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RNA sequence context effects measured in vitro predict in vivo
protein binding and regulation
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Summary

Many RNA binding proteins (RBPs) bind specific RNA sequence motifs, but only a small fraction
(~15-40%) of RBP motif occurrences are occupied /7 vivo. To determine what contextual features
discriminate between bound and unbound matifs, we performed an /n7 vitro binding assay using
12,000 mouse RNA sequences with the RBPs MBNL1 and RBFOX2. Surprisingly, the strength of
binding to motif occurrences /n vitro was significantly correlated with /n vivo binding,
developmental regulation and evolutionary age of alternative splicing. Multiple lines of evidence
indicate that the primary context effect that impacts binding /n vitro and /n vivois RNA secondary
structure. Large-scale combinatorial mutagenesis of unfavorable sequence contexts revealed a
consistent pattern whereby mutations that increased motif accessibility improved protein binding
and regulatory activity. Our results indicate widespread inhibition of motif binding by local RNA
secondary structure and suggest that mutations that alter sequence context commonly impact RBP
binding and regulation.
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Introduction

RBPs regulate many steps in gene expression. Their influence is often directed to specific
sites within the transcriptome through interaction with specific RNA sequence motifs. A
particularly widespread form of RNA-based regulation is alternative splicing (AS). AS
expands proteomic diversity through the expression of multiple transcript isoforms for a
single gene. Splicing is carried out in a step-wise fashion by a large ribonucloeprotein
complex, termed the spliceosome. This complex recognizes the 5 and 3" splice sites, a
polypyrimidine tract and a branchpoint sequence. The decision to use or skip a splice site
within the pre-mRNA is commonly influenced by short c/s-acting sequence elements usually
~4-6 nt in length that bind #rans-acting RBPs to stabilize or inhibit nearby spliceosome
formation (Gerstberger et al., 2014; Glisovic et al., 2008).

Most RBPs require the presence of a particular sequence motif to efficiently bind RNA (Ray
et al., 2013). However, the presence of a cognate motif is generally not sufficient for
effective binding /n vivo (Van Nostrand et al., 2016). Even for an RBP that binds RNA with
high affinity and specificity, the presence of an optimal motif does not guarantee binding,
either /n vivo or in vitro (Hiller et al., 2006). Comprehensive analyses of binding have found
that a majority of motifs present in expressed transcripts are not bound by their cognate RBP
invivo (Li et al., 2010) (and Fig. 1A below). This presents a central mystery of RBP
function — why are most occurrences of high affinity RBP motifs not bound? What
contextual features beyond primary motif sequence influence RBP binding?

An important goal of the splicing field is to develop a splicing “code” that predicts the
splicing patterns of transcripts based on presence of splice site and RBP binding motifs and
other features (Barash et al., 2010; Wang et al., 2004; Xiong et al., 2015). However, such
approaches must typically assume that each occurrence of a motif is equivalent in its ability
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to bind its cognate RBP. Since the majority of RBP motif occurrences, as assayed by CLIP-
seq and related methods, are unoccupied /n vivo, the need to make this assumption
introduces many false positives and may limit the accuracy of such approaches. Defining
contextual features that allow discriminating predictions between bound and unbound motifs
is therefore essential to the development of more accurate splicing codes.

A number of different features may impact whether or not an RBP occupies any specific
occurrence of its cognate motif. Considering intronic binding, several features may be
relevant, and examples of each are known (listed below). These features may include: 1)
whether the local concentration or activity of the RBP (van der Houven van Oordt et al.,
2000), or of its binding partners (Damianov et al., 2016), near the transcribed locus is
sufficient; 2) whether or not access to the motif is blocked by local RNA structure (Kazan et
al., 2010; Li et al., 2010); 3) whether the motif occurs in a sequence context that has other
(non-structural) features favorable for binding (Agarwal et al., 2015); or 4) whether or not
access to the motif is sterically blocked by other RBPs (HafezQorani et al., 2016; Liu et al.,
2015; Zarnack et al., 2013). Other factors such as RNA moadifications may influence binding
in some cases, but pre-mRNA modifications are thought to be fairly rare (Carlile et al., 2014;
Geula et al., 2015).

One clue to this puzzle of motif discrimination emerged from an analysis of MBNL1
binding to exons alternatively spliced for different lengths of evolutionary time. Independent
of transcript expression level, identical motifs near exons with evolutionarily ancient
alternative splicing have a several fold higher chance of being bound /in vivo (Merkin et al.,
2012). This trend indicates that evolution can sculpt a locus to impact RBP binding and
suggests that we might be able to learn these features by studying properties of exons of
different evolutionary ages. If certain intronic motifs are more bound because of where they
are expressed in the nucleus or differences in the presence of competing RNA-bound factors,
for example, then these differences would not be reproducible from interaction of an
individual RBP with RNA /n vitro. However, if evolutionarily ancient AS exons are more
often bound because they occur in a favorable sequence or structural context, then we might
hope to recapitulate this trend with recombinant RBP and RNA /n vitro. RNA structure has
been implicated in modulating protein-RNA interactions (Kazan et al., 2010; Li et al., 2010),
but some recent studies (e.g., (Rouskin et al., 2014)) have suggested that there is much less
structure in vivo than in vitro raising questions about whether structure is a major
determinant of protein-RNA interaction in vivo.

To help understand the causes of differences binding between identical motifs in different
transcripts, we performed an RNA Bind-n-Seq (RBNS) assay (Lambert et al., 2014) using
naturally occurring intronic RNA sequences. Surprisingly, we observed a highly significant
correlation with the extent of binding observed /n vivo. These observations, supplemented
by further experiments and analyses, provide strong support for the model that the extent to
which an RNA motif is occluded by RNA secondary structure is a major determinant of
RBP binding both /n vitroand in vivo (Gosai et al., 2015). This model has implications for
the impact of genetic variation on RNA-based regulation, the manipulation of RBP-
interactions, and predictive models of RNA processing and regulation.
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Sequences flanking conserved alternative exons are more often bound by RBPs in vitro

and in vivo

For many RBPs, a preferentially bound RNA motif is known. However, studies of /in vivo
RNA/RBP interactions have generally observed that RBPs bind only to a small subset of the
occurrences of even their highest affinity RNA sequence motifs. As an example, we
examined /n vivo binding data for RBFOX2 (Jangi et al., 2014), which is well known to bind
with high affinity (K4 ~10 nM) to the RNA motif UGCAUG (Auweter et al., 2006; Lambert
etal., 2014). Analyzing crosslinking data generated using the eCLIP protocol, which yields
much more comprehensive /7 vivo protein-RNA interaction data than other CLIP protocols
(Van Nostrand et al., 2016), we estimated that no more than ~15% to 40% of UGCAUG
motifs present in RNAs expressed in HepG2 cells (where RBFOX2 is highly expressed) are
bound. This analysis corrects for the estimated sensitivity of the eCLIP assay; observed
binding fractions were substantially lower in both introns and 3' UTRs (Fig. 1A, Supp.
Methods). This small proportion indicates that presence of even a high affinity motif in an
expressed RNA is not sufficient for /n7 vivo binding, consistent with previous studies using
earlier generations of RIP and CLIP protocols (Licatalosi et al., 2008; Sugimoto et al.,
2012).

These observations raise the puzzle of why most motif occurrences are not bound /7 vivo,
while others are. We sought to resolve this puzzle using a variety of biochemical,
computational and evolutionary approaches. Exons that have undergone alternative splicing
for tens of millions of years often have conserved patterns of tissue-specific regulation, and
extensive sequence conservation in flanking introns (Merkin et al., 2012), suggesting the
presence of selection related to splicing regulation. We classified exons based on their
patterns of constitutive or alternative splicing across nine tissues in four mammalian species
(Fig. 1B), as previously (Merkin et al., 2012). We then examined interactions of flanking
intronic sequences with the splicing regulator RBFOX2 using a high-quality iCLIP dataset
from mouse embryonic stem cells (MESCs) (Jangi et al., 2014). Strikingly, RBFOX motifs
flanking exons alternatively spliced in all four mammals (“mammalian-wide AS exons™)
were several times more likely to be bound /n vivo by RBFOX2 than identical motifs located
adjacent to constitutive exons (Fig. 1C, Fig. S1A). Compared to constitutive exons, rodent-
specific AS exons were also more likely to be bound by RBFOX2 /n vivo, though to a lesser
extent than mammalian-wide AS exons, suggesting that sequence context that promotes
binding by RBFOX proteins evolves gradually over many millions of years. We have also
observed greatly increased binding by MBNL1 of Mbnl motifs flanking mammalian-wide
AS exons (Merkin et al., 2012). Together, these observations support that evolution of
favorable binding context for RBPs may commonly occur as exons acquire and maintain
regulated splicing.

The specific binding of RNA by an RBP /n vivo may be influenced by factors related to the
cellular environment such as where in the nucleus the RNA is expressed or presence/absence
of competing RNA-bound factors which will not occur when RBP and RNA are isolated /7
vitro, or by features intrinsic to the RNA such as local RNA structure (Li et al., 2014). To
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test the hypothesis that intrinsic features play a prominent role in determining RBP binding,
we employed a high-throughput biochemical approach. We used the RNA Bind-n-Seq
(RBNS) /n vitro binding method (Lambert et al., 2014) to assess the sequence and structural
specificity of RBP interactions with 110 nt natural sequences flanking ~3000 constitutive
and alternative exons of varying evolutionary ages (Fig. 1D). This design reflected that
introns are thought to be the major binding locations of the MBNL and RBFOX family
splicing factors studied, and the 110 nt size was the largest that could be practically
synthesized at this scale (Supp. Methods). Using oligonucleotide synthesis, we placed these
sequences downstream of T7 promoter sequences to enable /n7 vitro transcription. We then
incubated this pool of approximately 12,000 sequences with recombinant MBNL1,
RBFOX2, or Musashi-1 (MSI1) protein. Intronic sites are not expected to have evolved
efficient binding to MSI1 because this protein is primarily cytoplasmic in mammals (Katz et
al., 2014), so this factor serves as a type of negative control.

In standard RBNS with pools of random oligos, the ratio of the abundance of an RNA motif
in the bound pool to its abundance in the input pool, termed the “raw enrichment” or R
value, is used to assess binding affinity, but the sequence pool is too diverse to calculate R
values for individual oligos. However, in this “natural sequence” (ns) RBNS experiment the
reduced diversity enabled measurement of an R value for each individual oligonucleotide
(top and bottom 100 sequences listed in Table S1). RNA oligos were then classified based on
whether they were bound /n vitroby MBNL1, RBFOX2 or MSI1 in RBNS experiments.
Oligos were classified as “bound” or “unbound” based on their RBNS R value (Supp.
Methods). R values of individual oligos derived using different RBP concentrations were
highly concordant (Fig. S1D-G).

Oligonucleotides containing canonical motifs for each of these RBPs were several fold more
likely to be bound /n vitro than those lacking such motifs (Fig. 1E, S1B,C), mirroring CLIP-
seq data for RBFOX2 (Fig. 1C) and MBNL1 (Merkin et al., 2012). However, only a
moderate fraction (~20% to at most 50%) of oligos containing canonical motifs for these
factors were bound /n vitro, indicating the presence of repressive transcript features even in
these simplified conditions. Strikingly, oligos from introns flanking conserved mammalian
AS exons were ~1.5-fold more likely to bind RBFOX2 /n vitro (Fig. 1F) and ~2-fold more
likely to bind MBNLL1 /n vitro (Fig. 1G) than those from constitutive introns, when
comparing sets of intronic oligonucleotides with identical motif content. These results
suggest the surprising conclusion that some of the evolved features that facilitate RBP
interaction /in vivo also function in this /in vitro system. No such difference in binding was
observed for the cytoplasmic RBP MSI1 (Fig. 1H), suggesting that these introns have
evolved preferential binding to specific RBPs — presumably those involved in regulation of
their splicing (see below) — rather than a generic affinity to all RBPs.

For all three RBPs, the presence of additional motifs was associated with increased /n vitro
binding of these intronic sequences (Fig. 11-K, motif counts distinguished by line type).
Compared to sequences flanking constitutive exons, sets of regions flanking mammalian-
wide AS exons were more frequently bound by RBFOX2 at motif count 1, and for MBNL1
at each specific motif count of one or greater, but such a trend was not observed for MSI1
(Fig. 11-K, red versus gray). These observations provide more in-depth confirmation that the
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sequence context of the motifs in ancient AS introns promote their interaction with specific
splicing regulatory RBPs.

Intronic motifs bound in vitro are more likely to exhibit developmental regulation

To test the idea that binding in the nsSRBNS assay is associated with /n vivo regulation of
splicing, we assessed splicing changes in differentiation and developmental settings in which
RBFOX and MBNL proteins are induced. We focused primarily on a neuronal induction
time-course of mESCs into glutamatergic ESC-derived neurons (ESNs) (Hubbard et al.,
2013), which had strong up-regulation of both MBNL and RBFOX family genes, and
secondarily on a heart development study spanning embryonic day 17 to postnatal day 17
(Giudice et al., 2014), in which MBNLs are upregulated. Both MBNL1 and RBFOX2 are
known to exhibit substantial changes in protein abundance during neuronal differentiation
and heart development, impacting alternative splicing (Kalsotra et al., 2008; Underwood et
al., 2005). We observed that the total levels of Mbn/1/Mbn/2transcripts increase during both
neuronal induction and heart development (Fig. 2A, Fig. S2A, top), while levels of RBFOX
family genes increase strongly and then stabilize during neuronal induction (Fig. 2A, Fig.
S2A, bottom).

To assess the developmental regulation of particular exons in these time courses we
calculated monotonicity Z (MZ) scores (Wang et al., 2015) for all expressed exons in these
time courses. The MZ score is a permutation-based measure of the direction of change in
percent spliced in (PSI) of an exon, expressed in standard deviation units. A positive MZ
score (e.g., MZ > 2) indicates monotonic increase in PSI over a time course, while negative
MZ indicates monotonic decrease in exon inclusion (Figs. 2B, S2B). The distributions of
absolute MZ score (capturing both monotonic increase and decrease in exon inclusion)
across both ESN induction and heart development were significantly higher for mammalian-
wide alternative exons compared to mouse-specific or rodent-specific alternative exons
(Figs. 2C, S2C). MBNL sites are most active immediately upstream of skipped exons (Wang
et al., 2012). Comparing the absolute MZ score distributions of these intronic regions bound
in vitroby MBNL1 or RBFOX2 versus those not bound, we observed a substantially larger
number of exons with large [MZ| values among those bound /n vitro (Figs. 2D, S2D). These
observations indicate that binding in the nsSRBNS assay is predictive of /n7 vivo regulation.

Sequence context effects on motif binding in vitro predict in vivo binding and regulation

CLIP-seq analysis of RBP binding /n vivoto individual intronic regions is reasonably
reproducible, with correlations of read densities in intronic regions between technical
replicates of MBNL1 and PTB CLIP experiments ranging from 0.31 to 0.61 using the set of
intronic regions analyzed here (Licatalosi et al., 2012; Poulos et al., 2013) (Fig. S3). To ask
whether the context effects measured by nsRBNS analysis of individual regions relate to /n
vivo binding, we compared the R values of individual regions to the density of RBFOX2
iCLIP-seq reads in mESCs in these regions, considering only regions containing exactly one
RBFOX motif (Fig. 3A). R values from our /n vitro binding assay were significantly
correlated (Rspearman = 0.45, p < 2.2e-16) with iCLIP read density (controlled for expression
level). Because the regions analyzed all contained a single RBFOX motif, differences in
binding between regions reflect exclusively contextual effects. The magnitude of correlation
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observed between in vitro and in vivo binding, almost as high as the correlation between
CLIP replicates, suggests that contextual effects on motif binding that occur in vivo are
similar to those that occur in vitro.

We then explored the extent to which measured differences in /n vitro and /n vivo binding to
different motif-containing introns predicted regulation during ESN differentiation. Oligos
with binding detected by CLIP-seq were substantially more likely to have large |MZ| values,
consistent with more frequent regulation (P = 0.012, Fig. 3B). Furthermore, /n vitro binding
detected by nsRBNS was also associated with greater [MZ], to a comparable but slightly
lesser extent (P = 0.025, Fig. 3B). These results suggest that a substantial portion of relevant
regulatory interactions are captured /n vitro.

Introns flanking ancient alternative exons are more conserved and have less RNA
secondary structure

To explore the sequence properties that may influence RBP binding, we measured sequence
conservation in the assessed oligos using Phastcons scores for genomic coordinates of the
oligo (Siepel and Haussler, 2005) in windows of 40 bp surrounding RBP motifs. Introns
flanking mammalian-wide AS exons were consistently more conserved than those flanking
mouse-specific AS exons (Fig. S4A). Oligos that were bound by MBNL1 and/or RBFOX2
in vitrowere also more conserved than unbound sequences (Fig. S4A). This signature was
not observed for the cytoplasmic RBP MSI1. These observations provide additional
evidence that some intronic regions adjacent to RBP motifs may experience selection to
promote effective binding of regulatory RBPs.

We hypothesized that local RNA secondary structure is a primary contextual feature that
determines whether an RBP does or does not bind to an occurrence of its cognate RNA
motif. Here we used two approaches to assess RNA secondary structure: 1) the
thermodynamic-based software RNAstructure (Reuter and Mathews, 2010); and 2) structure
analysis using Selective 2" hydroxyl acylation analyzed by primer extension followed by
high-throughput sequencing (SHAPE-seq), which identifies flexible regions of RNA that can
be used to constrain possible RNA foldings (Aviran et al., 2011; Mortimer et al., 2012;
Reuter and Mathews, 2010). To determine the structural characteristics of the assessed
oligos, we performed SHAPE-seq analysis on 588 of our oligos in parallel. From these data,
and calculated basepairing probabilities (Ppair) Via SHAPE-assisted RNAstructure analysis
(Aviran et al., 2011; Mortimer et al., 2012; Reuter and Mathews, 2010). In general, introns
flanking mammalian-wide AS exons tended to have more single-stranded character than
those flanking mouse-specific alternative exons or constitutive exons (Fig. S4B).

We next considered the RNA structure of sequences immediately flanking RBP motifs. We
observed that the regions surrounding MBNL1 motifs had significantly lower SHAPE Py
values in oligos that were bound by MBNLL1 /n vitro compared to those that were not bound,
particularly in downstream intronic regions (Fig. 4A). We also observed similar, though
subtler effects in regions surrounding RBFOX2 motifs (Fig. 4B). In the case of MBNL1, the
preferred region of single-strandedness extended at least 20 bases upstream and downstream
of the motif, while for RBFOX2 this region was much smaller. Furthermore, we observed
that bases in the RBP motifs themselves had significantly lower average SHAPE Ppjr values
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in oligos that were bound /n vitro than those that were not bound. This trend held only for
the mammalian-wide AS exons, and only with respect to MBNL1 and RBFOX2 (Fig. 4C),
and not for MSI1 (not shown), and was robust to changes in the R value cutoff used to define
bound oligos (Fig. S4C). MBNL1 and RBFOX2 motifs in mammalian-wide AS oligos that
were bound /n vitro were also significantly more conserved than those that were not bound
(Fig. S4D,E), but no such effect was observed for MSI1 motifs (Fig. S4F). Considering each
nucleotide of the MBNL motifs UGCU and UGCC individually, the pyrimidines flanking
the central GC dinucleotide had significantly lower SHAPE P, values in bound oligos than
in unbound oligos (Fig. S4G), while no bias or preference related to pairing of the GC
dinucleotides was observed (Lambert et al., 2014). Again, this effect was only seen in
introns flanking mammalian-wide AS exons. Perhaps mammalian-wide AS exons contain
additional motif-contextual features besides favorable secondary structure, like flanking
nucleotide composition, that promote efficient binding.

Combinatorial mutagenesis identifies contextual features that promote MBNL1 binding

Our findings indicate that the sequence context in which an RNA maotif occurs plays a
decisive role in determining whether it will be bound by an RBP, and suggest that repressive
RNA secondary structures frequently impede RBP interaction. To test this idea, we selected
two RNA sequences from introns within the Myolband Dina genes that harbor a single high
affinity MBNL1 motif UGCU, but have weak binding to MBNL1 /n vitro (R value < 1.5) or
in vivo, despite high expression in cells where MBNL1 CLIP-seq was performed (Fig. S5A).
Consistent with the trends observed in Figure 4, RNAfold analysis indicated that bases in the
UGCU motifs in these RNAs are predicted to pair with other bases nearby (Fig. 5A, S5H),
and that these RNAs display moderate to high overall secondary structure compared to other
intronic oligos (Fig. S5B). To ask what specific aspects of the sequence context of these
motifs repress MBNL1 binding, we used a combinatorial mutagenesis approach. We
synthesized DNA based on the Myo1band Dinaintrons, but incorporating a ~6%
substitution rate (2% of each non-native base) at every position except the UGCU moitifs,
which remained unmutated. The resulting oligonucleotide pool was /n vitro transcribed,
purified and subjected to RNA sequencing. This approach yielded complex RNA repertoires
with the desired substitution rate and with little apparent synthesis bias (Fig. S5C-G).

To examine the ability of these RNAs to interact with MBNL1 we carried out RBNS with
recombinant MBNL1 or a “no protein” control. In this experiment, termed combinatorial
mutagenesis RBNS (“cmRBNS”), a diverse pool of subtle RNA sequence variants of the
native sequence compete for protein binding in the same reaction. We obtained 10-20
million reads for each “input”, “no protein” and “MBNL1 pulldown” sample. In these pools,
70-99% of the reads were unique (Fig. S5F-G), indicating a highly diverse sequence pool.
For each ancestral sequence, the mutational profiles of the “no protein” and “input” pools
were highly similar (Fig. 5A, S5H, red lines), as desired. In contrast, the mutational profiles
of the MBNL1 pulldown pools showed much greater variability in substitution frequency,
with particular positions enriched or depleted for mutations relative to the input and no
protein pools (Fig. 5A, S5H, blue lines). Further analysis revealed that specific nucleotides
were enriched in the MBNL1 pulldown pools at these positions (Fig. S51,J). Furthermore,
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specific pairs of mutations were enriched to a far greater extent in the MBNLZ1 pulldown
than in the no protein control (Figs. 5C, S5K).

cmRBNS-selected oligos display motif-centric changes in secondary structure

In principle, mutations may improve binding by creating a new MBNL motif, by altering
structure around the motif, or by creating some other (non-structural) favorable sequence
context. We observed a modest preference for substitutions that created new MBNL1 motifs
(discussed below). However, when we excluded reads containing motif-creating
substitutions, we observed many biases that reflected alterations in the RNA structural
context of MBNL1 motifs present in the native sequence and chose to focus most of our
efforts on this class of substitutions. We used /n sifico RNA folding (Lorenz et al., 2011) to
computationally assess the structure of one million randomly selected sequences from the
“input”, “no protein”, and “MBNL1 pulldown” pools for each oligo. For each base in each
sequence, we calculated the probability that it was paired to another base in the sequence,
and the mean basepairing probability (mean Ppir) for that position across all sequences in
the sample. We observed a number of positions with significantly lower or higher mean Py
values in the Myol1boligo “MBNL1 pulldown” sample relative to the “no protein” control
(Fig. 5B). The greatest decreases in mean Pp,jr occurred at a cluster of six positions
(numbers 55-60) centered on the location of the UGCU motif (at 56-59), and at a cluster of
five downstream positions from 102-106 that are predicted to form a stem with positions
59-63, overlapping the UGCU motif. On the other hand, basepairing at positions 51-54 just
upstream of the UGCU motif and at a few other positions was increased in the pulldown
library.

The data were deep enough that they enabled analysis of changes in the mean pairing
probabilities of specific pairs of positions. This analysis (Fig. 5D, S5L) confirmed the
inferences above, showing significantly reduced probability of pairing between the positions
56-63 (overlapping the UGCU) and partners at 102-108, potentially enhancing accessibility
of the UGCU motif. It also revealed significantly increased probability of pairing between
positions 49-54 and 59-64, a stem interaction that would place the first three bases of the
UGCU motif in a hairpin loop. We also examined particular trios of substitutions that were
enriched or depleted in MBNL 1-interacting oligos. The most enriched combination of 3
substitutions, [ A42G, G45U, A62C ], results in a predicted secondary structure in which the
stem overlapping the UGCU in the native structure is disrupted, and the UGCU motif is
instead present in a hairpin loop formed by pairing of positions 49-53 with positions 61-64
(Fig. 5E, right). The most depleted trios of substitutions, [ G47A, G88C, U99C ], also has a
substantial effect on predicted RNA structure, pairing all four bases of the UGCU motif as
part of an extended stem structure that includes pairing of bases 55-60 with bases 81-86,
likely sequestering the UGCU more effectively than in the native structure (Fig. 5E, left).

A similar analysis of the Dina oligo revealed that the primary MBNL motif occurs in the
middle of a strong 16 bp stem, which is essentially impervious to unpairing at a 6% mutation
rate (Fig. S5M). Previously, we have observed MBNL1 affinity for a set of GC-containing
tetranucleotide motifs, including UGCA, using a random pool RBNS approach (Table S2).
Analysis of the pairwise basepair probabilities of the Dtna oligo showed preference for
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reduced secondary structure overlapping a (“secondary”) UGCA motif but not the “primary”
UGCU motif (Fig. S6A-D).

Although reduced basepairing of specific MBNL-associated motifs was observed in both the
Myolband Ditnaoligos, the overall extent of baseparing of the bound pool remained very
similar to that of the input and control RNA pools (Fig. S6E-F), suggesting that localized
changes to motif structural context rather than wholesale loss of structure may be sufficient
to drive binding. Taken together, the cmRBNS experiments support our hypothesis that
presence of repressive RNA structures commonly prevents recognition of RBP motifs.

We then sought to test the splicing regulatory activity of MBNL motifs in different contexts
highlighted by the cmRBNS data. We used a splicing reporter minigene derived from the
mouse V/d/rgene in which MBNL1 enhances inclusion of a skipped exon via binding to a
single motif (Du et al., 2010) (Fig. S6G-H). We replaced the existing intronic Mbnl motif
with an Mbnl motif in the context of the Myo1boligo used in the cmRBNS experiment. The
Mbnl motif was placed in its original Myo1b context (WT) as well as in contexts reflecting
the most depleted (Dep3) and most enriched (Enr3) co-occurring triplets of mutations from
the cmRBNS experiment (Fig. 5E, 6A). Compared to the wildtype Myo1b context, the Enr3
context promoted exon inclusion when MBNL was overexpressed, relative to the original (p
= 0.0005) or Dep3 (p = 0.0003, t-test) context (Fig. 6B, C). These results are consistent with
an increased ability of MBNL proteins to bind the motif in the Enr3 context relative to the
original or Dep3 context. This effect occurred only the context of MBNL1 overexpression
(Fig. 6B, C), directly linking MBNL1 to increased exon inclusion in the Enr3 context.

Some mutations may enhance binding by creating new RBP motifs rather than altering
structure of existing motifs (Fig. 7A). To explore the relative impacts of these two
phenomena on MBNL1 binding, we compared the enrichment in the bound pool relative to
the input pool for the Myo1boligo of: 1) sequences with Ppajr < 0.5 for the primary UGCU
motif; 2) sequences containing one or more new MBNL1 motif(s); or 3) both of these
features. This analysis revealed that having an unpaired original motif and having a new
motif were enriched to a similar extent over input (1.16 versus 1.19, respectively),
suggesting that on average these features impact binding to a similar extent (Fig. 7B).
Sequences having both of these features were enriched to a greater extent, while sequences
with neither feature were depleted in the pulldown fraction. As a control, no enrichment was
observed for sequences with Ppajr < 0.5 at nonmotif positions.

New motifs may not all be created equal. Given the importance of structure observed above,
one might expect that new motifs that arise in positions where they are basepaired would be
less often bound than those that are unpaired. Consistent with this expectation, we observed
substantially higher enrichment for sequences with new motifs with Pp,jr < 0.5 than for those
with higher Pp,jr (Fig. 7C). This was true both for the subset of sequences where the original
motif was paired (1.52 versus 1.10) and for those where the original motif was unpaired
(2.11 versus 1.56). Taken together, these data suggest that context effects will strongly
influence whether or not a newly arising motif is bound and therefore potentially functional.
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Discussion

Most protein-RNA interactions are driven by affinity of an RBP for a specific motif.
However, recent crosslinking data indicate that most occurrences of RBP matifs in
transcripts expressed with the corresponding RBP are not bound /7 vivo. Here, using high-
throughput binding of recombinant protein to pools of natural RNA sequences of 110 nt, we
observed that the context effects on binding to different transcripts containing identical RBP
motifs observed /n vivo are similar to those that occur /n vitro. These effects of motif context
on binding observed /n vitro also predicted the extent of splicing regulation in cellular
differentiation and development, and in a reporter assay. These observations, and the
cmRBNS data, argue that local RNA secondary structures (often occurring within ~100 nt)
play a decisive role in limiting access of RBPs to a large subset of motifs that would
otherwise be occupied, restricting their regulatory activity (Fig. 6).

This finding has important implications and raises further questions. One implication is that
efforts to simulate or predict splicing or other aspects of mMRNA metabolism regulated by
RBPs may be drastically improved if they consider the effects of RNA structure on RBP
interaction with cognate motifs. It is also worth reconsidering how genetic variation
influences the activity of RBPs, e.g., splicing quantitative trait loci (SQTLS), or mutations
that affect splicing, decay or other aspects of MRNA metabolism (Monlong et al., 2014; Pai
et al., 2012). Our results indicate that, in addition to variants that create or disrupt RBP
motifs, one must be equally cognizant of variants that alter RBP access by changing local
RNA structure in the vicinity of motifs in order to capture the full spectrum of variants that
change RNA-based regulation (Fig. 7). For example, we observed significant increased
regulation by MBNL1 as a result of just 3 contextual mutations near a single Mbnl motif
(Fig. 6). Cells may commonly use differences in RNA structure mediated by changes in
temperature, concentrations of metal ions or polycationic proteins like spermines, or the
activities of RNA chaperones or helicases as a regulatory strategy to alter the composition of
MRNPs by changing their secondary structures (Jankowsky, 2001).

Our findings have implications for the evolution of RNA-based gene regulation. A question
arises as to whether the “default” state of an arbitrary motif inserted into a natural RNA
sequence such as a 3' UTR or intron is accessible or inaccessible to RBPs. Evolutionarily,
which usually comes first: presence of the motif or presence of a permissive structural
environment? If RNA structure is widespread, as appears to be the case, there is likely a
large pool of ‘latent’ regulatory capacity in transcripts in the form of RBP motifs made
inaccessible by presence of repressive structures. This perspective emphasizes the potential
for use of RNA structure-altering antisense or small molecule approaches for perturbing
RBP binding and regulation (Guan and Disney, 2012). Of course, structure is not the whole
story; other contextual effects surely also contribute to RBP binding. Understanding the full
spectrum of features that impact whether a given motif occurrence is or is not bound by
protein remains an important goal for future study.

Data Deposition

All sequencing data has been deposited at SRA under accession number SRP080275.

Mol Cell. Author manuscript; available in PMC 2017 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taliaferro et al.

Page 12

Experimental Procedures

Natural sequence RNA Bind-N-seq

Recombinant GST-/SBP-tagged MBNL1, RBFOX2, and MSI1 were purified as previously
described (Jangi et al., 2014; Lambert et al., 2014). Oligonucleotides containing a T7
promoter and the genomic regions described above were /in vitrotranscribed using T7 RNA
polymerase to produce a pool of approximately 12,000 110 nt RNA sequences. A total of
2957, 2947, and 3517 sequences were synthesized from regions surrounding constitutive,
mouse-specific, and mammalian-wide alternative exons, respectively (as well as additional
sequences not analyzed here). RNA Bind-nseq was then performed as previously described
(Lambert et al., 2014; Merkin et al., 2012). Briefly, 10 nmol of RNA pool was incubated
with purified RBP at 3 different protein concentrations (25, 125, 625 nM) for one hour at
22° C. Then RBP was then purified using streptavidin magnetic beads (Invitrogen) and
washed. RNA was eluted from the purified protein by incubation at 70° C for 10 minutes in
elution buffer (10mM Tris pH 7.0, ImM EDTA, 1% SDS), reverse transcribed, subjected to
8-10 cycles of PCR, and prepared for lllumina sequencing. For further analyses, MBNL1
motifs were defined as UGCU, CGCU, and GCUU. RBFOX2 motifs were defined as
UGCAU and GCAUG. MSI1 motifs were defined as UAGUU, UUAGU, AUUAG, UAGUA,
UUUAG, and AUAGU.

Developmental time course analysis

Mouse glutamatergic neuron induction and heart development time-courses (PRINA185305
and SRP029464 respectively) were mapped to MM10 using STAR v2.4.2a (Dobin et al.,
2013). Gene expression TPMs were called using RSEM v1.2.20 (Li and Dewey, 2011) and
percent spliced in values of alternative exons were calculated using MISO (Katz et al.,
2010). MZ-scores were calculated as described in (Wang et al., 2015).

CLIP / RBNS comparisons

RBFOX2 iCLIP data from mouse ES cells (Jangi et al., 2014) was used to compare CLIP
read densities in defined intronic regions to /n vitro RBFOX2 binding data to the defined
intronic regions used in the RBNS assay. Only regions that were in expressed genes (> 5
rpkm) and contained at least one RBFOX2 motif were used. CLIP read densities were
normalized by gene expression values.

For comparisons of technical CLIP replicates, we used high quality CLIP-seq data for
MBNL3 and PTBP2 (Licatalosi et al., 2012; Poulos et al., 2013). Reads were mapped to the
mouse genome. Read densities in defined intronic regions and defined 3' UTR regions were
then calculated and compared between replicates.

Intronic region secondary structure analysis

1m7 SHAPE reagent was provided through kind gifts of Donald Rio, Manny Ares, and
Julius Lucks. In order to produce sufficient coverage across the RNA oligos tested, a subset
of 588 of the original ~12,000 oligos were subjected to SHAPE-seq analysis. SHAPE-seq
was performed as previously reported (Lucks et al., 2011; Mortimer et al., 2012) with the
slight modification of reversing the 5' and 3' adapter sequences to facilitate efficient cluster
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identification during sequencing. Libraries were sequenced on an Illumina HiSeq sequencer
and the resulting reads were trimmed using cutadapt (Martin, 2011) to remove 3' adapter
sequences and then further trimmed to 25 nt. SHAPE reactivity profiles were calculated
using the spats software package (Aviran et al., 2011). These reactivity values, along with
thermodynamic predictions of RNA secondary structure based on primary sequence were
used to calculate basepair probabilities with the RNAstructure software package (Reuter and
Mathews, 2010).

Combinatorial mutagenesis RBNS experiment

DNA oligonucleotides corresponding to exon-proximal intronic regions in the Dtnaand
Myo1b genes were chemically synthesized (CustomArray). At each position a 6% error rate
was introduced during synthesis by spiking in equal amounts of the incorrect nucleotides
(e.g. If position 5 is A, then the synthesis of position 5 would proceed with 94% A, 2% G,
2% T and 2% C). The TGCT MBNL motif sequence within each sequence was synthesized
with a 0% error rate. These oligos were flanked by priming sites for lllumina sequencing
and the T7 promoter sequence. To produce RNA, a T7 oligonucleotide was annealed to the
T7 region within the mutagenized oligo (65 degrees for 5 min and then allowed to cool to
room temperature) and the resulting partially double-stranded oligos were transcribed /in
vitrowith Ampliscribe T7 RNA transcription kit (Epibio) according to manufacturer’s
specifications. RNA products were gel-purified on a 6% TBE-Urea polyacrylamide gel.

MBNL1 protein was purified as described above. The RNA-bind-n-seq assay was performed
as described above with the following slight modifications. Briefly, 100 nM of MBNL
protein on streptavidin or beads alone were incubated with 1.2 uM of RNA in a 250 uL
reaction at 25 C for 30 min. Beads were washed 3 times with binding buffer and MBNL-
RNA complexes were eluted two times by incubating with 50 uL of 4mM biotin (in PBS)
for 15 minutes at 25 C. Eluted RNA was collected by phenol-chloroform extraction. 50% of
RNA recovered was used for RT-PCR and 25% of the resulting cDNA was used for 18
cycles of PCR. 50 picomoles of input RNA were subjected to the same RT-PCR conditions,
with 14 cycles of PCR. The resulting PCR products were sequenced on a NextSeq
instrument (135 bp pair-end). The analysis of the cmnRBNS experiment is described further
in Supplemental Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RBP/RNA interaction measured in vitro is influenced by both RNA motif content and

contextual features

A) The fraction of RBFOX2 RNA motifs (UGCAUG) identified as occupied /n vivo by
RBFOX2 using eCLIP, using genes binned by expression level (x-axis). The dotted line
represents the observed fraction of RBFOX2 motifs that were bound in expressed introns
and 3' UTRs. This fraction was then corrected to take into account the estimated sensitivity
of the eCLIP assay to create a maximum expected fraction as described in supplementary
Methods. Lines and shaded areas represent mean and standard deviation, respectively. B)
Phylogenetic tree shows the relative evolutionary age of mouse, rat, cow, and macaque.
Cassette exons (blue) were classified according to their evolutionary age of alternative
splicing (Merkin et al., 2012) — see Supplemental Methods. C) Considering intronic regions
downstream of cassette exons in each evolutionary age group, the percent of introns that

show significant interaction with RBFOX2 /n vivo in mESCs are

shown. Tandem bars show

introns without (-, left) or with (+, right) an RBFOX2 motif. D) Experimental design of
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natural sequence RBNS experiment. E) As in C, except that the y-axis signifies the fraction
of oligos that were bound by RBFOX2 in vitro. F) Intronic regions corresponding to exons
of younger evolutionary ages were subsampled to match the RBFOX2 motif counts in the
mammalian-wide set. The average fraction of introns with RBFOX2 CLIP peaks in 50
independent subsamples is shown. Error bars show standard deviation. G) As in F, but shows
MBNL1 binding of oligos subsampled to match the MBNL motif count in the mammalian-
wide set. H) As in F, but showing MSI1 binding of oligos subsampled to match the MSI1
motif number in the mammalian-wide set. 1-K) The cumulative distribution function of
RBNS R scores is shown for intronic regions flanking constitutive (gray) and mammalian
(red) exons for I) RBFOX2, J) MBNL1 and K) MSI1 RBNS experiments. Distinct line types
correspond to different motif numbers for the indicated RBP. See also Figure S1.
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Figure 2. Intronic sequences flanking exons regulated during in vivo differentiation are more
often bound in vitro

A) Expression levels of Mbn/and Rbfox transcripts during the induction of mouse
embryonic stem cells into glutamatergic neurons. B) Diagram of Monotonicity z-score (MZ
score) definition during neuronal differentiation. Exons with negative MZ scores show
consistent, monotonic decrease in inclusion while those with positive MZ scores show
consistent, monotonic increase. C) Cumulative distributions of absolute monotonicity scores
of mammalian, rodent and mouse skipped exons during /7 vitro neuronal differentiation
show mammalian-wide AS exons are more likely to be developmentally regulated. D) The
distribution of monotonicity scores during neuronal induction for exons flanked by /n vitro
bound and unbound intronic RNAs. Because MBNL sites are most active in the intronic
sequence immediately upstream of skipped exons, we considered those regions for this
analysis. Introns flanking exons that are regulated /n vivo were more likely to be bound by
MBNLL1 /n vitro. See also Figure S2.
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Figure 3. RBP/RNA interactions measured in vivo are recapitulated in vitro
A) Scatter plot of the RBNS R scores for RBFOX2 motif-containing introns versus

RBFOX2 CLIP-seq density in mESCs. Colors correspond to evolutionary age. B) The
regulation of alternative exons during neuronal differentiation was measured and plotted as
MZ scores. Introns flanking these exons were classified as bound and unbound both /n vitro
and /n vivo. The cumulative distribution of MZ scores for each class of intronic sequence is
shown. P-values are from Wilcoxon rank-sum tests between bound and unbound sequences.
See also Figure S3.
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Figure 4. Reduced basepair probabilities in and around motifs bound by RBPs in vitro

1duosnuepy Joyiny

1duosnue Joyiny

A, B) Basepair probabilities in intronic RNA oligos surrounding mammalian alternative
exons are shown for sequences immediately surrounding MBNL1 (A) and RBFOX2 (B)
motifs. RNA oligos have been classified based on whether or not they were bound by the
RBP Jjn vitro. Lines represent LOESS fits of the basepair probabilities while shaded areas
represent the 95% confidence interval of the fit. C) Basepair probabilities were calculated as
in B and then averaged across the nucleotides of each motif occurrence. Motifs were
separated based on whether the RNA sequence they are contained within was bound /n vitro
by the indicated RBP (line type) and the evolutionary age and regulation of the neighboring
alternative exon (color). See also Figure S4.
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Figure 5. Distinct patterns of RNA mutations lead to increased RBP/RNA interaction through
secondary structure rearrangements

A) Frequencies of mutations at each position across the randomly mutated Myo1b RNA
oligo. The frequencies of mutations in the input, no protein control pulldown, and MBNL1
pulldown RNA pools were calculated for each position in the oligo. The frequencies in each
pulldown were compared to the frequencies in the input RNA pool. Adapter and motif
regions (shaded) were held constant and thus have mutation frequencies of zero. The MFE
structure of the wildtype Myo1b oligo is shown above the sequence. Positions at which the
MBNL1 pulldown frequency was greater than the 99t percentile of no protein control
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frequencies are marked with an asterisk. B) One million randomly selected My016 RNA
oligos from each of the input, no protein pulldown, and MBNL1 pulldown libraries were
computationally folded to assess secondary structure. The difference in mean basepair
probabilities at each position between pulldown oligos and input oligos are shown. For each
position, the statistical significance (Wilcoxon rank sum) of the basepair probability
difference between the pulldown oligos (MBNLZ1 and no protein) and input oligos was
calculated. Positions at which the P value for the MBNL1 pulldown was greater than the
99t percentile of P values for the no protein control across all positions are marked with an
asterisk. C) The relative frequencies (MBNLZ1 pulldown / input) of co-occurring pairs of
mutations in the Myo1b oligo are shown in the lower triangle. The most enriched pairs of
mutations are shown here. In the upper triangle, the relative frequencies (No protein control
pulldown / input) of these co-occurring mutation pairs are shown. D) As in B, one million
randomly selected Myo1b RNA oligos from the input and MBNL1 pulldown libraries were
computationally folded to assess secondary structure. For each (4 /) pair of positions, the
mean probability across those million sequences that bases 7and jwere paired was
calculated. The difference in mean probability between input and MBNLL1 pulldown
libraries is shown. E) The centroid predicted structure for the wildtype Myo1boligo
(center). Bases that have predicted basepair probabilities of greater than 0.9 or less than 0.1
are outlined in red and blue, respectively. The position of the MBNL motif is indicated with
green dots. Introducing the most enriched trio of mutations from the MBNL1 pulldown (blue
dots, right) results in a different predicted structure with the MBNL motif less paired.
Conversely, introducing the most depleted trio of mutations from the MBNL1 pulldown
(orange dots, left), resulted in a predicted structure with the MBNL1 motif more paired. See
also Figure S5.
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Figure 6. cmRBNS-enriched mutations enhance regulatory activity
A) Schematic design of splicing reporter construct based on mouse V/d/ralternative exon

16. The intronic Mbnl motif was replaced by an Mbnl matif in specific contexts derived
from cmRBNS analysis of the Myo1boligo (Fig. 5). The original Myo1b context was used
along with the Enr3 and Dep3 contexts representing the most significantly enriched and
depleted triplets of mutations. B) Semi-quantitative RT-PCR analysis of exon inclusion using
the original, Enr3 and Dep3 contexts. MBNL levels were modulated by using Mbnl1/Mbnl2
double knockout MEFs, wildtype MEFs, and Mbnl1 overexpression MEFs. C) sqRT-PCR
analysis of 3 biological replicate experiments like those in B, with 3 replicates of each PCR
assay. Error bars represent standard deviation. P-values by t-test. See also Figure S6.
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Figure 7. The appearance of new motifs and increased accessibility of the original motif are
approximately equally enriched in the MBNL1 pulldown

A) Model for acquisition of RBP binding. In principle, RBP binding may arise in two ways
in mutated oligos. Mutations could result in the appearance of new MBNL motifs (upper
arrow), which may fall in unpaired (top) or paired (below) regions. Mutations may also
result in changes to the RNA secondary structure around the original MBNL motif,
promoting binding by increasing the accessibility of a pre-existing motif. B) Relative
enrichments of the indicated classes of RNA sequences in the MBNL1 pulldown compared
to input. Secondary structure change around nonmotif sequences was not enriched (left).
However, reduced basepairing (Ppajr < 0.5) of the original MBNL motif (yellow) and
appearance of new MBNL motifs (blue) were enriched singly and the co-occurrence of both
phenomena was strongly enriched (green). C) Appearance of new unpaired motifs (blue)
was more strongly enriched than appearance of new motifs that were basepaired (gray).
RNA sequences containing both an unpaired original motif and an unpaired new motif
(purple) were the most enriched class. Error bars correspond to 95% confidence intervals.
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