been submitted to the Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/)
under accession numbers GSE99688 (in vivo iCLIP), GSE99698
(in vitro iCLIP titration experiments), and GSE99696 (in vitro
iCLIP cofactor assays) as part of SuperSeries GSE99700.
Custom code used in analysis with input data is available in
the Supplemental Data S1 and at https://github.com/
StefanieEbersberger/invitro_iCLIP_U2AF6S.
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