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complex LASR
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L. Black®”
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2Molecular Biology Interdepartmental Ph.D. Program, University of California, Los Angeles, Los
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Summary

Rbfox proteins control alternative splicing and posttranscriptional regulation in mammalian brain,
and are implicated in neurological disease. These proteins recognize the RNA sequence
(UYGCAUG, but their structures and diverse roles imply a variety of protein-protein interactions.
We find that nuclear Rbfox proteins are bound within a large assembly of splicing regulators
(LASR), a multimeric complex containing the proteins hnRNP M, hnRNP H, hnRNP C, Matrin3,
NF110/NFAR-2, NF45, and DDXS5, all approximately equimolar to Rbfox. We show that splicing
repression mediated by hnRNP M is stimulated by Rbfox. Virtually all the intron-bound Rbfox is
associated with LASR, and hnRNP M motifs are enriched adjacent to Rbfox crosslinking sites in
vivo. These findings demonstrate that Rbfox proteins bind RNA with a defined set of cofactors,
and affect a broader set of exons than previously recognized. The function of this multimeric
LASR complex has implications for deciphering the regulatory codes controlling splicing
networks.

Introduction

Patterns of alternative pre-mRNA splicing are controlled by specialized proteins that
assemble onto the pre-mRNA and control splice site choices (Fu and Ares, 2014; Lee and
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Rio, 2015). The Rbfox family of splicing regulators includes three mammalian paralogs
Rbfox1 (A2BP1), Rbfox2 (RBM9), and Rbfox3 (NeuN) that are all expressed in neurons
and can show specific expression in other cell types (Kuroyanagi, 2009).

Rbfox proteins affect a wide range of synaptic and neurodevelopmental functions.
Conditional Rbfox1 deletion in the mouse brain leads to a seizure phenotype, while mice
without brain Rbfox2 exhibit cerebellar defects and ataxia (Gehman et al., 2012; Gehman et
al., 2011). Mutations in Rbfox1 and Rbfox3 are found in human epilepsy patients (Bhalla et
al., 2004; Lal et al., 2013a; Lal et al., 2013b), while other findings connect Rbfox1 with
autism spectrum disorders and spinocerebellar ataxias (Bill et al., 2013). Rbfox2 is also
upregulated in certain cancers and controls exons during the epithelial-mesenchymal
transition (Braeutigam et al., 2014; Venables et al., 2013). These findings have led to
substantial clinical interest in Rbfox protein function.

The Rbfox proteins all contain a single highly conserved RNA recognition motif (RRM) that
specifically binds the sequences UGCAUG and GCAUG (Auweter et al., 2006; Jin et al.,
2003; Lambert et al., 2014). Alternative promoters and alternative splicing produce multiple
protein isoforms from each Rbfox locus, with varying subcellular localization and splicing
activity (Damianov and Black, 2010; Lee et al., 2009; Nakahata and Kawamoto, 2005). In
addition to controlling splicing patterns, cytoplasmic Rbfox isoforms bind to 3’ UTR targets
to affect downstream gene expression (Lee et al., 2016). Target transcripts for both nuclear
and cytoplasmic proteins encode many proteins essential to neuronal development and
synaptic activity (Gehman et al., 2012; Gehman et al., 2011; Lee et al., 2016; Lovci et al.,
2013; Weyn-Vanhentenryck et al., 2014).

Typically, binding of Rbfox to a (U)GCAUG element downstream of the alternative exon
promotes its splicing, whereas binding to an upstream element, or an element within the
exon, represses exon inclusion (Jangi et al., 2014; Lovci et al., 2013; Tang et al., 2009;
Weyn-Vanhentenryck et al., 2014; Yeo et al., 2009; Zhang et al., 2008). However, many
(U)GCAUG elements proximal to alternative exons do not affect splicing or exhibit Rbfox
binding. Conversely, (U)GCAUG elements located more than 500 nucleotides away from a
target exon can function through base-pairing interactions that bring the bound protein closer
to the exon (Lovci et al., 2013). Moreover, some Rbfox binding sites identified in
genomewide assays do not encompass a (U)GCAUG element. Thus, the features
determining whether and how Rbfox will affect splicing are not understood.

We find that nuclear Rbfox proteins function within a large macromolecular complex
containing a distinct set of other splicing factors that affect the recruitment of Rbfox to its
targets.

Rbfox proteins engage in distinct protein and RNA interactions in different nuclear
compartments

To examine the portion of Rbfox protein engaged with nascent RNA, we isolated nuclei
from brain tissue followed by lysis in Triton X-100. The majority of Rbfox proteins pelleted
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with chromatin and other high molecular weight (HMW) material, with less than 10% of the
protein present in the soluble nuclear fraction (Fig. LAB). Rbfox proteins could be extracted
from the pellet fraction using RNase, and more efficiently with Benzonase nuclease that
cleaves both RNA and DNA (Fig. 1AB), and which removed more than 99% of the bulk
RNA from the fraction. We used this method to prepare subnuclear extracts from both
mouse brain and cultured cells. Note that this extraction differs from methods to isolate
nascent RNA, in which the chromatin is pelleted in high salt and urea to eliminate many
intermolecular interactions while maintaining RNA polymerase association with DNA and
nascent RNA (Khodor et al., 2011; Pandya-Jones and Black, 2009; Wuarin and Schibler,
1994). Our intent was to preserve protein-protein interactions while eliminating interactions
mediated by RNA. The pellet fraction contains high molecular weight material that is spun
down with chromatin, but is not necessarily in direct interaction with it. The release upon
nuclease treatment indicates that a large portion of Rbfox protein is associated with RNA
(see below).

Different types of splicing regulators exhibited different partitioning between the HMW
fraction and the soluble nucleoplasm (Fig. 1B and S1). Similar to Rbfox, the majority of
hnRNPs A1, A2/B1 and Q/R, as well as the SR proteins, were found in the HMW pellet and
released with nuclease (Fig. 1B and S1, in Fig. S1 compare the input lanes). These proteins
are enriched in nuclear speckles, indicating that nuclear speckle material also pelleted with
the HMW fraction (Misteli et al., 1998; Tripathi et al., 2012). Unlike Rbfox, splicing factors
such as PTBP2 and hnRNP K showed approximately equal distribution between the HMW
and soluble fractions. Other proteins such as Nova were enriched in the soluble nuclear
fraction (Fig. 1B and S1).

To examine Rbfox/RNA interactions in these two nuclear compartments, we performed
individual nucleotide resolution crosslinking immunoprecipitation (iCLIP) on fractions of
adult mouse brain (Kénig et al., 2010). UV-irradiation of triturated brain tissue did not alter
the location of the Rbfox proteins (Fig. S2A). /n vivo crosslinking data was generated for
Rbfox1, Rbfox2, and Rbfox3 in the HMW fractions of adult mouse forebrain and hindbrain,
and for Rbfox1 in the soluble nuclear fraction of these regions. Crosslinked Rbfox1, 2 and 3
were also isolated from the soluble nuclear fraction of whole mouse brain (Table S1A).
Crosslinked sequences were aligned to the mouse genome and significant clusters of iCLIP
tags were defined (Konig et al., 2010). Crosslinking commonly generates an iCLIP tag
terminating one nucleotide downstream. This position was frequently, but not always within
a (U)GCAUG element (see below). The identified clusters overlapped with previous maps of
Rbfox binding from unfractionated brain tissue (Lovci et al., 2013; Weyn-Vanhentenryck et
al., 2014, Fig. S2BC). CLIP clusters for Rbfox1, 2 and 3 were found adjacent to the majority
of alternative exons whose splicing was altered by brain-specific deletion of the Rbfox1 or
Rbfox2 genes (Gehman et al., 2011; Gehman et al., 2012). The overlap between Rbfox1, 2,
and 3 binding sites supports the hypothesis that functional redundancy reduces the
magnitude of splicing changes in Rbfox knockout mice.

The HMW and soluble fractions differed dramatically in the positions of Rbfox binding. In
other cells, most unspliced RNA was found in the HMW pellet even after stringent wash
conditions (Bhatt et al., 2012; Khodor et al., 2011; Pandya-Jones and Black, 2009). In
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agreement with this, the majority of Rbfox binding in the soluble fraction from brain was in
3’ UTR regions. (Fig. 2A), whereas 90% of crosslinking events from the HMW fraction
were in introns, indicating predominant Rbfox association with unspliced RNA in this
compartment. The patterns of Rbfox binding are illustrated on the Snap25 transcript (Fig.
2B), which contains a pair of Rbfox-regulated mutually exclusive exons (Gehman et al.,
2012; Gehman et al., 2011; Johansson et al., 2008). In the HMW fraction, the majority of
crosslinking events were in the intron downstream of the two exons, with the 3’ UTR
showing only one prominent Rbfox binding cluster. In the soluble fraction, intron clusters
were largely absent (in keeping with the spliced structure of the transcript), whereas the 3’
UTR showed a broadly distributed set of clusters (Fig. 2B). Similar patterns of binding were
seen for multiple other transcripts (see supplemental data). The 3’ UTR binding in the
soluble nuclear fraction was similar to that seen in the cytoplasm (Lee et al., 2016) and may
represent processed mRNA that is not yet exported from the nucleus. RT-PCR measurements
indicated that unlike the limited intron crosslinking in the soluble fraction, the lack of
binding was not due to reduced amounts of 3’ UTR RNA in the HMW fraction (data not
shown). The 3’ UTR of Snap25 mRNA was present in both fractions but not bound by Rbfox
until release to the soluble pool. The patterns of crosslinking indicate that more than simple
(U)GCAUG recognition determines Rbfox binding to RNA.

Rbfox isoforms are subunits of a much larger complex of proteins

IP and mass spectrometry indicated that the Rbfox proteins specifically associated with other
proteins in the brain HMW fraction (data not shown), but characterization of these
complexes required additional purification. To examine Rbfox interactions in detail, we
generated HEK?293 cell lines stably expressing N-terminally Flag-tagged Rbfox 1, 2, or 3
(Fig. 3A). Each cell line contained a single flipped-in Rbfox transgene expressing
physiological or lower levels of protein compared to brain. The Rbfox proteins exhibited the
same enrichment in the HMW nuclear fraction of these cells as in neurons (see below). We
immunopurified the Rbfox proteins from this fraction. Elution with Flag peptide yielded a
defined set of co-purifying proteins seen on coomassie stained gels at nearly equal
stoichometry to the tagged Rbfox protein (Fig. 3A). The pattern of copurifying bands was
nearly identical for Rbfox1, 2 and 3. Multidimensional protein identification technology
(MuDPIT) and immunoblots identified the major interacting partners (Fig. 3A and Fig.
S3A). Two splicing factors, hnRNP M and hnRNP H, (which was previously shown to bind
to Rbfox2; (Mauger et al., 2008)) were present at slightly higher stoichiometry to Rbfox.
Proteins at near equal amounts to Rbfox included matrin3, NF110/NFAR-2, NF45, and the
DEAD-box helicase DDX5/p68. Somewhat lower levels of hnRNP U-like-2 and hnRNP C
were also present, as were relatives of the above proteins including MyEF2 (an hnRNP M
homolog), hnRNP F, and DDX17/p72 (Fig. 3A and S3A). The same set of proteins was
found to associate with Rbfox proteins in mouse brain (Fig. 3B and data not shown).
Numerous other RNA binding proteins and splicing factors were absent from the Rbfox
purifications, including the major SR proteins, hnRNP A1/B2, A2/B1, R, Q, K, PTBP1 and
others (Fig. S3A and data not shown).

Some interactions with Rbfox were specific to particular isoforms. NF110/NFAR-2, the
largest product of the ILF3 gene has an extended C-terminus absent from the more abundant
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NF90/NFAR-1 isoform (Saunders et al., 2001). Notably NFO0/NFAR-1 did not copurify
with Rbfox proteins (Fig. S3A), implicating the C-terminal domain of NF110 in this
interaction (Reichman and Mathews, 2003). Similarly, hnRNP H1 and H2 copurify with
Rbfox more efficiently than the homologous hnRNP F (Fig. 3A, Fig. S3A), whereas for
hnRNP M and hnRNP C, family members bound with equal efficiency (Fig. 3A and Fig
3B). The Rbfox interacting proteins were not seen in other immunoprecipitates, such as
PTBP1, from brain or HEK293 cells. The strikingly similar stoichiometry of the copurifying
proteins, their isoform specificity, and the absence of other RNA binding proteins in the
isolate indicated that Rbfox bound with a specific set of interactors and was not copurifying
with these proteins via a common interaction with RNA.

Since multiple proteins were isolated in amounts equal to the tagged Rbfox, it appeared that
the Rbfox proteins associated with a single complex, rather than making multiple
independent interactions. To examine this, we immunoprecipitated Flag-tagged hnRNP M
and hnRNP H proteins transiently expressed in HEK293T cells (Fig. S3BC). These
overexpressed proteins distributed between the soluble nucleoplasm and the HMW fraction.
In the HMW but not the soluble nuclear fraction, both hnRNP M and H copurified with the
same set of proteins found with Flag-Rbfox. These proteins were again isolated at similar
stoichiometry to each other, although in this case less abundantly than the overexpressed
hnRNP M or H (Fig. S3BC). HnRNP M interacted with two additional proteins SRSF14 and
hnRNP Q/R. The proteins copurified with hnRNP H or M in the absence of co-expressed
Rbfox protein, but when HA-tagged Rbfox3 was transfected this protein was isolated with
Flag-hnRNP M (Fig. S3B). These results indicate that the Rbfox proteins in the HMW
fraction associate with a defined complex of other proteins that can assemble without Rbfox.

To examine the size of the Rbfox complexes we separated the soluble and HMW nuclear
fractions from mouse brain by sedimentation through glycerol density gradients (Fig. 3B).
Interestingly, the majority of all three Rbfox proteins in the HMW fraction sedimented as a
very large protein complex with an average size of 55S (Fig. 3B; See the anti-Rbfox RRM
panel). The abundant proteins copurifying with Flag-Rbfox all showed cosedimenting peaks,
including hnRNP M/MyEF2, hnRNP H, hnRNP C, NF110, and NF45 (Fig. 3B). Unlike
Rbfox where the majority of the protein was 55S in size, portions of the other proteins
sedimented as likely monomers (Fractions 1-2) and smaller complexes (Fractions 4-6). In
the soluble nuclear fraction, these proteins also sedimented as free proteins and small
complexes at the top of the gradient (data not shown). Numerous other splicing factors,
including hnRNP A1, hnRNP K, Nova, PTBP2, the SR proteins and others that did not
copurify with Rbfox proteins did not sediment in the 55S fraction, but were found as free
proteins or complexes up to about 20S in size (Fig. S1). Notably NF90, containing the same
N-terminal double-stranded RNA binding domains as NF110 but lacking its C-terminal
domain, failed to cosediment with Rbfox just as it did not copurify with the Flag-Rbfox
proteins (Fig. 3B).

We also examined gradients of the HMW fraction from HEK293 cells, probing for Rbfox1
and its interacting proteins hnRNP H and M. Similar to brain, all the Flag-Rbfox1 was found
at ~55S, accompanied by peaks of hnRNP H and M (Fig. 4A). Some hnRNP H and M were
also present as smaller complexes and apparent monomers (Fig. 4A), and only these smaller
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forms were seen in the soluble nuclear fraction (Fig. S3D). The 55S peak of hnRNP H and
M was also observed in HEK293 cells not expressing an Rbfox transgene (data not shown).
Since these cells express low levels of Rbfox2, it is not clear if Rbfox is responsible for the
high S value of the H and M proteins, or if additional complexes assemble from these
proteins. The data indicate that nearly the entire nuclear pool of Rbfox proteins is associated
with a large nuclease-resistant complex of proteins in both the brain and HEK293 cells.

The total mass of one copy of each protein in the flag eluate is not sufficient to yield a 55S
complex, which is expected to be in the megadalton range. To further assess the size and
heterogeneity of these protein complexes, we analyzed each fraction across the gradient by
native protein gel and immunoblot to identify Flag-Rbfox and hnRNP M containing species.
Probing these gels with anti-Flag antibody identified slowly migrating complexes in the
fractions containing Rbfox protein (Fig. 4B, top). Interestingly, these complexes increased in
size in fractions of successively higher S value. This indicates that the Rbfox complexes are
heterogeneous, with an average size of 55S. Probing the gel with anti-hnRNP M antibody
labeled the same complexes containing Rbfox, a small species in fraction 2 that is likely
monomeric hnRNP M, and a complex lacking Rbfox in gradient fractions 2-6 (Fig. 4B,
bottom). This complex may be a precursor to the larger 55S population of complexes
containing Rbfox.

Taken together these data indicate that the Rbfox proteins assemble with a large complex of
proteins containing hnRNP M, hnRNP H, Matrin3, hnRNP U-like-2, hnRNP C, NF110,
NF45, and DDX5/17. We call this complex a Large Assembly of Splicing Regulators
(LASR). We next examined how the interaction of Rbfox with LASR might affect splicing.

Rbfox can repress splicing through the binding element for another LASR component

hnRNP M

The iCLIP and biochemical analyses together indicate that the intron-bound Rbfox protein is
all associated with LASR and thus likely regulates splicing as a part of this assembly. LASR
components are also found as free proteins and presumably have functions in addition to
their role in LASR. The LASR subunit hnRNP M regulates splicing during the epithelial
mesenchymal transition (EMT, Hovhannisyan and Carstens, 2007; Xu et al., 2014).
Interestingly, the activity but not the expression of hnRNP M was found to change during
EMT, whereas Rbfox2 is upregulated during this transition (\enables et al., 2013; Xu et al.,
2014). To test the effect of Rbfox on hnRNP M splicing activity, we created a three exon
minigene based on DUP51EK (Amir-Ahmady et al., 2005), where the second exon contains
an hnRNP M consensus binding motif, UGGUGGUG, as defined by CLIP analysis (Huelga
et al., 2012). We mutated other potential hnRNP M binding sites and all GCAUG motifs, to
create DUP-51M1. An equivalent minigene carried a mutation in the hnRNP M site
(DUP-51AMsite; Fig. 5A). In gel shift assays, purified hnRNP M bound this exon but not
the mutant exon, whereas purified Rbfox2 did not bind either the wildtype or mutant exon
(Fig. S4ABC). Depletion of hnRNP M by RNAI stimulated splicing of DUP-51M1 exon 2,
as did mutation of the M site, confirming that hnRNP M acts as a silencer of the exon (Fig.
S4D). We also found that hnRNP M crosslinked to DUP-51M1 pre-mRNA /7 vivo and that
this crosslinking is reduced by the M site mutation (Fig. S4E).
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DUP51M1 and DUP-51AMsite were transfected into HEK293T cells, with and without an
Rbfox3 expression plasmid. Coexpression of Rbfox3 strongly inhibited target exon splicing
of DUP-51M1, but had minimal effect on DUP-51AMsite (Fig. 5B). Thus, Rbfox can alter
the splicing of an exon containing an hnRNP M site. The /n vivo association of Rbfox3 with
this transcript was confirmed by crosslinking, anti-Flag IP, and RT-PCR of the pre-mRNA
(Fig. 5C). The DUP-51M1 transcript was readily detected in the RNA crosslinked to
Rbfox3, and this was strongly reduced by mutation of the M site (Fig. 5C Bottom panel).
GAPDH RNA, which crosslinked at moderate levels to the over-expressed Rbfox3 was used
to normalize band intensities. The M site mutation did not reduce the level of precursor RNA
to cause the reduced Rbfox binding (data not shown). The crosslinking of Rbfox3 indicated
close proximity to the reporter premRNA that was dependent on the M site.

To generally assess the effect of Rbfox proteins on hnRNP M activity, we profiled exon
inclusion across the transcriptome in a modified HEK cell line where the low level of
endogenous Rbfox2 was eliminated by CRISPR/Cas9 deletion of an early exon in the
Rbfox2 gene (data not shown). Rbfox1 was introduced at the flip-in locus to yield two cell
lines plus and minus Rbfox1 expression (Fig. 6). HNRNP M could be efficiently depleted
from both lines by RNAI without affecting Rbfox1 expression (Fig. 6A). Profiling
alternative exon use in the four conditions in triplicate by RNAseq and rMATS (Tables S1B
and S4; Shen et al., 2014), we identified hnRNP M dependent exons in the presence of
Rbfox1, and Rbfox1 dependent exons in the presence hnRNP M (Fig. 6BC). We found that
the effect of hnRNP M on both exon activation and exon repression was strikingly reduced
when Rbfox1 was absent (Fig. 6B). Of 225 exons whose inclusion was increased or
decreased by M depletion in Rbfox1 expressing cells, 144 showed a 15% or greater
reduction in this effect in the absence of Rbfox1. To control for bias arising from exon
selection, we carried out the reverse analysis of hnRNP M dependent exons defined in the
absence Rbfox1. A significantly smaller fraction of these exons were sensitive to Rbfox1
(two-sided p-value < 2.0x107° by Fisher's exact test). Thus the shift in splicing observed in
Fig. 6B was not due to biassed exon selection. These results confirmed that hnRNP M
activity was affected by Rbfox.

Reciprocal analyses examined the dependence of exons on Rbfox1 in the presence and
absence of hnRNP M (Fig. 6C). RNAI depletion of hnRNP M was not as stringent as Rbfox
knockout, leaving about 10% of the endogenous hnRNP M and all of the possibly redundant
paralog MyEF2 (data not shown). Nevertheless, of 726 Rbfox1 dependent exons identified
in the hnRNP M expressing cells, 329 were less affected by Rbfox1 when hnRNP M was
absent (defining the same parameters as 6B). We found that depletion of other LASR
components often inhibited cell growth, and/or altered expression of Rbfox proteins. Testing
the effects of these proteins on Rbfox activity will likely require different approaches.

The binding of Rbfox to its target element is affected by adjacent sequence motifs

To assess whether LASR components affect where Rbfox binds, we analyzed sites of Rbfox
crosslinking for enriched binding motifs. Among the LASR subunits, hnRNP M binds to
GU-rich motifs (Huelga et al., 2012), hnRNP C to polyU sequences (Gorlach et al., 1994;
Kdnig et al., 2010; Swanson and Dreyfuss, 1988), and hnRNP H to polyG and GGGA
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sequences (Caputi and Zahler, 2001; Chou et al., 1999; Huelga et al., 2012). We defined
high confidence binding sites as intronic sequences containing overlapping iCLIP clusters
for all three Rbfox proteins in either the forebrain or hindbrain HMW fractions. These
regions were analyzed for pentamer frequencies (See Supplemental Experimental
Procedures; Table S2). Based on the previous CLIP analyses (Huelga et al., 2012), we
defined possible hnRNP M binding motifs as all pentamers containing 3 G’sand 2 U’s or 3
U’s and 2 G’s but without more than 2 Gs or Us in a row. This definition includes all the
described binding pentamers, but it is likely that some sequences within this group bind
hnRNP M better than others. HnRNP C pentamers included U5 and all pentamers containing
4 continuous U nucleotides. Similarly, hnRNP H pentamers included G5 and all pentamers
containing 4 continuous G’s. Within the large set of Rbfox binding regions, both hnRNP M
and hnRNP C motifs were highly enriched, whereas hnRNP H motifs were depleted relative
to a control distribution (Fig. S5).

GCAUG was the most enriched pentamer in the high confidence binding regions and this
motif was often aligned precisely at the crosslink site (Fig. 2B and S5). However, as seen
previously, many iCLIP clusters did not contain the GCAUG motif (Jangi et al., 2014; Lovci
et al., 2013; Weyn-Vanhentenryck et al., 2014; Yeo et al., 2009). We subdivided the intronic
binding regions into two sets: A) those containing a GCAUG or a UGCAU within £ 40
nucleotides of the crosslink site and B) those without such a proximal Rbfox binding motif.
These two sets of sequences were analyzed for pentamer frequencies (Fig. 7A and 7B, with
all motif scores in Table S3). Binding regions in Set A showed the expected enrichment of
its component GCAUG and UGCAU pentamers (Fig. S5). In the Set B binding regions, U
pentamers were the most enriched motifs, and were more common than in Set A (compare
Fig. 7A and 7B). Similar to the entire high confidence set of iCLIP clusters (Fig. S5), GU
pentamers were highly enriched in both subsets of binding regions. These data indicate that
binding sites for other LASR components are commonly found adjacent to sites of Rbfox
binding.

To examine the positions of particular motifs relative to the crosslink sites, we further
refined two smaller groups of intronic Rbfox iCLIP clusters. Group 1 contained a GCAUG
within five nucleotides upstream or downstream of the crosslinking site defined as position 0
(orange lines in Fig 7C). As seen previously (Jangi et al., 2014; Weyn-Vanhentenryck et al.,
2014), the GCAUG pentamer most frequently began at either position —4 or 0, consistent
with crosslinking to the second or the first guanine of a GCAUG motif (Fig. 7C, top). The
second group of clusters (red lines in Fig. 7C) contained crosslink sites more than 100 nt
away from the nearest GCAUG. In Group 2 clusters, Rbfox crosslinking is presumably
determined by other interactions than GCAUG recognition, although it is possible that
secondary structure brings a distal GCAUG motif close to the crosslinked region. The U5
motif was strongly enriched precisely at the crosslink sites of the Group 2 clusters (red line,
Fig. 7C bottom), with the most frequent crosslink at U2. This motif showed no enrichment at
particular positions adjacent to the GCAUG crosslink sites (orange line).

Individual GU pentamers were enriched at particular positions in both groups of crosslinking
sites (Fig. 7C shows the GU pentamers with the top z-scores). In Group 1 clusters, these GU
pentamers were enriched at upstream and downstream positions directly abutting the
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crosslinked GCAUG, as well as further upstream of the GCAUG motif. Since all the Rbfox
is assembled with LASR, the common position of these pentamers presumably reflects the
binding of another LASR protein — most likely hnRNP M. The Group 2 clusters showed
different patterns of GU pentamer placement (Fig. 7C, red lines), with peaks very close to
the crosslink site, and dispersed enrichment in the adjacent sequence.

The most enriched GU-rich pentamer in these Group 2 clusters was UGUUG. To examine
the activity of this element in splicing, we made a new splicing reporter with the duplicated
element UGUUGUGUUG in the exon (DUP-50M1, diagramed in Fig. S6A). This fused
element also contains a UGUGU pentamer that is enriched in Group 2 clusters. Purified
hnRNP M but not Rbfox2 bound this exon /n vitro, and the M binding was eliminated by
mutation of the element (Fig. S4ABC). This element but not its mutant rendered the exon
repressible by Rbfox3 and stimulated crosslinking of Rbfox3 to the transcript /n vivo (Fig.
S6BC), similar to the hnRNP M element defined by iCLIP (Fig. 5BC).

For every GCAUG sequence within an iCLIP cluster, there can be dozens of exact
UGCAUG sequences within the same transcript that do not exhibit crosslinking and
presumably do not bind Rbfox. To examine the contribution of adjacent nucleotides to
Rbfox binding, we aligned the central GCAUG motifs from the Group 1 clusters and plotted
the nucleotide frequency at adjacent positions. The highest probability sequence flanking the
GCAUG from position —15 to position +15 consisted of alternating G and U nucleotides
(Fig. 7D, top). This pattern was compared to UGCAUG hexamers from introns containing
iCLIP clusters, but which did not generate a cluster themselves. Nucleotides adjacent to
these non-Rbfox binding hexamers exhibited a different pattern of A and U enrichment (Fig.
7D, middle). GCAUG motifs bound by Rbfox were also more conserved than the unbound
motifs, with PhyloP conservation scores peaking within the GCAUG and extending into
adjacent nucleotides (Fig. 7D, bottom). These data indicate that the surrounding nucleotide
context of a (U)GCAUG element contributes to its recruitment of an Rbfox protein.

Discussion

A Large Protein Assembly for Rbfox Proteins

Much of splicing occurs in conjunction with transcription, and splicing factors are
concentrated adjacent to active loci in nuclear speckles thought to consist of dense networks
of intermolecular interactions. After nuclear lysis, unspliced RNA remains associated with
chromatin and other high molecular weight assemblies. However, biochemical analyses of
pre-mRNA splicing usually employ proteins and RNPs eluted from intact nuclei at moderate
salt that may not engage in all interactions defining their function. To assess the contacts of
splicing regulators in compartments more immobile than the soluble nucleoplasm, we lysed
nuclei under mild conditions and examined how proteins partition between the pellet and the
supernatant upon centrifugation. The Rbfox proteins were largely found in the HMW pellet,
containing chromatin, nuclear speckle components, and unspliced RNA. Splicing regulators
were associated with RNA in this fraction, and extraction of the pellet with Benzonase
released them in soluble form. In this preparation the Rbfox proteins were associated with a
multimeric complex, the Large Assembly of Splicing Regulators, LASR. It will be
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interesting to examine other regulators in these fractions and perhaps find other new
interactions.

The Rbfox protein in the HMW extract was entirely associated with LASR. Isolation of
LASR via a tagged Rbfox protein or tagged hnRNP M or H yielded approximately equal
quantities of hnRNP M, hnRNP H, and tagged Rbfox, and only slightly lower amounts of
Matrin3, hnRNP U-like2, hnRNP C, NF110, NF45, and DDX5. The near equimolar
stoichiometry of the components when isolated with different tagged subunits indicated that
LASR assembled via specific protein-protein interactions and was not a random aggregation
of proteins released by the nuclease. Similarly, the absence of other RNA binding proteins in
the complex, and its resistance to extensive nuclease treatment, indicated that the LASR
subunits were not held together by binding to a common RNA. This nuclease resistance
distinguishes LASR from previously characterized RNP assemblies such as the 40S hnRNP
particle, the DBIRD complex, and the higher-order exon junction complex (Close et al.,
2012; Singh et al., 2012; Walker et al., 1980).

LASR subunits were present as free proteins, small complexes that contain components
other than Rbfox, and large 55S assemblies that contain Rbfox. The 55S complexes were
heterogeneous in size yet still yielded equivalent stoichiometries of all the components,
indicating that they may be higher order assemblies of a unit complex. The unit LASR
complex is present in cells without Rbfox (Fig. 4B, Fig. S3C). This may multimerize to
create the 55S forms, or interact with a much larger but substoichometric structure to yield
its high S value. Given that all of the Rbfox is in this larger form, it is possible that Rbfox
itself mediates the multimerization. In the brain, nuclear Rbfox1 and Rbfox3 were almost
entirely associated with the 55S complex. Rbfox2 bound this complex, but was also in light
fractions, indicating a possible functional difference of Rbfox2. It will be interesting to
identify interactions that hold the LASR subunits together, that allow recruitment of Rbfox,
and that mediate its higher order assembly.

The components of LASR engage in a variety of other interactions. LASR shares several
components with one of two described microprocessor complexes, including NF45, DD X5,
DDX17, hnRNP M, and hnRNP H (Gregory et al., 2004). Instead of Rbfox the
microprocessor contains Drosha and DGCRS8 that carry out miRNA processing. Other
described Rbfox interactions include with U1C, hnRNP K, Sam68, RALY, PSF, TFG, and
Ataxin2, as well as the aforementioned hnRNP H contact (Huang et al., 2012; Kim et al.,
2011; Mauger et al., 2008; Shibata et al., 2000; Sun et al., 2012). Recombinant Rbfox added
to an /n vitro splicing extract inhibited assembly of a pre-spliceosomal E-complex on an
Rbfox-repressed exon (Fukumura et al., 2007; Zhou and Lou, 2008). This activity will be
interesting to assess for involvement of the LASR complex.

Rbfox Regulation of Splicing in the Context of LASR

We find that the expression of Rbfox altered the activity of hnRNP M in controlling splicing,
and that M binding sites increased the crosslinking of Rbfox to a reporter RNA /in vivo.
Thus, the hnRNP M component of LASR can apparently allow Rbfox to alter splicing
through an indirect interaction with the RNA. In examining what constitutes a functional
binding site, we found that sequences adjacent to Rbfox-crosslinked GCAUG pentamers
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were enriched for motifs that potentially bind hnRNP M. We further found that atypical non-
(U)GCAUG sites of Rbfox crosslinking were enriched for M and C motifs, possibly
indicative of LASR mediated recruitment of Rbfox. Although additional work is needed to
confirm this mechanism, such an hnRNP M/Rbfox interaction can explain how the activity
but not the expression of hnRNP M increases during the EMT (Venables et al., 2013; Xu et
al., 2014).

The multiple RNA binding domains within LASR raise questions regarding the optimal
arrangement of regulatory motifs and how the architecture of the complex might enforce co-
recognition of certain motifs. The enrichment of GU-rich motifs adjacent to GCAUG
binding elements may derive from the hnRNP M in the LASR contacting the RNA
simultaneously with Rbfox. However, other GU binding proteins cannot be ruled out. In C.
elegans, an Rbfox family member can cooperatively assemble with the Sup12 protein
binding to an adjacent GU-rich motif (Kuwasako et al., 2014). It is not clear whether
mammalian Sup12-like proteins also cooperate with Rbfox or bind LASR. Substantial
efforts are being directed at understanding a “splicing code” that would predict the splicing
pattern of a pre-mRNA from its sequence (Barash et al., 2010; Zhang et al., 2010). A group
of splicing regulators acting within a common complex provides a mechanistic explanation
for the co-occurrence of certain binding motifs.

The non-RRM domain proteins of LASR also have interesting features. The double-stranded
RNA binding protein NF110/NFAR2 and the helicase DDX5 were shown to interact and to
affect transcriptional regulation (Fuller-Pace, 2013; Ogilvie et al., 2003; Reichman and
Mathews, 2003; Saunders et al., 2001). DEAD-box proteins like DDX5 often have lower
RNA helicase activity than the DEAH-box family and may instead act as switches to control
assembly steps, with ATP hydrolysis toggling the protein between conformational or binding
states (Singh et al., 2015). Studies demonstrate DDX5 involvement in splicing of particular
exons where it may alter assembly of pre-mRNP complexes (Guil et al., 2003; Kar et al.,
2011; Liu, 2002).

Most attention has focused on the RNA recognition properties of splicing regulators, but
these proteins also engage in complex protein/protein interactions. An Rbfox splice variant
lacking most of the RNA binding domain, but retaining the N and C terminal domains can
block splicing activation but not splicing repression by full-length Rbfox (Damianov and
Black, 2010). The C-terminal domain is required for both splicing repression and activation
by an MS2-tethered Rbfox protein (Sun et al., 2012). The significance of the Rbfox1 and
Rbfox3 C-terminal domains is underscored by their mutation in familial epileptic syndromes
(Lal et al., 2013a; Lal et al., 2013b). Elucidating the consequences of these mutations, as
well as understanding Rbfox1 roles in autism spectrum disorders and spinal cerebellar
ataxia, will require a clearer description of Rbfox interactions in nuclear and cytoplasmic
mRNA metabolism.
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Experimental Procedures

Cell culture and tissue isolation

RT-PCR

Stable HEK293 lines expressing HA-Flag-tagged Rbfox1, 2, or 3 proteins were prepared
using the Flp-In™ T-REx™ System (Life Technologies). An Rbfox2 deficient clone derived
from this cell line was obtained by CRISPR/Cas9-guided deletions in the first constitutive
Rbfox2 exon. Brain tissue was obtained from 6 week old C57BL/6J male mice (Charles
River). Transfection of HEK293 cells was as described (Damianov and Black, 2010). For
transient expression of recombinant proteins cells were harvested 48 hours post-transfection
or post-induction with 0.5 pg /ml doxycycline. For RNAIi, hnRNP M was targeted with
shRNAs as described in the Supplemental Experimental Procedures.

Total RNA was extracted with TRIzol® (LifeTech) from cells or tissues. DNA was removed
with RQ1 DNase. Reverse transcription was carried with SuperScript® Il (Life Tech) and
gene-specific reverse primers. Minigene and GAPDH products were amplified for 15-18
PCR cycles and detected as described (Damianov and Black, 2010). Primer and minigene
sequences are listed in Extended Experimental Procedures.

RNA-protein crosslinking in vivo

Monolayer HEK293T cultures were irradiated with UV (254 nm) at 75 mJ/cm? on ice in a
Stratalinker 1800 (Stratagene). Mouse brain samples were triturated in ice-cold HBSS
solution and UV-irradiated at 600 mJ/cm2,

Preparation of whole cell lysates for reporter experiments

UV-irradiated HEK293T cells were lysed 5 min on ice with 10 packed cell volumes of buffer
(20 mM HEPES-KOH pH 7.5, 150 mM NaCl, 0.5 mM DTT, 1 mM EDTA, 0.6% Triton
X-100, 0.1% SDS, and 50 g /ul yeast tRNA) and centrifuged at 20,000x g for 5 min at 4 °C.
The supernatants were 5x diluted with buffer (20 mM HEPES-KOH pH 7.5, 150 mM NacCl,
0.5mM DTT, 1 mM EDTA, 1.25x cOmplete protease inhibitors (Roche), and 50 pg/ul yeast
tRNA). Lysates were spun for 10 min at 20,000x g, 4 °C prior to IP.

Subcellular fractionation

Nuclei from cell cultures or tissues were purified as described (Grabowski, 2005),
resuspended in 10 volumes of buffer (10 mM HEPES-KOH pH 7.6, 15 mM KCI, 1 mM
EDTA, 0.15 mM Spermine, 0.5 mM Spermidine), and pelleted at 1,000x g for 5 min at 4 °C.
Nuclei were lysed for 5 minutes in 10 volumes of ice-cold lysis buffer (20 mM HEPES-
KOH pH 7.5, 150 mM NacCl, 1.5 mM MgCI2, 0.5 mM DTT, 1.25x protease inhibitors, and
0.6% Triton X-100). Soluble and HMW fractions were separated by centrifugation at
20,000x g for 5 min at 4 °C. Samples for iCLIP are described in the supplementary material.
To extract nuclease-resistant protein complexes, the soluble fraction was removed and an
equal volume of lysis buffer added to the HMW pellet. Soluble and HMW fractions were
incubated at 25 °C on a rotator with 5 U/ul of Benzonase® (Sigma) until the HMW pellet
was resuspended, and then cleared by centrifugation for 10 min at 20,000x g, 4 °C.
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Immunoprecipitation

Nuclear fractions or whole cell lysates were incubated overnight at 4 °C with 5-7.5 pl
packed M2 FLAG agarose beads (Sigma). For nuclear fractions beads were washed four
times with wash buffer (20 mM HEPES-KOH pH 7.5, 150 mM NacCl, and 0.05% Triton-
X100). For whole cell lysates beads were washed five times with wash buffer containing 1M
NaCl, and twice with standard wash buffer. Flag-tagged proteins were eluted from beads
over two hours at 4 °C in 50-100 pl of Elution buffer (20 mM HEPES-KOH pH 7.5, 100
mM NacCl, and 150 ng/ul of 3XFLAG peptide (Sigma)). RNA-protein crosslinks were eluted
with Elution buffer plus 5 ug of yeast tRNA.

Protein analysis

Immunoprecipitated proteins were subjected to Multidimensional Protein Identification
(MuDPIT) as described (Sharma et al., 2014), and analyzed by SDS-PAGE with
immunoblotting, or protein staining as described (Damianov and Black, 2010). Protein
complexes were resolved on 10-50% glycerol gradients (20 mM HEPES-KOH pH 7.5, 150
mM NaCl, 0.5 mM DTT, and 1x Protease Inhibitor) in 14x89 mm tubes (Beckman Coulter).
Extracts (250 pl) were loaded and spun in a SW41Ti rotor (Beckman Coulter) at 32,000x
RPM for 12 hours at 4 °C. Gradients were fractionated top to bottom into 24x500ul
fractions. Fractions were analyzed by immunoblot, or resolved on 3-12% NativePAGE ™
Novex® Bis-Tris Gels (Life Tech.). Primary antibodies are listed in Extended Experimental
Procedures.

Individual-nucleotide resolution UV cross-linking and immunoprecipitation (iCLIP)

iCLIP libraries were prepared following (Konig et al., 2010), with changes to allow for the
differing RNA content of the cellular fractions. iCLIP libraries were sequenced on a
HiSeq2000 (lllumina). Data analyses were performed as in (Konig et al., 2010) with few
modifications. In brief, PCR duplicate iCLIP reads were removed using random barcodes.
Unique reads were mapped to mouse genome mm9/NCBI37 using Bowtie allowing two
mismatches (Langmead et al., 2009). Mapped reads were assigned to the longest transcripts
in the Known Gene table (Hsu et al., 2006) and divided into 5 UTR, CDS, intron, and 3’
UTR regions. Motif enrichment and the modified iCLIP protocol are described in the
Extended Experimental Procedures.

Genome-wide splicing analysis
Total TRIzol® extracted RNA was treated with TURBO DNase (Ambion), and polyA plus
RNA isolated on Oligo-dT. cDNA libraries were prepared using TruSeq Kits (Illumina).
Read properties are shown in Table S1B. Alternative splicing was analyzed by rMATS (Shen
etal., 2014) and expressed as changes in percent-spliced-in values (APSI). Exons showing
splicing change (JAPSI|>10 with FDR less than 0.5) between control and hnRNP M-
depleted samples from Flag-Rbfox1-expressing cells were considered hnRNP M regulatory
targets. Similarly, Rbfox1-dependent exons were defined in cells expressing hnRNP M.

Cell. Author manuscript; available in PMC 2017 April 21.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Damianov et al. Page 14

Public Data Submission

The iCLIP and RNAseq data is available at NCBI GEO under the accession number
GSE71468: (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
token=mfahuaimrbmtdyv&acc=GSE71468).

Supplementary Material

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

Rt?fox proteins are found in the high molecular weight nuclear fraction.

(A) Preparation of the soluble and HMW nuclear fractions. (B) Immunoblot analysis of
soluble and HMW fractions from mouse brain. Rbfox1, Rbfox2, and Rbfox3 were detected
with an antibody recognizing their nearly identical RRMs.
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Fig. 2.

Rbfox recruitment to introns in the HMW fraction and to 3’ UTRs in the soluble nuclear

fraction.

(A) Distribution of Rbfox iCLIP tags in 5 UTRs, CDS, 3’ UTRs, and introns. Data for
mouse brain iCLIP clusters of Rbfox1, 2, and 3 with width =2 nt are shown. See Table S1
and Fig. S2 for additional detail. (B) Genome browser view of iCLIP reads mapped to the 3’
portion of the Snap25 gene. iCLIP tracks from the soluble nuclear fraction of whole brain
and the cerebellar HMW fraction are aligned as indicated. Significant iCLIP reads from
Rbfox1, 2, and 3 are colored as indicated. GCAUG matifs are shown below. See Data File
S1 for additional examples.
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Fig. 3.

Rgfox proteins coprecipitate from the HMW fraction with a distinct set of other RNA
binding proteins.

(A) Immunopurification of Rbfox proteins from HEK?293 nuclear fractions. Soluble and
HMW nuclear extracts were prepared from cells stably expressing Flag-tagged Rbfox1, 2, or
3. Proteins were immunoprecipitated with anti-Flag, eluted with Flag peptide, resolved on
SDS-PAGE, and stained with SimplyBlue™. The major interacting proteins are indicated on
the right. Flag-Rbfox bands are indicated by asterisks. (—) denotes nuclear fractions from the
parental HEK293 cell line that does not express Flag-tagged protein.

(B) Sedimentation of protein complexes from mouse brain HMW extract through 10-50%
glycerol gradients. Gradient fractions from top to bottom run from left to right. 40S and 60S
markers from a parallel gradient are indicated below. Rbfox1, Rbfox2, Rbfox3 and their
binding partners are indicated on the right. MyEF2 and hnRNP M are detected with common
antibody, as are the /LF3gene products NF110 and NF90. See Fig. S1 for additional data.
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Fig. 4.
The 55S Rbfox complex is present in HEK293 cells and is heterogeneous in size.

(A) Gradient sedimentation of HMW extract from HEK293T cells transiently expressing
Flag-tagged Rbfox1. Proteins detected by immunoblot are indicated as in Fig. 3B. (B)
Native gel analysis of complexes separated on glycerol gradients. HMW extracts from
HEK?293 cells stably expressing Flag-tagged Rbfox3 were fractionated and protein
complexes were resolved by native PAGE and probed by immunoblot. Flag-Rbfox3 (top)
and hnRNP M (bottom) are indicated on the right. See Fig. S3 for further analyses.
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Fig. 5.

Rgf0x3 can regulate alternative splicing through an hnRNP M binding site.

(A) Diagram of the minigene DUP-51M1 and its mutant DUP-51AMsite. The M binding site
is in Bold. Arrows indicate primers used to detect DUP-51 premRNA. (B) DUP-51M1 or
DUP-51AMsite were transfected into HEK293T cells with control vector (=) or Flag-Rbfox3
expression vector. Exon 2 splicing was measured by RT-PCR with primers in the flanking
exons. The spliced products are indicated (top). Average exon inclusion with standard
deviation from four experiments is quantified below. Rbfox3 expression caused a 4.6-fold
decrease in DUP-51M1 exon 2 splicing. Statistical significance (red) was measured by
unpaired, two-tailed, unequal variance Student's t-test. HNnRNP M, Flag-tagged Rbfox3 and
U1-70K, as a loading control are indicated (bottom). (C) As in B, cells expressing DUP-51
minigenes and Flag-Rbfox3 were UV-irradiated /n vivo and lysed under denaturing
conditions to prevent copurification of hnRNP M. RNA:protein crosslinks were
immunoprecipitated with anti-Flag. HNRNP M, Flag-Rbfox3, and GAPDH in the lysates
(lanes: input) and immunoprecipitates (lanes: Flag IP) were measured by immunoblot (top).
DUP-51 pre-mRNA and GAPDH mRNA were detected by RT-PCR (bottom). Amounts of
coprecipitated RNA normalized to the Rbfox3 protein over three experiments are graphed,
with means, standard deviation, and p-value as in B. See Fig. S4 and S6 for additional
analyses.
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Fig. 6.

Rgfoxl stimulates hnRNP M splicing activity across many exons.

(A) Immunoblot of hnRNP M and Rbfox1 in Rbfox2 null HEK293 cells. Rbfox2-knockout
cells and derivative cells with Flag-Rbfox1 at the Flp-in locus were grown in doxycycline,
transfected with control or hnRNP M-targeted shRNA plasmids and harvested 84 hours post
transfection. Relative protein expression over three experiments is graphed below with
standard deviation.

(B) Comparison of hnRNP M splicing activity in cells expressing Flag-Rbfox1 to that in
cells not expressing Rbfox proteins. hnRNP M-regulated exons on this chart were defined in
Rbfox1 expressing cells as showing a |APSI| > 10 (PSI in hnRNP M-expressing cells minus
PSI in hnRNP M-knockdown cells) and FDR < 0.5. X-axis: APSI values for these exons in
Rbfox1 expressing cells. Y axis: corresponding APSI values in Rbfox1-lacking cells.

(C) Rbfox1 splicing activity in hnRNP M expressing cells and hnRNP M-depleted cells is
compared as in B. See Table S4 for the rMATS analysis.
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Fig. 7.

Er?richment of sequence motifs near sites of Rbfox binding.

Histogram of pentamer enrichment z-scores within 40 nucleotides of the crosslink sites.
iCLIP clusters showing overlap for all three Rbfox paralogs in forebrain or hindbrain HMW
fractions were analyzed. Motif enrichments were calculated for crosslink sites less than 40
nucleotides from the nearest GCAUG motif (A) or for sites more than 40 nt from this motif
(B). The top 10 percent of z-scores is shaded darker gray. The Rbfox binding GCAUG,
UGCAU (red) and similar pentamers (orange) are indicated as dots below and sorted by z-
score above. Motifs recognized by hnRNP M (blue), hnRNP C (green), and hnRNP H (gray)
are similarly shown. (C) Motif distribution near the crosslink sites. The fraction of
sequences with an individual motif aligning at each nucleotide relative to the crosslink site is
plotted. Smaller groups of the cluster subsets A and B were analyzed: 1) those containing a
GCAUG sequence within 5 nucleotides of the crosslink site (orange lines), and 2) those with
a crosslink >100 nt away from the nearest GCAUG (red lines). (D) WebLOGO plots of the
sequence adjacent to (U)YGCAUG motifs (Crooks et al., 2004). Top: Intronic sequences
containing a GCAUG motif within 5 nt of an Rbfox crosslink site. Middle: Sequences
containing UGCAUG from introns with Rbfox iCLIP clusters, but >100 nt away from the
nearest crosslink site. Bottom: Mean PhyloP placental conservation scores of the Weblogo
sequences (orange line, crosslinked to Rbfox; blue line, no Rbfox crosslinking). See Fig. S5
for additional information.
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