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ABSTRACT

Long noncoding RNAs (IncRNAs) often carry out their functions through associations with adaptor proteins.
We recently identified heterogeneous ribonucleoprotein (hnnRNP) A2/B1 as an adaptor of the human HOTAIR
IncRNA. hnRNP A2 and B1 are splice isoforms of the same gene. The spliced version of HOTAIR preferentially
associates with the B1 isoform, which we hypothesize contributes to RNA-RNA matching between HOTAIR
and transcripts of target genes in breast cancer. Here we used enhanced cross-linking immunoprecipitation
(eCLIP) to map the direct interactions between A2/B1 and RNA in breast cancer cells. Despite differing by
only twelve amino acids, the A2 and B1 splice isoforms associate preferentially with distinct populations of
RNA in vivo. Through cellular fractionation experiments we characterize the pattern of RNA association in
chromatin, nucleoplasm, and cytoplasm. We find that a majority of interactions occur on chromatin, even
those that do not contribute to co-transcriptional splicing. A2/B1 binding site locations on multiple RNAs
hint at a contribution to the regulation and function of IncRNAs. Surprisingly, the strongest A2/B1 binding
site occurs in a retained intron of HOTAIR, which interrupts an RNA-RNA interaction hotspot. In vitro eCLIP
experiments highlight additional exonic B1 binding sites in HOTAIR which also surround the RNA-RNA
interaction hotspot. Interestingly, a version of HOTAIR with the intron retained is still capable of making RNA-
RNA interactions in vitro through the hotspot region. Our data further characterize the multiple functions of a
repurposed splicing factor with isoform-biased interactions, and highlight that the majority of these func-
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tions occur on chromatin-associated RNA.

1. Introduction

Long noncoding RNAs (IncRNAs) are defined as transcripts
that are longer than 200 bases and have minimal evidence of
being translated. These transcripts are often found in the
nucleus, and have a number of functions incorporating a
variety of mechanisms [1]. Many IncRNAs associate with
adaptor proteins that mediate functional activity.

The hnRNP protein family is a complex and diverse set of
proteins with numerous functions that bind RNA and associate
primarily with nascent transcripts [2-4]. Our group recently
identified hnRNP Bl as the most-enriched nuclear protein that
bound preferentially to the heterochromatin-associated
IncRNA HOTAIR[5]. HOTAIR targets histone methylation to
silence the HoxD locus, potentially contributing to develop-
mental patterning [6], though knockout of HOTAIR is not
sufficient to disrupt overall mouse development [7]. HOTAIR
is overexpressed in metastatic breast cancer, and knockdown of
B1 can disrupt HOTAIR-dependent cancer phenotypes [5,8].

HnRNP Bl is one of two splice isoforms (the other being
hnRNP A2) transcribed from a single genomic locus [9]. These
isoforms each contain two RNA recognition motifs (RRMs) and a
C-terminal glycine-rich domain, with the BI isoform differing

only by the inclusion of an additional twelve residues, encoded
by exon 2, near the N-terminus (Figure 1(a)). HnRNP A2/B1 have
been implicated in multiple aspects of RNA metabolism [10],
including alternative splicing [11], mRNA stability [12], and
mRNA degradation [13]. Mutations in the hnRNP A2/B1 gly-
cine-rich domain can lead to diseases associated with multisystem
proteinopathy such as ALS and frontotemporal dementia [14].

While the A2 isoform is the more common isoform in most
cell types, the Bl isoform displays preferential binding to the
spliced form of HOTAIR [5]. HnRNP B1 also associates pre-
ferentially with RNA transcripts of known HOTAIR target
genes, and is also bound to target chromosomal loci. In addi-
tion, knockdown of A2/B1 specifically reduces HOTAIR-
dependent histone methylation, catalyzed by the polycomb
repressive complex 2 (PRC2), induced by over overexpression
of a cDNA transgene in breast cancer cells. From these data, we
have proposed a model in which hnRNP Bl can act as a
matchmaker between HOTAIR and nascent transcripts at tar-
get gene loci. We determined that this matchmaking leads to
direct RNA-RNA interactions between HOTAIR and target
RNA, which may contribute to direct targeting of repressive
histone methylation by PRC2.
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Figure 1. Conservation of the hnRNP B1-specific exon across species.

(a) Model of protein domains of hnRNP A2 and B1, with B1-specific domain highlighted.
(b) Multiple sequence analysis of hnRNP B1 genomic sequence in human, mouse, rat, cow, elephant, and opossum reference sequences, with B1-specific exon and
next downstream exon highlighted, demonstrating high degree of conservation of the B1-specific exon in all eutherian species. Mismatches from human sequence

are colored in red.

(c) Immunoprecipitation using antibody specific to hnRNP B1 specifically retrieves hnRNP B1 in both human and mouse samples.
(d) RT-PCR primers surrounding B1-specific exon 2 demonstrate inclusion of B1 exon in total RNA from both human MCF7 and mouse C2C12 cells.

In order to investigate the function of hnRNP BI (as opposed
to A2), we have characterized the RNAs to which both isoforms
bind. We used the recently developed eCLIP method [15] to
examine this in breast cancer cell lines, which have previously
been used to study the effect of HOTAIR on cancer metastasis [8].
Our work indicates that hnRNP B1 and A2 bind many IncRNAs
and mRNAs, with Bl binding preferentially to a subset of RNAs
despite its lower abundance. A2/B1-RNA interactions occur pri-
marily on chromatin, with the small fraction of interactions in the
cytoplasm occurring primarily within the untranslated sequences
of mRNAs. Interestingly, A2/B1 binding is highly enriched in a
retained intronic sequence of HOTAIR that interrupts a ‘hotspot’
RNA-RNA interaction region. B1 also binds exons of HOTAIR,
both in vivo and using purified protein and in vitro transcribed,
spliced HOTAIR. In vitro RNA-RNA interactions are still allowed
between HOTAIR with the retained intron and target gene RNA,
suggesting that interruption of the primary sequence of the hot-
spot region does not disrupt the base-pairing activity. The multi-
ple interaction sites between Bl and HOTAIR suggest a complex

mechanism for how this matchmaker protein may contribute to
HOTAIR function.

2. Results

2.1. The hnrnp B1 exon is well-conserved and expressed
in mouse and human

The 36-nucleotide exon specific to hnRNP B1 is included in
approximately 10% of A2/B1 transcripts in most human tis-
sues. This Bl-specific region has also been identified in the
mouse and rat hnRNP A2/Bl1 transcript, along with tran-
scripts corresponding to other minor pseudogenes processed
from the same locus [16,17]. However, this exon is not anno-
tated as being part of any hnRNP A2/B1 transcript in the
mouse RefSeq or Ensembl databases. As the Bl-specific exon
has been shown to be included in mouse, rat, and cow A2/B1
[18], we decided to perform a more detailed analysis of the
conservation of this exon.



An analysis of the hnRNP A2/B1 genomic locus across
several species indicates that the Bl exon is in fact highly
conserved among placental mammals, with perfect nucleotide
sequence identity to human in the mouse, rat, cow, and
elephant genomes but no identifiable syntenic region in the
opossum genome (Figure 1(b)). This is better conservation
than is displayed by the next downstream exon or intervening
intron, which are also well-conserved but only have ~ 90%
sequence identity between these species. The B1 exon appears
more strongly associated with placental mammals, suggesting
that the sequence has been under strong stabilizing selection
in that group of organisms. The intronic sequence surround-
ing this exon is also well-conserved, which may be a hint at a
conserved mechanism of alternative splicing. Such isoform
regulation is common among hnRNPs, with isoform diversity
contributing to distinct functions[3].

In order to confirm whether or not the Bl-specific exon is
transcribed in non-human species, we first performed an
immunoprecipitation, with an antibody designed to be speci-
fic to the human hnRNP Bl unique N-terminal region, on
whole-cell protein lysate from mouse C2C12 cells or human
MCEF7 cells. This IP retrieved hnRNP B1 in both cell types,
but a minimal amount of hnRNP A2 (Figure 1(c)). We also
confirmed that the Bl-specific exon is transcribed in C2C12
cells using RT-PCR primers specific to the 5" UTR and the
downstream exon, creating an amplicon spanning the exon
(Figure 1(d)). Bl is therefore found in non-human cells,
potentially through the placental mammalian lineage.

2.2. eCLIP-seq reveals the distribution of hnRNP A2/B1
RNA binding in breast cancer cells

Methods that examine direct protein-RNA interactions by UV
crosslinking and immunoprecipitation (CLIP) are commonly
used to identify transcripts bound to proteins of interest[19].
Recently the eCLIP method was developed, which has the
advantages of individual nucleotide resolution, requiring less
library amplification, normalization of the IP sample against a
size-matched input (SMInput), and inclusion of a computa-
tional analysis pipeline [15]. The SMInput represents all
abundant RNA-protein complexes that migrate in the same
region of the gel/blot that is excised in the immunoprecipita-
tion sample. Because hnRNPs primarily work in the nucleus,
we included a nuclear isolation protocol previously used to
isolate chromatin-associated CTCF-RNA complexes [20]
(Figure 2(a)). We performed eCLIP using antibodies to either
hnRNP B1 specifically, or hnRNP A2/Bl in combination,
using MCF7 breast adenocarcinoma cells. MCF7 cells were
chosen since much of the prior characterization of HOTAIR
has been performed in MCF7 cells [8,21], they express high
levels of hnRNP A2/B1, and have been well-characterized by
the ENCODE Project [22]. We also performed a parallel
experiment using MCF10A cells as a non-tumorigenic coun-
terpart to MCF7, derived from the same tissue [23].

The eCLIP experiments produced transcriptome-wide maps
of A2/B1 and B1 binding sites. We identified peaks of sequen-
cing read buildup enriched over SMInput, with significant peaks
being defined as those with low p-value (p < 10™°). In total, we
identified 7626 A2/B1 peaks significant in both replicates, and,
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due to higher IP yield, 14,725 B1 peaks significant in both
replicates. These significant peaks were highly correlated
between replicates (A2/B1 r = 0.87; Bl r = 0.87), but less so
between different antibodies (r = 0.69) (Figure 2(b-e)).

To further investigate the differences between A2/B1 and Bl
RNA binding, we investigated the transcripts containing either
A2/B1 or Bl input normalized peaks. Of the 54,064 transcripts
annotated in the RefSeq database, 2,850 contained peaks
enriched over input and conserved between replicates in either
the A2/B1 or Bl experiment. A majority of the transcripts
(1,472) identified in either eCLIP had peaks in both A2/Bl
and Bl experiments; however, a minority of transcripts were
unique to either A2/B1 (479) or B1 (899) experiment. Because
A2 is the dominant isoform in MCF?7 cells, the immunopreci-
pitation in the A2/B1 experiment captures more A2 interac-
tions. Thus, the interactions that are unique to the A2/Bl
eCLIP versus the Bl experiment are likely due to unique A2
preferential binding. More exonic and UTR peaks (148) were
unique to the A2/B1 experiment compared to Bl, suggesting
that the A2 isoform may bind to more mature mRNAs than the
Bl isoform, perhaps as a consequence of its relatively higher
abundance (Figure 2(f-g)).

The distribution of input normalized peaks in both A2/B1
and Bl eCLIP experiments roughly mirrored the genomic
distribution of exons, UTRs, and introns; however, we identi-
fied a shift in peak frequency towards regions of introns within
2 kilobases of splice junctions. Non-tumor MCF10A breast cells
demonstrated a similar profile as MCF7 cells, with a slight
overrepresentation of exonic peaks as compared to both the
genomic distribution and the MCF7 eCLIP (Figure 2(h)).

Motif analysis revealed a preference for G-rich sequences
in hnRNP A2/B1 binding sites. Previous analyses have sug-
gested that hnRNP A2/B1 has a preference to bind UAGGG
motifs in RNA, such as those found in telomeric RNA [24]; a
similar UAGG motif has been identified using iCLIP in
mouse spinal cord cells [25]. However, HITS-CLIP of A2/B1
in 293T cells did not identify a similar motif [11]. Our data
indicates that, although hnRNP A2/B1 might have particular
affinity for UAGGG sequences, it also binds a variety of AG-
rich sequences. Motif analysis identified a slight difference in
binding preference between A2/B1 and Bl. Bl displays a
strong enrichment for (AGG), motifs in both MCF7 and
MCFI10A cells, while A2/B1 appears to have a weaker prefer-
ence for AG-rich regions (Figure 2(i)). Motif analysis was not
performed on the peak groups that were partitioned in
Figure 2(h) due to the low number of peaks in exonic regions
limiting the potential for statistically-significant motifs to be
called. The higher abundance of A2 may lead to binding of
additional RNAs with lower-affinity sites, out-competing B1
and leading to a difference in overall motif enrichment.
Alternatively, the Bl-specific N-terminal domain may impart
a differential RNA sequence preference.

2.3. The hnrnp B1 binding profile differs in each cellular
compartment

Because A2/B1 localizes to different nuclear compartments
depending on cell state [26], we compared RNA-binding sites
in the chromatin, nucleoplasm and cytoplasm. We performed B1
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Figure 2. A2/B1 and B1 eCLIP results in MCF7 cells.

(a) Schematic of the eCLIP protocol

(b) Irreproducible Discovery Rate (IDR) analysis comparing peak fold enrichment indicates increased reproducibility for replicates compared against one another (A2/
B1, black; B1, red) than comparison of replicates from A2/B1 and B1 experiments (purple).

(c) Correlation of A2/B1 eCLIP replicate fold enrichment at non-significant (black) or significant (red) peaks in replicate 1. R values are Pearson’s correlation coefficient.
d) Correlation of B1 eCLIP replicate fold enrichment at non-significant (black) or significant (red) peaks in replicate 1. R values are Pearson’s correlation coefficient.
e) Correlation of A2/B1 and B1 eCLIP fold enrichment at non-significant (black) or significant (red) peaks in A2/B1. R values are Pearson’s correlation coefficient.
f) Example hnRNP A2/B1 eCLIP data, demonstrating region of the transcription factor Hivep3 that contains binding sites (black) enriched specifically in hnRNP B1
blue). Y-axis scale is normalized to reads per million. Region pictured is chr1:42,345,550-42,344,700.

(9) Analysis of RefSeq transcripts containing input normalized peaks in both replicates of A2/B1 or B1 eCLIP-seq experiments. Also pictured are analyses of transcripts
that contain peaks only in introns or exons/UTRs.

(h) Distribution of peaks (conserved between both replicates) in different areas of transcripts in hnRNP A2/B1 and B1 eCLIP experiments, compared to experiments
performed in non-tumorigenic MCF10A cells. ‘Proximal introns’ are defined as intronic regions within 2 kb of an exon.

(i) Top two identified motifs in both replicates of hnRNP A2/B1 and B1 eCLIPs in MCF7 and MCF10A cells.
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eCLIP on samples derived from a subcellular fractionation pro- eCLIP experiment detected far more significant Bl binding
tocol [27] into cytoplasmic, nucleoplasmic, and chromatin-asso-  peaks in the chromatin sample [27,539] than in the nucleoplasm
ciated fractions (Figure 3(a), Supplementary Table S1). Our (230) or cytoplasm (162), consistent with B1 protein abundance
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Figure 3. eCLIP of MCF7 chromatin, nucleoplasm, and cytoplasm.
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(a)Western blot of fractionated MCF7 cells (top) demonstrates preferential localization of A2/B1 to chromatin in fractions (either 1.5% or 5%) of an eCLIP fractionation
experiment. Western blot of eCLIP samples (bottom) indicates preferential localization of A2/B1 to chromatin, as well as specific inmunoprecipitation of B1 isoform.
(b)The vast majority of A2/B1 binding peaks were identified in the chromatin sample, with a small minority overlapping with a nucleoplasm or cytoplasm binding
peak. A small fraction of binding peaks were unique to either nucleoplasm or cytoplasm.

(c) Compared to the chromatin sample, the nucleoplasm and cytoplasm peaks were

far more likely to identify binding to either 5" UTR or proximal intronic sequence.

(d) The 5" UTR of SYNCRIP is bound by B1 in both chromatin and nucleoplasm fractions. However, nearby intronic binding peaks are found only in chromatin fraction.

(e) In the 3" UTR of SEC14L1, there are two distinct binding peaks for B1. However,
the two chromatin peaks.

in nucleoplasm (purple) and cytoplasm (yellow), B1 preferentially binds between

(f) A nucleoplasm-specific B1 binding peak in the small Cajal body-associated RNA SCARNA1O0.

in each fraction. The signal detected in the chromatin sample
included co-transcriptional binding, binding to IncRNAs, and
binding to other chromatin-associated RNAs [28]. The majority
of the nucleoplasmic and cytoplasmic peaks overlapped with
chromatin peaks (Figure 3(b)). Very few of the remaining non-
overlapping peaks were in protein-coding sequence, with the
majority of binding sites found instead in proximal introns and
UTRs (Figure 3(c, d)).

One example of a transcript with distinct B1-RNA interac-
tions in the soluble, non-chromatin fraction is the SEC14L1
transcript. While B1 binds to the SEC14L1 3" UTR in all frac-
tions, the signal in the soluble fractions is both stronger and
shifted as compared to the chromatin-specific binding peaks

(Figure 3(e)), suggesting that B1 binding sites can change as a
message matures, or that localization is correlated with a specific
B1-RNA interaction. We also detected nucleoplasm/cytoplasm-
enriched binding to a number of small Cajal body-specific RNAs
(scaRNAs), which are a family of small transcripts that localize to
Cajal bodies, nuclear organelles that are involved in the biogen-
esis of small nuclear ribonucleoproteins (snRNPs) (Figure 3(f)).
In particular, scaRNAs are thought to act as guide RNAs in the
modification of spliceosomal RNAs [29,30]. A splice isoform of
A2/B1 missing exon 7-9, hnRNP A2*, has been shown to inter-
act with telomerase at Cajal bodies [31].

Bl fractionation and eCLIP results provide further evi-
dence for the distinct cellular localization of an RNA binding



906 (&) E.D.NGUYEN ET AL.

protein conferring specific function and association with RNA
binding partners. A similar approach using the iCLIP method
for the RNA binding protein TDP-43 has been performed in
the nucleus versus cytoplasm of neuronal primary cells and
neuroblastoma cells[32], which detected an enrichment for
binding of the 3" UTR of transcripts in the cytoplasmic frac-
tion. Similarly, a recently-developed protocol, Fractionation
iCLIP (Fr-iCLIP) has been used to examine the RNA binding
partners of SR proteins in chromatin, nucleoplasmic, and
cytoplasmic fractions [33], which detected SR protein binding
to cytoplasmic RNAs with retained introns. Though Bl is
primarily found associated with chromatin, the distinct pat-
terns of binding certain RNAs off chromatin also suggest
functional distinctions from chromatin binding, and hint at
the possibility for dynamic binding of a single RBP molecule
within a single transcript during RNA transport.

2.4. Binding of hnRNP A2/B1 to noncoding RNAs

Based on the fact that A2/B1 has previously been shown to
interact with IncRNAs [5,34], we identified which IncRNAs are
associated with A2/B1 in the MCF7 eCLIP. A2/B1 displays
strong binding to a small fraction of IncRNAs from both a
commonly used IncRNA database [35] and a recently published
database of IncRNAs expressed in MCF?7 cells [36] (Figure 4(a)).
For example, there are a series of A2/B1 and B1 binding sites in
Xist, the IncRNA that contributes to dosage compensation
through inactivation of one X chromosome in mammals [37].
Xist spreads in cis along with PRC2 across one X chromosome,
leading to repression of nearly all genes on that chromosome
[38]. The 5’ end of the mouse Xist transcript contains a 1.6-
kilobase region known as RepA, which has previously been
shown to recruit proteins including PRC2[39], and folds into
three independent structural modules [40]. The downstream
portion of this region, which is structurally conserved between
mouse and human [41], contains four strong, reproducible A2/
Bl binding sites in our MCF7 eCLIP dataset that are also
identified in A2/B1 eCLIP experiments using mouse C2C12
cells (Supplementary Figure 2). These binding sites lie immedi-
ately downstream of iCLIP-derived binding sites for other RNA-
binding proteins, RBM15 and RBM15b (Figure 4(b)). RBM15
and RBM15b have been shown to mediate the formation of m6A
methylation on Xist [42]. HnRNP A2/B1lhas been proposed to be
a reader of m6A marks [43], though whether there is a direct
physical association between the protein and modified base is
not clear.

We also identified hnRNP A2/Bl and Bl peaks in the
IncRNA NORAD (Figure 4(c), which has been shown to regulate
genomic stability through sequestration of PUMI1 and PUM2
proteins [44,45]. The A2/B1 binding site we identified is near the
3" end of NORAD, overlapping a potential PUM2 binding site
identified by eCLIP in K562 cells [15], but not overlapping any
UGURUAUA PUM?2 consensus sequences. NORAD contains
no introns, highlighting the fact that A2/B1 makes interactions
with RNA that do not involve splicing.

Another IncRNA containing A2/B1 and B1 peaks is TUGI,
which is a Notch pathway-regulated IncRNA that functions in
the maintenance of stemness in glioma stem cells through
recruitment of PRC2 to neuronal differentiation genes

[46,47]. TUGI has also been investigated as a potential bio-
marker in a variety of different cancers [48]. The hnRNP A2/B1
binding site appears in the intron immediately following the
proposed PRC2-interacting region of TUG1 (Figure 4(d)).

The A2/B1 IncRNA eCLIP peaks are located in regions
with higher average phastCons scores than a random sam-
pling of all IncRNA sequences, suggesting a potential for
conservation of these binding events (Supplementary
Figure 1). Native RNA immunoprecipitation was used to
validate the binding of A2/Bl1 to each of these IncRNAs
(Figure 4(e)). Each IncRNA was significantly enriched in an
A2/B1 immunoprecipitation, compared to IgG. Interestingly,
these A2/B1-IncRNA interactions were not identified in prior
hnRNP A2/B1 eCLIP in neuronally differentiated iPSCs [25],
hinting that they might be promoted in cells, such as MCF7
cells, that have a malignant phenotype.

2.5. Binding of the IncRNA HOTAIR by hnRNP A2/B1

The eCLIP profiles of HOTAIR identified one strong hnRNP
A2/B1 binding site (p < 107> cutoff for peak significance). This
peak lies downstream from the previously identified PRC2
binding site [49], which is likely responsible for the input signal
identified in the first three exons (Figure 5(a)). This was sur-
prising because A2/B1 serve as an adaptor of a cONA HOTAIR
transgene in breast cancer cells and the protein can directly
bind to this version of HOTAIR, which is missing intron 3 [5].
To begin to validate the eCLIP result, we designed PCR primers
spanning either intron 3 or intron 2. By RT-PCR of MCF7 total
RNA, we found that intron 3 is retained in a fraction of
HOTAIR transcripts, while intron 2 is undetectable at the
same degree of amplification (Figure 5(b)). This raises the
question as to why this particular intron is being specifically
retained, and whether or not that is related to its being bound
by A2/Bl. We found no detectable change in intron 3 when
A2/Bl1 is knocked down in these cells (Supplementary
Figure 3), suggesting that this binding event may serve a
different purpose than regulating the retention of the intron.

We have previously proposed a model where hnRNP Bl
can facilitate RNA-RNA interaction sites between HOTAIR
and transcripts of its target genes [5,8]. Interestingly, intron 3
disrupts an RNA-RNA interaction site that we have pre-
viously shown allows HOTAIR to directly interact with the
transcript of one of its target genes [5] (Figure 5(c)). Multiple
predicted RNA-RNA interaction sites between HOTAIR and
HOXD transcripts can also be found in a ‘hotspot’ in the
exons surrounding intron 3. Analysis of a publically-available
dataset of RNA-RNA interaction predictions between
HOTAIR and the entire human transcriptome [50] demon-
strates that this ‘hotspot’ region makes thermodynamically-
favorable interactions to other transcripts more than any
other region of HOTAIR (Figure 5(d), Supplementary
Figure 4). The existence of a strong A2/B1 binding site so
close to these predicted RNA-RNA interaction sites provides
support for the model of A2/B1 as a ‘matchmaker’ protein,
but also raises the question of whether this role might be
regulated by splicing of intron 3 of HOTAIR.

In order to test how A2/B1 might bind HOTAIR in the
absence of intron 3, we performed eCLIP on an in vitro
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spliced form of the HOTAIR transcript cross-linked with
purified recombinant hnRNP B1 (Figure 5(e)). This in vitro
eCLIP experiment revealed two strong binding regions within
HOTAIR (Figure 5(f)), but little binding in an experiment
with a control long noncoding RNA (data not shown). The
first binding site is located in exon 1 of HOTAIR. According
to the proposed secondary structure of HOTAIR [51], this
region basepairs with the RNA-RNA interaction hotspot of
HOTAIR (Supplementary Figure 5). In vivo eCLIP read pileup
occurs within the RNA-RNA interaction hotspot region, and
may reflect a similar region of binding as the in vitro event.
The other in vitro eCLIP-identified binding site resides in
exons 5 and 6, and overlaps reads from both the in vivo
eCLIP data and previous HITS-CLIP in 293T cells [11].

To test the potential impact of retention of intron 3 on
HOTAIR activity, we used our previously-described in vitro

RNA-RNA interaction assay [5]. As we observed previously,
the mature version of HOTAIR with no introns can interact
with the JAM2 RNA and addition of recombinant Bl stimu-
lates this interaction (Figure 5(g)). Somewhat surprisingly, use
of intron 3-containing HOTAIR did not prevent the direct
intermolecular RNA-RNA interactions with the JAM2 target
RNA (Figure 5(g)). In fact, an increase in interaction was
observed. Addition of Bl into these assays further increased
the interactions of HOTAIR+ intron 3 and JAM2, suggesting
that binding of Bl in intron 3 may contribute additional
potential for these interactions. RNA folding prediction of
otherwise mature HOTAIR containing this intron suggests
that the intron may fold independently and minimize the
disruption to RNA structure in the RNA-RNA interaction
hotspot region (Supplementary Figure 5). These results demon-
strate that A2/B1 binds multiple regions of HOTAIR and that
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Figure 5. Investigation of a novel hnRNP A2/B1 binding site in the IncRNA HOTAIR.

(a) Location of an hnRNP A2/B1 eCLIP peak in an intron of HOTAIR, downstream of the proposed PRC2 binding site (visible in the input library).

(b) The intron between exons 3 and 4 of HOTAIR retained in a small fraction of HOTAIR MCF7 total RNA.

(c) Intron 3 disrupts an RNA-RNA interaction site between HOTAIR and multiple gene target transcripts.

(d) Graph depicting the total number of interactions (y-axis) between each nucleotide of the HOTAIR transcript and the top 1% of transcripts (440 RNAs) predicted to
interact with HOTAIR[50]. The nucleotide position within the HOTAIR transcript (x-axis) has been shifted upstream (—139nt) so that it accurately corresponds to the
TSS of the transcript variant GenBank accession DQ926657.1. The highest number of RNA-RNA interaction events is found between 226 to 297 nt (red box).

(e) Schematic of in vitro eCLIP experiment using recombinant B1 protein and in vitro transcribed HOTAIR.

(f) In vitro eCLIP of recombinant B1 and in vitro transcribed mature form of HOTAIR identified binding sites in exon 1 and in exons 5-6 of HOTAIR (exons alternately
shaded blue), with minimal binding identified in non-crosslinked control. Comparison is made to exonic in vivo B1 eCLIP signal (red).

(9) In vitro RNA-RNA interaction assays with RAT-tagged JAM2 and either full-length HOTAIR, HOTAIR with intron 3 or Anti-Luc RNA in the presence or absence of
hnRNP B1. The association of HOTAIR and Anti-Luc RNA with JAM2 was quantified by RT-gPCR (n = 6).

each of these binding events may contribute to a molecular 3. Discussion
mechanism of RNA matchmaking with transcripts of target

genes Our profiling of A2/B1 binding sites transcriptome-wide has

led to a number of new findings. We find that both A2 and B1



isoforms have some level of preferential association with
many transcripts, potentially stemming either from recogni-
tion of distinct sequence motifs or simply based on abundance
of each isoform. We describe the strong preferential associa-
tion of A2/B1 with chromatin-associated RNAs rather than
those in the soluble fraction of the nucleus, suggesting addi-
tional roles on chromatin beyond co-transcriptional splicing.
We identified novel IncRNA interactions with A2/B1, the
positions of which hint at ways that A2/B1 may contribute
to the mechanisms of these RNAs. The surprising manner in
which A2/B1 encounters the endogenous version of the
IncRNA partner HOTAIR, before HOTAIR is fully processed,
suggests additional regulatory potential in the model of RNA-
RNA matchmaking that we have previously proposed [5].

3.1. Conservation of the hnRNP B1 isoform

To date, functional studies of the hnRNP A2 and B1 isoforms
have, with rare exception [17,18], treated the two isoforms as
a single protein. However, we have shown that the B1 isoform
preferentially interacts with certain RNAs, likely due to con-
tributions of direct interactions between the Bl-specific
N-terminal region and the target RNA. The proximity of the
Bl-specific exon to the RRMs suggests that the Bl-specific
exon may be able to regulate the activity of the RRMs when
bound to RNA.

The strong conservation of the sequence of the B1-specific
exon implies that it has functional significance, leading to its
being subjected to stabilizing selection across a number of
species. Interestingly, the strong conservation of the Bl-
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Figure 6. Model of hnRNP B1 interaction with HOTAIR.
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specific protein sequence extends to conservation of the
RNA and DNA sequence of the Bl-specific exon, which also
has identical sequence across eutherians. While this portion of
the B1 transcript does not appear to be heavily protein-bound
according to the eCLIP input libraries, it is possible that it is
transiently, or context-specifically, bound by splicing factors
that require a particular sequence in order to generate the
ideal proportions of A2 and B1.

3.2. Interactions between A2/B1 and additional
noncoding RNAs

The preference in hnRNP A2/B1 binding towards proximal
introns, as compared to the overall transcriptome, is indicative
of the role that A2/B1 is known to play in the regulation of
splicing [10]. Our work also expands the knowledge of A2/B1
RNA interactions, with possible implications for regulation and
function outside of splicing. We hypothesize that A2/B1 bind to
both nascent RNAs co-transcriptionally as well as mature
IncRNAs such as HOTAIR that interact with chromatin in
trans, and in certain circumstances facilitating RNA-RNA inter-
actions between the two types of RNA (Figure 6(b)).

The binding of A2/B1 to NORAD, TUGI, and Xist
(Figure 4) hints that A2/B1 may play a role in their mechan-
isms of action. The A2/B1 binding site on NORAD overlaps
one of the PUM2 binding sites that titrate Pumilio proteins
away from mRNAs [44,45]. On TUGI and Xist, A2/B1 also
binds downstream of binding sites for other proteins that
contribute to IncRNA function. We suspect that, as with
HOTAIR in the RNA matchmaker model, A2/B1 often acts

Intron 3

v\>

RNA-RNA interaction hotspot

>

HOTAIR @

Intron 3

%;_

(@) hnRNP B1 on chromatin can bind to transcripts co-transcriptionally, or bind to IncRNAs associating with other loci in trans.
(b) On the IncRNA HOTAIR, hnRNP B1 preferentially binds to intron 3, which bisects an RNA-RNA interaction hotspot. Retention of intron 3 may not disrupt the ability
of HOTAIR to pair with other RNAs in the hotspot region. Following splicing of intron 3, B1 remains bound to nearby regions of HOTAIR, continuing to promote RNA-

RNA interactions from the hotspot region.
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in concert with other proteins on RNA to carry out a variety
of IncRNA molecular mechanisms.

Though most A2/B1-RNA interactions are on chromatin, we
also identified B1-RNA interactions that are enriched in the
nucleoplasm and cytoplasm. These include the nucleoplasm-
enriched interaction between Bl and certain scaRNAs that sug-
gests localization of Bl to Cajal bodies. We suspect that Bl pro-
motes RNA-RNA interactions between scaRNAs and their
snRNA targets [29]. We also identified B1 binding sites that are
shifted depending on the cellular compartment, such as on the 3’
UTR of SEC14L1 (Figure 3(e)), which we hypothesize to be a
reflection of how Bl binding activity may be dynamic and may
redistribute during RNA maturation based on local cellular
environment.

3.3. Potential roles of hnRNP A2/B1 interaction with
HOTAIR

The multiple binding sites of B1 on HOTAIR that we have
uncovered through in vivo and in vitro eCLIP suggest a complex
mode of engagement. Each binding site places Bl either in
proximity to or overlapping the RNA-RNA interaction hotspot
on HOTAIR (Figure 5 and Supplementary Figure 5), suggesting
potential for regulation of these RNA interactions, either posi-
tively or negatively. The strong binding site for A2/B1 that we
have identified in intron 3 of HOTAIR, though not indicative of
direct splicing repression by A2/B1, may still indicate a role for
repression of splicing in the HOTAIR mechanism. Intron 3
binding is not required for A2/Bl1 to contribute to the
HOTAIR mechanism, since cDNA transgenes are sufficient.
However, in the context of the endogenous gene, this interaction
may still be important in ways that are not yet fully clear. The
results of the RNA-RNA interaction assays testing HOTAIR-
JAM2 matching (Figure 5(g)) suggest that intron 3 may actually
be a positive regulator of the HOTAIR-B1 mechanism, both in
an hnRNP Bl-dependent and -independent manner. This may
be due in part to the ability of intron 3 to fold independently and
potentially ‘present’ the RNA-RNA interaction hotspot, though
further work is needed to understand this better.

3.4. Conclusion

Our transcriptome-wide study of A2/B1 RNA binding partners
provides additional examples further emphasizing that A2/B1 has
more roles than simply acting as a splicing regulator. We identify a
number of cases in which A2/B1 may bind RNA in concert with
other proteins, demonstrate how the splicing function of A2/B1 is
potentially re-purposed for additional molecular mechanisms
with IncRNAs, and identify a number of A2/B1 binding sites in
distal introns far removed from splice sites. These results solidify
the view that A2/Bl is a multifunctional RNA-binding protein
with a diverse set of roles across the transcriptome.

4. Materials and methods
4.1. Cell culture

MCF?7 cells were maintained in RPMI (Gibco) with 10% FBS
and 1x Pen-Strep (Life Technologies). MCF10A cells were

maintained in DMEM/F12 media (Sigma) supplemented
with 5% horse serum (Gibco), 20 ng/mL EGF (Sigma),
0.5 mg/mL hydrocortisone (Sigma), 100 ng/mL cholera toxin
(Sigma), 10 ug/mL insulin (Life Technologies), and Pen-Strep
(Life Technologies). C2C12 cells were grown in DMEM
(Gibco) with 20% FBS and 1x Pen-Strep (Life Technologies).

4.2. eCLIP-seq

eCLIP-seq was performed as previously described [15] with
minor modifications. Briefly, we UV-crosslinked confluent
cells at 150 mJ and 254 nm wavelength in 13 mL of PBS in
15 cm plates; these cells were then spun down, flash frozen in
liquid nitrogen, and stored at — 80°C. Nuclear isolation was
performed as previously described [20], followed by further
digestion by Bioruptor, RNase I, and Turbo DNase as speci-
fied in the original eCLIP protocol. Overnight immunopreci-
pitation was performed using 2 mg Protein G Dynabeads per
10 ug antibody, and appropriate antibodies for hnRNP A2/B1
(Abcam ab31645, 9 pg/IP), hnRNP B1 (IBL 18,941, 2.5 pg/IP),
or IgG (Novus NB810-56,910, 5 pg/IP). Following end repair
and 3’ adaptor ligation (using X1A and X1B adaptors as
previously described, see Table S2 in Supplementary
Material), size selection was carried out using Nupage
4-12% Bis-Tris protein gels followed by overnight transfer
at 30V to nitrocellulose membranes. Protein-RNA complexes
on nitrocellulose were then digested with Proteinase K
(Roche) and reverse transcribed using SuperScript IV
(Thermo Fisher). These ¢cDNAs were then prepared for
sequencing as described using Illumina TruSeq HT dual
indexed primers, and sequenced on an Illumina NextSeq 500
for high-output 2 x 75 bp run.

4.3. Cellular fractionation of MCF7 cells and eCLIP

Cellular fractionation of cross-linked cells into cytoplasm,
nucleoplasm, and chromatin subcompartments was per-
formed as previously described [27] and tested using antibo-
dies specific to each subcompartment (Figure 3(a)). Each
fraction was raised to 1 mL final volume using Buffer D
(20 mM HEPES pH 7.5, 210 mM NaCl, 7.5% glycerol,
0.75 mM MgCl,, 0.25 mM PMSF, and 1x proteinase inhibitor)
then incubated with TURBO DNase (40U for chromatin
sample, 10U for soluble samples) for 30 minutes at 37°C,
then quenched with 10 mM EDTA. Fractions were then
further digested with Bioruptor and RNase (but no additional
DNase) as specified in the original eCLIP protocol, then
immunoprecipitated overnight with antibody to hnRNP Bl
(IBL 18,941, 2.5 pug/IP). The rest of the eCLIP protocol was
performed identically to other samples. Validation of fractio-
nation was performed with Western analysis for A2/B1, his-
tone H3 (HRP-conjugated 1° antibody, Abcam ab21054-200),
and beta-tubulin (Invitrogen MA5-16,308).

4.4. Computational analysis for eCLIP

eCLIP-seq libraries were analyzed using the previously pub-
lished computational pipeline [15], with minor changes pro-
vided to us by the Yeo group (G. Pratt, personal



communication). These changes included a modified version
of the clipper peak calling program [52] modified to perform
more accurately when followed by input normalization of
peak signal.

Peaks were then normalized against the size matched input
sample by calculating fold enrichment of number of reads in
IP versus number of reads in the input sample. Peaks were
called significant if IP read count was higher than input and
the peaks had a Bonferroni-corrected Fisher exact p-value of
less than 107°.

Motifs were determined using the DREME program [53]
with the options -rna -m 4. IDR analysis was performed on
input-normalized peaks by ranking peaks by enrichment
P-value and performing the ENCODE pipelines described at
https://sites.google.com/site/anshulkundaje/projects/idr/
deprecated.

4.5. Native RNA immunoprecipitations

MCE-7 cells were washed in PBS and lysed in 10 mM Hepes 7.4,
150 mM KCI, 3 mM MgCl,, 2 mM DTT, 0.5% NP-40, 1 mM
PMSF, 10% glycerol with protease and RNase inhibitors (Roche).
Immunoprecipitations were performed overnight at 4°C with
1 mg of lysate and 5 pug of the following antibodies: Mouse Total
IgG (EMD Millipore) and hnRNP A2/B1 (Novus NB120-6102).
For each IP, 25 pL of Protein A/G magnetic beads (Thermo-
Fisher) were added to each sample and incubated an additional
2 h. Beads were washed 5X with the wash buffer: 20 mM Tris at
pH 7.4, 200 mM NaCl, 2 mM MgCl,, 1 mM DTT, and split for
RNA and protein analysis.

4.6. RNA isolation and PCR

RNA was isolated with 500 uL TRIzol (Life Technologies)
followed by purification by RNeasy kit (QIAGEN). Samples
were DNase treated using the TURBO DNase kit (Ambion).
Two ug of each RNA sample was reverse transcribed using a
c¢DNA High Capacity Kit (Life Technologies). cDNA was PCR
amplified using Phusion polymerase and 1 minute extension
times to accurately amplify reads over 1 kb in length.

4.7. In vitro eCLIP-seq

Cloning and purification of recombinant hnRNP B1 was per-
formed as previously described [5]. HOTAIR and antisense
luciferase control RNA (see [5] for sequence details) were in
vitro transcribed using the MEGAscript T7 Transcription Kit,
treated with TURBO DNase, and purified with RNeasy Qiagen
Kit. In a 1:10 RNA:protein molar ratio, 1.2 ug of control or
HOTAIR RNA was incubated with recombinant B1 in 100 pL
buffer (20 mM HEPES-KOH pH 7.9, 100 mM KCl, 0.2 EDTA
pH 8.0. 20% Glycerol, 0.5 mM PMSF, 0.5 DTT) for 20 minutes
at room temperature. The mixture was diluted to 250 uL in
refolding buffer and UV-crosslinked twice in one well of a 24-
well plate at 250 m] and 254 nm wavelength, with mixing by
pipette in between. BI-RNA crosslinked and non-crosslinked
samples were treated with 0.1 ng RNase A for 3 minutes at 37°C
and 1200 rpm, then stopped with 200 U Murine RNase
Inhibitor (NEB). Following this, the in vitro samples were
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subjected to end repair, adaptor ligation, SDS-PAGE and trans-
fer to nitrocellulose, and the remainder of the eCLIP-seq proto-
col, then sequenced multiplexed with other eCLIP-seq libraries.
Compared to the control sample, HOTAIR-BI libraries pro-
duced ~ 6-fold higher concentration of final product after
library preparation and size selection, using the same number
of PCR amplification cycles for each sample.

4.8. RNA-RNA interaction analysis

Using a previously published database of computationally
predicted interactions between human IncRNAs and the
entire transcriptome [50], a list of all 44,006 annotated mature
transcripts and computational predictions for RNA-RNA
interaction with HOTAIR were analyzed. This list was sorted
by the interaction energy (i.e. the minimum predicted free
energy found among the interactions contained within each
pair of RNA sequences) and the top and bottom 1% by rank
(440 transcripts) were used as input for a Java program that
plots the total number of interactions for each nucleotide of
the 2,422nt HOTAIR transcript.

4.9. RNA-RNA interaction assays

Performed as previously described [5] using in vitro-tran-
scribed versions of HOTAIR, HOTAIR + intron 3, and the
RAT-tagged JAM?2 target as well as recombinant hnRNP B1
purified from E. coli.
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