Coordinate regulation of alternative pre-
mRNA splicing events by the human RNA
chaperone proteins hnRNPA1 and DDX5

Yeon J. Lee,"*? Qingqing Wang,"">* and Donald C. Rio'??

"Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley, California 94720, USA; *Center for
RNA Systems Biology, University of California at Berkeley, Berkeley, California 94720, USA,; 3California Institute for Quantitative
Biosciences (QB3), University of California at Berkeley, Berkeley, California 94720, USA

Alternative premessenger RNA (pre-mRNA) splicing is a post-transcriptional mechanism for controlling gene ex-
pression. Splicing patterns are determined by both RN A-binding proteins and nuclear pre-mRNA structure. Here, we
analyzed pre-mRNA splicing patterns, RNA-binding sites, and RNA structures near these binding sites coordinately
controlled by two splicing factors: the heterogeneous nuclear ribonucleoprotein hnRNPA1 and the RNA helicase
DDX5. We identified thousands of alternative pre-mRNA splicing events controlled by these factors by RNA se-
quencing (RNA-seq) following RNAi. Enhanced cross-linking and immunoprecipitation (eCLIP) on nuclear extracts
was used to identify protein—-RNA-binding sites for both proteins in the nuclear transcriptome. We found a signifi-
cant overlap between hnRNPA1 and DDX5 splicing targets and that they share many closely linked binding sites as
determined by eCLIP analysis. In vivo SHAPE (selective 2'-hydroxyl acylation analyzed by primer extension)
chemical RNA structure probing data were used to model RNA structures near several exons controlled and bound
by both proteins. Both sequence motifs and in vivo UV cross-linking sites for hnRNPA1 and DDX5 were used to map
binding sites in their RNA targets, and often these sites flanked regions of higher chemical reactivity, suggesting an
organized nature of nuclear pre-mRNPs. This work provides a first glimpse into the possible RNA structures sur-

rounding pre-mRNA splicing factor-binding sites.
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Alternative premessenger RNA (pre-mRNA ) splicing is an
important mechanism that cells use to modulate gene ex-
pression and protein isoform diversity at the post-tran-
scriptional level. Many studies have indicated that both
RNA-binding proteins (Fu and Ares 2014; Lee and Rio
2015)—such as heterogeneous nuclear ribonucleoproteins
(hnRNPs) (Martinez-Contreras et al. 2007; Geuens et al.
2016) and serine- and arginine-rich (SR) proteins (Howard
and Sanford 2015; Jeong 2017)—and RNA structure (Warf
and Berglund 2010; McManus and Graveley 2011) play
roles in determining patterns of intron splicing in specific
cases. In humans, >95% of genes are alternatively spliced
(Barbosa-Morais et al. 2012; Merkin et al. 2012), and often
these alternative pre-mRNA processing events have im-
plications for health and disease, as disease gene muta-
tions that affect the splicing process result in human
genetic disorders (Singh and Cooper 2012; Li et al. 2016).
It is also known that proteins can act to alter RNA struc-
ture by either promoting annealing of complementary
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RNA strands (Herschlag 1995) or disrupting base-paired
regions in long RNAs (Jarmoskaite and Russell 2011;
Smola et al. 2016). DEAD/H-box family RNA helicase
proteins play important roles in intron removal as part
of the spliceosomal machinery (Jarmoskaite and Russell
2011; Will and Luhrmann 2011). Biochemical studies us-
ing purified proteins have also confirmed that RNA-bind-
ing proteins along with their auxiliary low-complexity or
intrinsically disordered regions can function as “RNA
chaperones” to promote novel RNA structures and
RNA-folding pathways (Herschlag 1995).

The use of high-throughput RNA sequencing (RNA-
seq) methods in conjunction with either mutations in
splicing factor genes or RNAi/CRISPR interference have
allowed the identification of thousands of RNA splicing
events that are either directly or indirectly controlled by
specific RNA-binding proteins (Fu and Ares 2014; Lee
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and Rio 2015). UV photochemical RNA-—protein cross-
linking and immunoprecipitation (CLIP) followed by
high-throughput RNA-seq methods—HITS-CLIP (high-
throughput sequencing CLIP) (Darnell 2010}, PAR-CLIP
(photoactivatable ribonucleoside-enhanced CLIP) (Hafner
et al. 2010), iCLIP (individual nucleotide-resolution UV
CLIP) (Huppertz et al. 2014), eCLIP (enhanced CLIP)
(Van Nostrand et al. 2016), and irCLIP (infrared CLIP) (Zar-
negar et al. 2016)—have allowed direct mapping of RNA-
protein-binding sites in vivo and, in many cases, informed
on both motifs (transcripts and transcript regions) that a
given RNA-binding protein or protein complex can recog-
nize (Marchese et al. 2016; Wheeler et al. 2018).

The recent development of methods for chemical prob-
ing and cross-linking of RNA structures inside living cells
has allowed a transcriptome-wide view of both local RNA
secondary structure and long-range RNA-RNA interac-
tions (Kwok et al. 2015; Smola et al. 2015, 2016; Flynn
et al. 2016; Graveley 2016; Kwok 2016). These methods
use either dimethyl sulfate (DMS) (Rouskin et al. 2014)
or 2’OH acylation (SHAPE [selective 2/-hydroxyl acylation
and profiling experiment]) (Flynn et al. 2016) reagents to
probe ssRNA regions mapped by reverse transcriptase
stops or mutations at modified sites and 4-hydroxymethyl
trioxalen (psoralen) to cross-link RNA-RNA duplexes in
vivo followed by digestion with single-strand-specific
RNases and library preparation (ligation of interacting
RNA [LIGR] followed by high-throughput sequencing
[LIGR-seq] [Sharma et al. 2016] and psoralen analysis of
RNA interactions and structures [PARIS] [Lu et al. 2016]).
These are powerful methods to map protein-RNA inter-
action sites and RNA secondary structures across the
transcriptome.

In order to investigate the relationship between pre-
mRNA alternative splicing (AS) patterns, splicing factor-
binding sites, and local RNA structures, we integrated
data sets that identify splicing pattern alterations, RNA—
protein interaction eCLIP data, and RNA structure prob-
ing data. We chose to study two RNA-binding proteins
known to play roles in pre-mRNA splicing and act as
RNA chaperone proteins: human hnRNPA1 and the
RNA helicase DDX5. hnRNPALI is a well-known splicing
factor that binds to splicing silencer elements and can an-
tagonize the effect of the SR family of splicing activators
(Guil et al. 2003; Expert-Bezancon et al. 2004). hnRNPA1
is one member of the family of hnRNPs that possesses
RNA chaperone activity, can promote RNA-RNA anneal-
ing, and can enhance hammerhead ribozyme cleavage
in vitro (Herschlag et al. 1994; Portman and Dreyfuss
1994). This activity is manifest by the C-terminal RGG-
rich intrinsically disordered region or prion-like domain
(Harrison and Shorter 2017). In contrast to the RNA-
RNA annealing activity of hnRNPA1, DDX5 is an ATP-
dependent RNA helicase belonging to the DEAD/H-box
helicase family. These proteins typically unwind RNA
structures or can translocate along RNA and displace
RNA-bound proteins using the energy of ATP hydrolysis
(Jarmoskaite and Russell 2011). Of the many possible
DEAD/H-box RNA helicase family members, DDX5 has
been shown to affect splicing of the tau gene exon 10
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(Camats et al. 2008; Kar et al. 2011) and the ras pre-
mRNA (Guil et al. 2003). Furthermore, the genome-wide
effects of RNA helicases on pre-mRNA splicing decisions
have not been investigated. Here, we used RNAi to
deplete hnRNPA1 and DDX5 mRNA and protein and per-
formed RNA-seq to assess pre-mRNA splicing pattern
changes in human K562 cells using a new software algo-
rithm called the junction usage model (JUM) (Wang and
Rio 2017). These results show that thousands of splicing
pattern changes are observed upon hnRNPA1 and DDX5
knockdown, with more changes detected in the DDX5
knockdown condition. Furthermore, there is a significant
overlap in hundreds of splicing targets for both proteins.
We also performed eCLIP RNA-binding immunoprecipi-
tation experiments using nuclear extracts (Van Nostrand
et al. 2016) to define in vivo binding sites on target pre-
mRNAs and deduced binding motifs for both proteins.
hnRNPA1 eCLIP data show motifs similar to previously
reported in vitro SELEX sites, and our nuclear eCLIP
tags indicate differential binding of hnRNPALI to distinct
transcript regions compared with the whole-cell eCLIP
tags identified by ENCODE. Analysis of DDX5 nuclear
eCLIP tags led to deduction of a GC-rich binding motif,
typically in regions with single-stranded character adja-
cent to RNA duplexes. Finally, we used an icSHAPE (in
vivo click SHAPE) whole-cell chemical RNA probing
data set (Spitale et al. 2015) to deduce RNA structures
around hnRNPA1 and DDX5 exonic eCLIP tags found
on splicing target transcripts. Using the icSHAPE probing
data, we can deduce local RNA structures (comparing
reactivity profiles of in vivo probed vs. in vitro deprotei-
nized chemically treated RNA samples) on coordinately
controlled hnRNAP1/DDX5 target RNAs containing
closely clustered eCLIP tags and binding motifs for both
proteins. These experiments show that the positions
with hnRNPA1 eCLIP tag cross-linking sites and enriched
binding motifs often show much less single-stranded
chemical reactivity in vivo, indicating that in vivo protein
binding blocks chemical probing (i.e., footprints), since
hnRNPAL1 is known to bind ssRNA. The DDX5 eCLIP
tag cross-linking sites or enriched binding motifs typically
appear to be near ssRNA or bulged RNA regions but are
often located adjacent to putative dsRNA regions, sug-
gesting that the short motifs may function to load the heli-
case onto the RNA at specific sites. These initial findings
indicate that chemical RNA structure probing can be used
in combination with protein binding and splicing pattern
changes to find unique features and deduce putative RNA
structures on transcripts whose pre-mRNA splicing pat-
terns are coordinately controlled by multiple specific
RNA-binding proteins.

Results

Analysis of pre-mRNA splicing targets for honRNPA1

In order to identify pre-mRNA splicing target transcripts
controlled by hnRNPA1 in human K562 cells, we com-
pared AS pattern changes in hnRNPA1 knockdown cells
with a nonspecific control knockdown cell sample by
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high-throughput RN A-seq. K562 is a lymphoblast cell line
that has been extensively characterized for transcription
profiles, genome-wide histone marks, and chromatin ac-
cessibility from the ENCODE project. Following RNAi
knockdown with an 81% knockdown efficiency (Fig.
1A, left panel), we processed RNA from two biological
replicate samples into strand-specific RNA-seq libraries
and sequenced using the Illumina platform and acquired
~40 million Illumina 100-base-pair (bp) paired-end reads
per biological replicate.

Recently, we developed a new splicing analysis software
tool called JUM to identify differentially spliced pre-
mRNA transcripts from RNA-seq data (Wang et al. 2016;
Wang and Rio 2017). The JUM method does not depend
on any pre-existing splice junction annotations and thus
is able to detect both novel and previously known splicing
events specific to the sample. JUM uses RNA-seq reads
that map exclusively over splice junctions for AS quantifi-
cation using a robust statistical algorithm, deduces pat-
terns of splicing, and calculates a percent spliced in (PSI
or ¥) value (Wang et al. 2016; Wang and Rio 2017). We de-
tected 1828 differential AS events over 1421 genes upon
hnRNPA1 knockdown using JUM (Fig. 1A, right panel).
The detected differential splicing events were deconvo-
luted into different patterns of splicing with discreet
ranges of PSI (or ¥) values, including not only the conven-
tionally recognized alternative 5’ splice site (A5SS), alter-
native 3’ splice site (A3SS), mutually exclusive exon
(MXE), intron retention (RI), and skipped exon (SE) pat-
terns but also a more complex “composite” class of splic-
ing pattern. This composite classification is a novel feature
of JUM where two or more combinations of the conven-
tional patterns are observed in alternatively spliced tran-
scripts (Fig. 1A, right panel). If a complex combination of
AS events exists over a single splicing structure, JUM plac-
es the splicing structure into this separate category, allow-
ing accurate quantitation of the standard, less complex
patterns of pre-mRNA splicing events mentioned above.
Indeed, upon hnRNPA1 knockdown, we detected 479
composite events or complex alternative pre-mRNA splic-
ing events, indicating that a large percentage of differential
splicing events consists of a mixture of different types and
combinations of conventionally recognized AS patterns
(Fig. 1A, right panel).

We also used the MISO (Mixture of Isoforms) software
(Katz et al. 2010) to detect differential splicing events
upon hnRNPA1 knockdown (Supplemental Fig. S1A).
MISO quantitates the expression of alternatively spliced
mRNAs from RNA-seq data using a Bayesian model to es-
timate and measure differential expression and requires
the use of a preannotated library of splice events. We found
a total of 3111 differential AS changes upon hnRNPA1
knockdown over 1742 genes using MISO (Supplemental
Fig. S1A). Of the total 3111 detected differential AS events
upon hnRNPA1 knockdown, 1052 had a A¥ or APSI value
>0.2 or 20%. When we compared the splicing target RN As
from the JUM and MISO analyses, we detected 575 over-
lapping differential splicing targets of hnRNPA1 (Supple-
mental Table 1; Supplemental Fig. S1A, right panel). We
previously observed partially overlapping subsets of splic-
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ing targets comparing JUM with MISO, which may be due
to differences in the underlying algorithms (Wang and Rio
2017). We also experimentally validated the AY estimates
calculated by JUM and MISO for several AS events using
RT-PCR assays (Supplemental Fig. S3). We selected sever-
al random targets from the JUM and MISO analyses from
the SE splicing category that had a APSI >0.2 and a few
with a APSI <0.2 (e.g.,, hnRNPD, ALAS2, EN1, and CD97)
for validation. For most of the splicing targets tested by
RT-PCR (11 out of 13), the differential splicing patterns
were detected by both JUM and MISO, and the AY value
calculated experimentally from the RT-PCR assays corre-
lated well with the AW estimates calculated from the RNA-
seq data (Supplemental Fig. S2, primer information listed
in Supplemental Table 3). Gene ontology (GO) term anal-
ysis of JUM-identified hnRNPA1 splicing targets shows
clustering of transcripts functionally enriched in cotrans-
lational protein targeting to the endoplasmic reticulum
(ER), RNA processing, and translation (Fig. 1B; Supple-
mental Table 4).

The RNA helicase DDX5 controls AS of thousands
of target pre-mRNAs

We performed RNAi knockdown of DDX5 in human
K562 cells with 93% efficiency (Fig. 2A, left panel) and
processed RNA from the cells into strand-specific RNA-
seq libraries. We again analyzed the RNA-seq data from
the DDX5 knockdown samples using JUM and MISO to
detect and quantitate changes in pre-mRNA splicing pat-
terns. This analysis revealed many more splicing changes
in DDX5 knockdowns compared with the hnRNPAI
knockdowns. The JUM analysis found 3915 differential
splicing events over 2704 genes upon DDX5 knockdown
(Fig. 2A, right panel; Supplemental Table 2). MISO analy-
sis uncovered 5294 differential splicing events over 2514
genes; 2415 out of 5294 differential AS events had AY/
APSI>0.2 or 20% (Supplemental Fig. S1B). Again, we iden-
tified some splicing targets that were unique for either
JUM or MISO in the DDX5 knockdown data sets. GO
term analysis of the JUM-identified DDX5 splicing targets
is shown in Figure 2B and Supplemental Table 5. Interest-
ingly, the prominent GO terms enriched in the DDX5
target transcripts were similar to those found associated
with hnRNPA1; namely, cotranslational protein target-
ing, RNA processing, nonsense-mediated mRNA decay,
and translation.

Analysis of RNA-binding sites on the nuclear
transcriptome for hnRNPA1 and DDX5

In order to determine the RN A-binding sites for hnRNPA1
and DDX5 on nuclear RNAs and correlate this informa-
tion with the differentially spliced target RNAs, we per-
formed in vivo eCLIP experiments. eCLIP has optimized
many steps in the procedure, resulting in more com-
prehensive RNA-binding protein target identification
(Van Nostrand et al. 2016). We wanted to enrich for nu-
clear pre-mRNA targets bound by hnRNPA1 and DDX5
and, since both proteins are found in the nucleus and the
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Figure 1. Quantitation of differential AS events controlled by hnRNPA1 from RNA-seq using JUM. (A, left panel) siRNA-mediated
knockdown of hnRNPA1 at the protein level. K562 cells were transfected with either nonspecific control siRNA oligos (scr si) or
hnRNPAL1 duplex siRNA oligos. After a second round of siRNA transfection, the cells were harvested for RNA isolation or protein lysates.
(Right panel) JUM is a splicing annotation-independent method for determining pre-mRNA splicing patterns from RNA-seq data. Only
splice junction-spanning reads were taken into account for quantitation. This resulted in a quantitative comparison of AS events
(1828) whose splicing patterns were significantly altered in the hnRNPA1 knockdown samples versus the control (false discovery rate
[FDR], P<0.05), covering 1421 genes. The expression levels of a set of annotated events was quantitated to determine distributions
over “percent spliced in” (PSI or ¥) values. (B) Gene ontology (GO) enrichment analysis of the hnRNPA1 splicing target genes from
the JUM splicing analysis against 10,043 expressed genes (reads per kilobase per million mapped reads [RPKM] > 1) in K562 cells. Catego-
ries of related genes are listed at the left, and the enrichment significance (—log FDR) is indicated along the X-axis.

cytoplasm, prepared nuclear extracts from K562 cells as
the starting material for the eCLIP assays. Initial analysis
showed that the majority of the nuclear eCLIP tags for
both hnRNPA1 and DDX5 mapped to intronic regions
in comparison with other genomic regions but also to 5’
untranslated regions (UTRs) (Fig. 3A,B). This is an espe-
cially prominent result for the DDX5 nuclear eCLIP tags,
since 18% of the uniquely mapping reads localized to 5’
UTRs, and 52% mapped to introns. This result again con-

firms that we are enriching for nuclear pre-mRNA and is
consistent with the roles of both hnRNPA1 (Jean-Philippe
etal.2013; Lemieux et al. 2015)and DDX5 (Fuller-Pace and
Ali 2008; Fuller-Pace 2013) in the nucleus.

The hnRNPA1 eCLIP data analysis using the pyCRAC
package (Webb et al. 2014) resulted in 11,025 nuclear
eCLIP clusters over 1338 hnRNPA1 target pre-mRNAs.
Motif analysis indicated that hnRNPA1 nuclear eCLIP
tags showed enrichment for the consensus high-affinity
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Figure 2. The RNA helicase DDX controls alternative pre-mRNA splicing of thousands of target RNAs. (A, left panel) K562 cells were
transfected with either nonspecific control siRNA oligos (scr si) or DDX5 duplex siRNA oligos. After a second round of siRNA transfec-
tion, the cells were harvested for RNA isolation or protein lysates. Protein lysates were immunoblotted with DDX5 antibody to detect the
efficiency of siRNA-mediated knockdown at the protein level. (Right panel) Detection of changes in AS events upon DDX5 knockdown in
human K562 cells using JUM. JUM analysis revealed 3915 AS events whose splicing patterns were significantly altered in DDX5 RNAi
knockdown samples versus the control scrambled siRNA samples, covering 2804 genes (FDR, P <0.05). (B) GO enrichment analysis of
2804 DDX5 splicing target genes from JUM splicing analysis. Categories of related genes are listed at the left, and the enrichment signifi-

cance (—log FDR) is indicated along the X-axis.

hnRNPAI1-binding site UAGGGA/U (Fig. 3C), similar
to the motif identified previously by in vitro SELEX exper-
iments (Burd and Dreyfuss 1994) and also determined by
iCLIP-seq (iCLIP combined with high-throughput se-
quencing) (Bruun et al. 2016), confirming that in vivo
binding of hnRNPA1 mirrors the binding preferences ob-
served with the purified protein. DDX5 was shown to
bind to the tau pre-mRNA in the stem-loop region down-
stream from exon 10 (Kar et al. 2011), and, unlike
hnRNPALI, there is no known binding motif for DDX5.
False discovery rate (FDR) filtering (P < 0.05) resulted in
2532 DDX5 eCLIP clusters over 547 target pre-mRNAs.
When we performed k-mer motif analysis to extract en-
riched motifs from the DDX5 eCLIP data sets, compared
with randomly distributed control data sets over the
same genomic features, a short GC-rich motif was found
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to be enriched in the DDX5-bound peaks (Fig. 3D). It is
possible that GC-rich regions are present near a single-
stranded region adjacent to an RNA duplex that DDX5
might be binding.

Correlation of hnRNPA1/DDX5 binding to the
differentially spliced target RNAs

We compared hnRNPA1 nuclear eCLIP targets with the
differentially spliced hnRNPA1 targets identified by the
JUM and MISO RNA-seq analyses. We identified 316 dif-
ferentially spliced target RNAs with nuclear hnRNPA1
eCLIP tags (Fig. 4A). Among these targets, 97 targets
were shown to be differentially spliced in both the JUM
and MISO RNA-seq data. These genes are listed in Figure
4B. The results indicate that only a subset of pre-mRNAs
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Figure 3. Nuclear eCLIP-seq (eCLIP combined with high-throughput sequencing) for hnRNPA1 and DDXS5 reveals thousands of protein-
binding sites on the human transcriptome. (A,B) Pie charts showing the differential distribution of hnRNPA1- and DDX5-binding sites
within different categories of genomic regions. hnRNPA1 nuclear eCLIP generated 11,025 high-confidence clusters (FDR, P <0.05) over
1338 targets. DDX5 nuclear eCLIP generated 2532 high-confidence clusters (FDR, P < 0.05) over 547 targets. k-mer enrichment motif anal-
ysis of the eCLIP clusters is shown for hnRNPA1 (C) and DDX5 (D). Motifs were generated by extracting k-mers from reads after compar-
ing with control data sets with reads randomly distributed over the same genomic features.

with hnRNPA1 nuclear eCLIP tags is differentially spliced
(~24%). This seems consistent with the knowledge that
hnRNPA1 has other cellular functions besides its role in
pre-mRNA splicing, such as in nuclear RNA export, telo-
mere biogenesis, and microRNA processing (Guil and Ca-
ceres 2007; Chaudhury et al. 2010). However, it is also
known that the RNA-protein UV cross-linking efficiency
is low, and so perhaps only a subset of the hnRNPA1 pro-
tein was covalently attached to RNA and retrieved after
immunoprecipitation. It is also possible that some pre-
mRNA splicing changes detected upon hnRNPA1 knock-
down were not a direct consequence of hnRNPA1 binding.
We also performed GO term analysis on these 1338
hnRNPALI target RNAs with eCLIP tags, and they are in-
volved in regulation of gene expression, SRP-dependent
cotranslational protein targeting to membrane, protein lo-
calization to the ER, translational initiation, and RNA
processing (Fig. 4C), very similar to the GO term analysis
of differentially spliced genes identified upon hnRNPA1
knockdown.

We also performed a comparison of DDX5 nuclear
eCLIP tag-containing transcripts with the differentially
spliced target RNAs from the JUM and MISO RNA-seq
analysis upon DDX5 RNAi knockdown. This analysis
identified 172 differentially spliced target RNAs with
nuclear DDX5 eCLIP tags, and 58 genes out of 174 were
determined to be differentially spliced target RNAs con-
trolled by DDX5 from the JUM and MISO analyses (Sup-
plemental Fig. S3A,B). GO term analysis of the 547
DDX5 splicing targets with eCLIP tags revealed that these
DDX5-bound targets are involved in the regulation of gene

expression, RNA metabolism, protein localization to the
ER, and transcription (Supplemental Fig. S3C).

Coordinated regulation of many splicing targets
by hnRNPA1 and DDX5

We noticed that the DDX5-binding sites determined by
eCLIP analysis sometimes overlapped with hnRNPA1-
binding sites. When we examined whether there is overlap
between the splicing targets of hnRNPA1 and DDX5,
we also found that there was a significant overlap between
the splicing targets of these two RNA chaperones (Fig. 5A).
Over ~66% of hnRNPA1 and ~40% DDX5 splicing targets
are shared between hnRNPA1 and DDX5, as detected by
both JUM and MISO RNA-seq analysis. When we com-
pared the binding targets of hnRNPA1 and DDXS5 as deter-
mined by eCLIP, we found that the majority of DDX5-
bound RNAs is also bound by hnRNPA1 (Fig. 5B). These
data suggest that there is coordinated regulation of pre-
mRNA splicing between hnRNPA1 and DDX5. DDX5
was shown to play a role in the pre-mRNA splicing of the
proto-oncogene c-H-Ras (HRAS), and hnRNPA1 negative-
ly regulated the HRAS upstream intron splicing in vitro
(Guil et al. 2003). Although we found DDX5-binding sites
on HRAS by eCLIP, only one of the hnRNPA1 eCLIP rep-
licates was found on HRAS RNA, and corresponding
eCLIP tags did not pass the FDR testing (FDR, P <0.05). Al-
though hnRNPA1 eCLIP reads on the HRAS pre-mRNA
did not pass our FDR testing, we found other common tar-
gets of hnRNPA1 and DDXS5 binding, with a total of 1078
binding sites (Supplemental Table 6) over 362 target RNAs
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TAL1, CDC45, HSP90AB1, SLC3A2, COPS3, MED15, SNHGS,
RPL11, SNHG1, RBM39, PCBP2, ALAS2, MORF4L1, HINT1,
ATXN2L, RPL10A, IRF2BP2, TOP3B, EZH2, PQBP1, RPS3, MEDS,
MYL6, MORF4L2, NCAPG2, MPP1, MRPS22, EDF1, OCIAD1,
C120rf57, HNRNPH3, RAN, EIF4B, PSMA2, RTN4, PTMA, VWDE,
CCNL1, CDK5RAP1, SNHG5, ENY2, XPO1, MARCHS, RPS12,
089, PPIL2, GNB2L1, ACIN1, SRSF2, TCF3, CIRBP, EIF4A2,
GMNN, CCT5, EIF4G2, TRIT1, DDX41, MAT2A, H2AFY

hnRNPA1 Target Gene Ontology Categories

mRNA metabolic process

SRP-dependent cotranslational protein targeting to membrane
cotranslational protein targeting to membrane

protein targeting to ER

translational initiation

establishment of protein localization to endoplasmic reticulum
RNA processing
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negative regulation of macromolecule metabolic process

protein targeting to membrane I

negative regulation of gene expression I———

viral transcription I
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o

1 2 3 4 5 6 7 8 ¢
Significance, -log(FDR)

Figure 4. hnRNPALI differentially spliced transcripts with nuclear eCLIP peaks in human K562 cells. (A) Venn diagram showing the over-
lap between the differential splicing target RNAs and nuclear hnRNPA1-binding targets in K562 cells. (B) A list of common differential
splicing targets from JUM and MISO analysis that contain nuclear hnRNPA1 eCLIP targets. (C) GO enrichment of hnRNPAI targets con-
taining nuclear eCLIP tags revealed that these target RNAs are involved in processes such as protein localization to the ER, the mRNA
metabolic process, translational initiation, and nonsense-mediated decay.

(FDR P < 0.05). We examined whether there was a positive
or negative effect of hnRNPA1 or DDX5 on these splicing
targets and determined that both hnRNPA1 and DDX5
can act as a splicing activator or repressor on these pre-
mRNAs. Supplemental Table 6 lists the genomic coordi-
nates for the shared binding sites of hnRNPA1 and DDX5.

Use of in vivo RNA structure chemical probing
(icSHAPE) data to model RNA structures around
protein-binding sites for LRNPA1 and DDX5

RNA chaperone proteins function to assist correct RNA
folding and prevent RNA from misfolding. These RNA-
protein interactions can also promote or disrupt RNA-
RNA base-pairing interactions to alter RNA structure.
Both hnRNPA1 (Herschlag et al. 1994; Portman and
Dreyfuss 1994) and the RNA helicase DDX5 can act as
RNA chaperones. To examine how hnRNPA1 and DDX5
binding to the transcriptome relates to local RNA second-
ary structures, we used differential transcriptome-wide
icSHAPE chemical RNA reactivities (Flynn et al. 2016)
to generate potential RNA structures around the nuclear
eCLIP exonic tag-binding sites for both proteins on several
of the more abundant transcripts from our identified target
genes. We used publicly available whole-cell HEK293
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icSHAPE data from a previous study (Lu et al. 2016). The
icSHAPE data were generated from whole-cell RNA, and
so the read density for this data set is higher on exons found
in more abundant transcripts. This fact limited the num-
ber and location of protein-binding sites that we could ex-
amine where the read density was high enough to generate
RNA structures. Therefore, we examined several cases
where eCLIP tags for hnRNPA1 and DDX5 were found
on exons from abundant transcripts close to the observed
AS events in order to deduce possible local RNA structures
around the protein-binding sites on the splicing target
RNAs. A control data set was also generated using depro-
teinized and refolded RNA treated with NAI-Nj; in vitro
(“in vitro control”) (Lu et al. 2016). In both cases, purified
RNA was then reverse-transcribed where the SHAPE-
modified adduct on the 2'-hydroxyl group reactive in the
ssRNA regions stops reverse transcriptase, resulting in
truncated cDNA products. The in vivo/in vitro icSHAPE
reactivity profiles can then be incorporated into RNA
structure prediction programs to generate potential RNA
secondary structures using single-stranded versus dou-
ble-stranded region constraints (Aviran and Pachter 2014;
Matthews 2014).

We anticipated that RNA sites bound by hnRNPA1 and
DDX5 in vivo might have a negative VID (“vivo-vitro
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Figure 5. A large number of hnRNPA1 and DDX5 splicing targets are coregulated. (A) JUM and MISO analysis independently identified
significant overlap between the splicing targets of hnRNPA1 and DDX5. Approximately 66% of hnRNPA1 and 40% DDX5 splicing tar-
gets are shared between hnRNPA1 and DDXS5. (B) eCLIP analysis confirms that the binding targets are shared between hnRNPA1 and
DDX5. (C) Genome browser shot of the ZNF692 gene region with RNA-seq data upon hnRNPA1 knockdown (top) and DDX5 knockdown
(bottom), with corresponding nuclear CLIP peak cluster regions shown below. The shared hnRNPA1/DDX5-binding site is highlighted on

the genome browser.

difference,” which compares the reactivity profile across
the region at each nucleotide) value because the protein-
bound nucleotides would be undermodified by the
icSHAPE reagent in vivo compared with the in vitro probed
RNA samples. Indeed, in some cases, the positions of both
the hnRNPA1- and DDX5-binding motifs determined by
eCLIP tag k-mer enrichment analysis are located near the
negative VTD regions of the plots (Supplemental Figs. S4,
S6, S9C, S10C), delineating sites of RN A-protein interac-

tion. However, there are also situations where the eCLIP
tag cross-link sites are located in positive VID regions,
asif those sites are more accessible to the icSHAPE reagent
due to protein binding. The in vivo and in vitro RNA sec-
ondary structures were generated for the transcripts con-
taining the selected nuclear eCLIP peaks using the RNA
structure program (Matthews 2014) and incorporating
the icSHAPE constraints. The resulting structures were vi-
sualized using the VARNA software (Darty et al. 2009).
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The pre-mRNA encoding ribosomal protein L7A
(RPL7A), a component of the 60S subunit, is differentially
spliced upon knockdown of either DDX5 or hnRNPAL.
Both hnRNPA1 and DDX5 eCLIP tags are found on the
transcript and share a binding site (hg19 chromosome 9:
136,215,834-13,621,896+). We also compared the in vivo
versus in vitro icSHAPE reactivities over the eCLIP
cluster regions and found several negative VTD regions,
indicating possible in vivo protein-binding sites due to re-

duced SHAPE reactivity in vivo (Supplemental Fig. S4) for
both hnRNPA1 and DDX5. The red dashed lines on the
VTD profile in Supplemental Figure S4 indicate the UV
cross-linking sites of the two proteins. This VID profile
difference was reflected in the RNA secondary structures
derived from the RNA structure program with icSHAPE
constraints (Fig. 6B, cf. dashed rectangle regions). We ob-
served that one of the predicted step-loop regions was ab-
sent from the in vivo sample compared with the in vitro
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Figure 6. Alternative pre-mRNA splicing of RPL7A mRNA is regulated by hnRNPA1 and DDX5. (A) Genome browser shot of the RPL7A
gene region with RNA-seq data upon hnRNPA1 knockdown (top) and DDX5 knockdown (bottom), with corresponding nuclear CLIP peak
cluster regions shown below. (B) icSHAPE-constrained in vivo and in vitro secondary structures for the RPL7A RNA. The nuclear eCLIP
cluster/peak region is highlighted in green, the hnRNPA1 cross-link sites are marked with red asterisks, and the DDXS5 cross-link sites are
marked with blue plus signs. The dotted red rectangles indicate regions of the RN A with secondary structural changes between the in vivo
and in vitro icSHAPE constraints. The enriched hnRNPA 1 motifs are indicated by orange lines, and the enriched GC-rich motifs for DDX5

is indicated by dark-green lines.
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probed sample (Fig. 6B) proximal to an hnRNPA1 UV
cross-linking site. We detected the hnRNPAl-enriched
binding motif AGGGA, resembling a portion of the
hnRNPALI in vitro SELEX site, near the nuclear hnRNPA1
eCLIP clusters. We also found the GC-rich motifs for
DDX5 from the eCLIP data in either the putative duplex
region of the RNA near the adjacent stem-loop region
or, in some cases, the predicted single-stranded region of
the RNA. This observation may indicate that DDX5 bind-
ing occurs at single-double-strand junctions, consistent
with these being sites of RNA helicase loading.

RPS12 is a component of the 40S ribosomal subunit and
was determined to be differentially spliced upon knock-
down of hnRNPA1 and DDX5. hnRNPA1 and DDX5
share one protein-binding region (hgl19 chromosome 6:
133,135,889-133,135,984+)on RPS12 RNA. We generated
RNA secondary structures (Supplemental Fig. S5) as de-
scribed above and examined the VTD profile (Supplemen-
tal Fig. S6) around the exonic binding sites for hnRNPA1
and DDX5. We detected a negative VID region near the
hnRNPA1 and DDX5 UV cross-linking sites (Supplemen-
tal Fig. S6). A GC-rich region was found within the bulged
region of loop 2 in the in vivo structure, which was largely
base-paired in the in vitro structure. We also observed the
disappearance of loop 1 in the in vivo structure compared
with the in vitro structure prediction based on SHAPE re-
activities, possibly indicating hnRNPA1 and/or DDX5
binding to this region in vivo.

Prothymosin a (PTMA) is a nuclear protein associated
with cell proliferation. The PTMA pre-mRNA was deter-
mined to be differentially spliced by both hnRNPA1 and
DDXS5. Although both hnRNPA1 and DDX5 eCLIP clus-
ters are found on the PTMA transcripts, they bind to sep-
arate regions. We visualized the exonic region of PTMA
transcript bound by hnRNPA1 and found multiple puta-
tive hnRNPA1-binding motifs within this region, with
UV cross-linking sites detected throughout the negative
VTD region (Supplemental Fig. S8). Unlike what was ob-
served with predicted RNA secondary structures derived
previously that encompass both hnRNPA1- and DDX5-
binding sites, we observed more RNA secondary structure
around this region in both the in vivo and the in vitro
structures, with numerous hnRNPAI1-binding motifs
and cross-linking sites (Supplemental Fig. S7). Interesting-
ly, there seemed to be two regions that actually became
more open and chemically reactive in the in vivo structure
(positive VTD) (indicated by red rectangles in Supplemen-
tal Fig. S7), which have numerous hnRNPA1 cross-links
in these two regions (Supplemental Fig. S7).

Heat-shock protein 90a family class B member 1
(HSP90ABI) encodes the cytosolic 90-kDa heat-shock pro-
tein. This molecular chaperone protein promotes folding
of proteins involved in cell cycle control and signal trans-
duction. Splicing of the HSP9OAB1 pre-mRNA is regulated
by both hnRNPA1 and DDX5. We mapped five shared
binding sites for hnRNPA1 and DDX5 on the HSP90AB1
transcript, with two shared binding sites directly adjacent
to each other (hg19 chromosome 6: 44,215,108-44,215,
204+, chromosome 6: 44,215,474-44,215,520+, chromo-
some 6: 2,218,055-44,218,114+, chromosome 6: 44,218,

Alternative splicing control by hnRNPA1 and DDX5

134-44,218,208+, and chromosome 6: 44,219,874-44,
219,938+). We visualized two different exonic regions en-
compassing three of the shared binding sites.

We found DDX5 UV cross-linking sites right near the
negative VID region (Supplemental Fig. S9C), followed
by a putative hnRNPA1-binding site (AGGAGGGU). This
negative VTD region is visualized as the loop 1 region on
the RNA secondary structure (Supplemental Fig. S9B),
where DDX5 was bound to a single-double-stranded junc-
tion. There is a nearby GC-rich DDX5 motif (Supplemen-
tal Fig. S9B, indicated in green) and hnRNPA1-binding
motif (Supplemental Fig. S9B, indicated in orange) as
well as UV cross-linking sites for both proteins (Supple-
mental Fig. S9B).

We also visualized a region on the HSP90OAB1 RNA that
carried shared binding sites for hnRNPA1 and DDX5
(hg19 chromosome 6: 2,218,055-44,218,114+ and chro-
mosome 6: 44,218,134-44,218,208+). The beginning of
the visualized exon was found to be enriched for
hnRNPA1 and DDX5 UV cross-linking sites (Supplemen-
tal Fig. S10C) near the stem-loop region, which also con-
tained single-stranded bulged regions. This portion of the
RNA is near a negative VID region, but we did not find
much change in this region when we compared the in
vivo and in vitro deduced RNA structures (Supplemental
Fig. S10B), possibly due to reduced SHAPE reactivities in
this region. More differences were observed between the
in vivo versus in vitro RNA secondary structures encom-
passing mostly DDX5 eCLIP cross-linking sites, including
the shared hnRNPA1- and DDX5-binding site (hg19 chro-
mosome 6: 44,218,134-44,218,208+) (Supplemental Fig.
S10B, bottom, red dotted rectangles). Taken together,
these structures are one of the first examples of how tran-
scriptome-wide chemical RNA probing data can be used
in conjunction with RNA splicing pattern and protein-
binding data to examine putative local RNA structures
near splicing factor-binding sites.

Discussion

The nuclear transcriptome in eukaryotic cells undergoes
extensive pre-mRNA processing reactions prior to the ex-
port of functional mRNA. Intron removal by spliceosomal
pre-mRNA splicing is a critical step in the post-transcrip-
tional regulation of gene expression that can greatly ex-
pand transcriptome and proteomic diversity (Lee and Rio
2015). Nearly all human gene transcripts are alternatively
spliced (Barbosa-Morais et al. 2012; Merkin et al. 2012),
and pre-mRNA splicing regulation involves both cis and
trans-acting components, composed of short RNA regula-
tory sequence elements embedded in the pre-mRNA that
are bound by nuclear RN A-binding proteins (Fu and Ares
2014). Positive or negative control by splicing factors in-
volves RNA-protein interactions with splicing enhancers
or silencer elements, but also RNA structure and RNA-
RNA base-pairing interactions and the effects of chroma-
tin modifications can play roles in specifying splicing pat-
terns (Lee and Rio 2015). Here, we focused on two known
splicing factors that can affect RNA structure—hnRNPA1
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and DDX5—to begin to examine how in vivo chemical
RNA structure probing data can be used to deduce local
RNA secondary structures near splicing factor-binding
sites in target transcripts for these proteins.

Using RNAi and RNA-seq, we determined that splicing
of thousands of transcripts is controlled by hnRNPA1 in
human K562 cells. A prior study used microarrays and
RNA-seq to examine targets for several hnRNPs, includ-
ing hnRNPA1 (Huelga et al. 2012). hnRNPAL1 is an abun-
dant hnRNP that has been well characterized as a splicing
factor and often functions as a splicing repressor binding
to splicing silencer elements (Han et al. 2010; Jean-Phi-
lippe et al. 2013). While the DEAD/H-box protein DDX5
had been implicated in AS of several specific pre-mRNAs,
no comprehensive global examination of DDX5 splicing
targets has been reported. Recently, DDX5 was found as
a component of a large neuronal RNA-protein complex
containing the RbFox protein called LASR that controls
neuronal pre-mRNA splicing (Damianov et al. 2016).
Here, we identified thousands of hnRNPA1 and DDX5 dif-
ferential splicing targets (Figs. 1, 2; Supplemental Fig. S1).
Our analysis revealed that hnRNPA1 can act as both a
splicing activator and a splicing repressor, as has been
shown for other hnRNPs (Huelga et al. 2012; Rossbach
et al. 2014). Surprisingly, our analysis of DDX5 resulted
in the identification of thousands of differentially spliced
target RN As upon RNAi knockdown. It is possible that
the knockdown of DDX5, an RNA helicase, could disrupt
the distribution of splicing factors on some transcripts
through RNP remodeling and thus indirectly affect pre-
mRNA splicing patterns. However, we found that a large
fraction of hnRNPA1 and DDX5 splicing target pre-
mRNAs overlaps and that both proteins can bind to nu-
merous target-binding partners, as determined by eCLIP
(Fig. 5), and share >1000 binding sites (Supplemental Table
6). Coordinate control has been observed before in Droso-
phila with hnRNP and SR proteins (Blanchette et al. 2005)
and with human hnRNPs (Huelga et al. 2012). However,
the case that we outline here involves splicing control
by two distinct classes of proteins: a classical hnRNP
known to act as a splicing repressor at splicing silencers
(Caputi et al. 1999; Jean-Philippe et al. 2013) and that is
able to alter RNA structure (Herschlag et al. 1994; Port-
man and Dreyfuss 1994) and a DEAD/H-box ATP-depen-
dent RNA helicase/translocase (Fuller-Pace 2013).

We were also interested in determining where
hnRNPA1 and DDX5 were bound on the nuclear transcrip-
tome. Because hnRNPA1 and DDX5 are located in both
the nucleus and cytoplasm, we performed UV cross-link-
ing and immunoprecipitation experiments using nuclear
extracts from UV-treated cells to avoid detection of cyto-
plasmic RNA-binding sites for these proteins. Using a
modified version of iCLIP called eCLIP (Van Nostrand
et al. 2016), we identified nuclear hnRNPA1- and DDX5-
binding sites in K562 cells and compared these binding
events with the differential splicing targets. We identified
1338 nuclear hnRNPA1-binding target RNAs, and these
eCLIP targets contained a match to the consensus high-af-
finity in vitro SELEX-binding site, (U/A)GGG(A/U) (Fig. 3).
We alsoidentified 547 nuclear DDX5-binding target RN As
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and found that these nuclear DDX5 targets were enriched
in a short GC-rich motif. This result was surprising, since
we expected DDX5, an RNA helicase, to bind RNA non-
specifically. Interestingly, a recent study on the role of a
paralogous RNA helicase, DDX17 (Rm62 in Drosophila),
showed by iCLIP that DDX17 recognized a CU/CA-rich
motif, suggesting distinct RNA sequence preferences for
this family of RNA helicases (Moy et al. 2014). DDX17
functions in viral immune responses in the cytoplasm
and in microRNA biogenesis in the nucleus. It should be
also noted that only a subset of hnRNPA1 and DDX5 nu-
clear eCLIP-bound RNAs was found to be differentially
spliced by our RNA-seq data analysis. This result may
not be surprising, since both hnRNPA1 and DDX5 perform
other cellular functions in the nucleus, such as transcrip-
tional regulation, nuclear RNA export, microRNA pro-
cessing, etc.

Here, we attempted to integrate in vivo chemical RNA
probing data with protein-binding sites and changes in
pre-mRNA splicing patterns. icSHAPE data (Flynn et al.
2016; Lu et al. 2016) were used to deduce RNA structures
that are positioned on splicing target RNAs near
hnRNPAI and DDX5 nuclear binding sites determined
from eCLIP RNA-protein interaction data. The differenc-
esbetween in vivo and in vitro icSHAPE chemical RNA re-
activity data can be used to infer sites of RNA-protein
interactions (Spitale et al. 2015; Flynn et al. 2016) or chang-
es in RNA structure, including those involved with pre-
mRNA splicing. Analysis of the VTD profiles (vivo-vitro
icSHAPE reactivities) showed that hnRNPA1 eCLIP peaks
were often found near the negative VTD profile region (less
chemically reactive compared with the in vitro probed
samples), while hnRNPA1 UV cross-linked sites resided
in the peak region on the VID profile (Supplemental
Figs. S4, S6, S8, S9C, S10C). Interestingly, DDX5 nuclear
eCLIP peaks were found in both the positive and the nega-
tive VTD profile regions, near stem-loop regions (Supple-
mental Figs. S4, S6, S9C, S10C). We suspect that DDX5
will bind to both ssRNA regions and adjacent duplex
RNA. We also found GC-rich motifs near the nuclear
DDXS5 eCLIP peaks. These results demonstrate how com-
paringin vivo versus in vitro icSHAPE data and using these
constraints can allow deduction of putative RNA struc-
tures near the protein-binding sites and, in conjunction
with eCLIP-binding data, allowed us to visualize how
these sites can be accessed by splicing factors to control al-
ternative pre-mRNA splicing. Our findings also provide a
complementary approach to using chemical structure
probing of pools of putative splicing regulatory sequences
in vitro (Taliaferro et al. 2016).

Interestingly, our results are consistent with a broad
transcriptome-wide study of three RNA-binding proteins
showing that CLIP tag sites not bound in vivo tend to
have RNA secondary structures associated with them
but that bone fide splicing regulatory elements have less
structure (Taliaferro et al. 2016). These observations are
consistent with our findings that protein-binding sites
for both hnRNPA1 and DDX5 on splicing target tran-
scripts occur in less structured regions yet appear to
have complex structures adjacent to the sites of RNA-
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protein interaction. This idea is also related to findings
made about noncoding RNAs, where the RNA structure
provides a scaffold for protein binding (Zappulla and
Cech 2006). Thus, pre-mRNA may also contain both
open less structured regions to allow binding of splicing
activators or repressor proteins to enhancer or silencer el-
ements (Lee and Rio 2015) and more complex, folded RNA
structures nearby.

While the primary RNA sequence elements in pre-
mRNAs that regulate AS are being identified and studied,
the contribution of secondary RNA structures to AS
decisions is less well understood. In summary, we used a
combination of RNA-seq and in vivo RNA-binding speci-
ficities to identify how the RNA chaperones hnRNPA1
and DDX5 can coregulate thousands of splicing targets.
An unexpected result was the finding that these two
RNA-binding proteins share a large portion of splicing tar-
gets in common and also share more than ~1000 protein-
binding regions in vivo. We also demonstrated how in
vivo eCLIP binding data can be used in conjunction with
icSHAPE data to deduce putative RNA structures near
the protein-binding sites and suggest how these sites can
be accessed by splicing factors to control alternative pre-
mRNA splicing. These data suggest that pre-mRNAs
may also contain both open less structured regions to allow
binding of splicing activator or repressor proteins to en-
hancer or silencer elements (Lee and Rio 2015), perhaps
aided by RNA helicases such as DDX5, and more complex
folded RNA structures nearby. Thus, local RNA structure
may play a critical role in AS control by either exposing or
masking protein-binding sites in cells (Taliaferro et al.
2016).

Materials and methods

Cells

Human K562 cells (American Type Culture Collection) were
maintained at 37°C in RPMI medium supplemented with 15%
FBS, 1 mM sodium pyruvate (Gibco, Life Technologies), and 1x
nonessential amino acids (Gibco, Life Technologies).

RNAIi for hnRNPA1 and DDX5 in K562 cells

siRNA duplexes (Ambion, Life Technologies) were generated
against the following target sequences or were commercially
purchased: hnRNPA1 siRNA 1 (CAGCTGAGGAAGCTCTTCA;
sequence provided by Dr. James Manley), hnRNPA1 siRNA 2
(Ambion, Life Technologies, s6710), DDX5 siRNA 1 (Ambion,
Life Technologies, s4009), and DDX5 siRNA 2 (Ambion, Life
Technologies, s4008). Nonspecific control siRNA duplex 1
[scrambled siRNA (scr si)] was purchased from Life Technologies
(4390843). For all knockdown experiments, combinations of
hnRNPAI siRNA 1 and 2 (hnRNPA1 combo siRNA) or DDX5
siRNA 1 and 2 (DDX5 combo siRNA) were used.

For electroporation-based transfection, 4.5x10° K562 cells
were used per reaction in a six-well plate. The cells were washed
twice with 1x PBS. For each electroporation reaction, 100 pL of
Nucleofector V-Kit and 10 pL of 50 pM hnRNPA1 combo siRNA,
DDX5 combo siRNA, or scr si were prepared. The cell pellets
were resuspended with the siRNA duplex suspension, and then
cells/siRNA duplex oligo suspensions were transferred into cu-
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vettes and electroporated using Nucleofector program (T-016).
Immediately after electroporation, 400 uL of the pre-equilibrated
culture medium was added to the cuvette and transferred to a six-
well plate. Twenty-four hours after transfection, the medium was
changed with fresh medium. Samples were harvested for protein
lysates for immunoblotting or for RNA isolation 72 h after
transfection.

RNA-seq library preparation and sequencing

After RNA isolation using RNeasy minikit (Qiagen, 74104) fol-
lowed by 30 min of DNase treatment (Ambion, AM2238) at 37°C,
poly(A)* RNA transcript was isolated [NEBNext poly(A) mRNA
magnetic isolation module; New England Biolabs, E7490] from
1 pg of total RNA for RNA library preparation and sequencing us-
ing NEBNext Ultra directional RNA library preparation kit for
Ilumina (New England Biolabs, E7420S) according to the manu-
facturer’s instruction. The samples were sequenced on an Illu-
mina HiSeq 2500 with 100-bp paired-end reads at the Vincent
J. Coates Genomics Sequencing Laboratory at the University of
California at Berkeley.

Analysis of pre-mRNA splicing patterns using JUM and MISO

For JUM analysis, RNA-seq reads were mapped to hg38 using
STAR with the two-pass mode (Dobin et al. 2013) for junction dis-
covery. Only unique mapped reads were considered in the down-
stream JUM analysis. Only splice junctions that received more
than five reads in each of the replicates of the RNAi and the con-
trol knockdown samples were considered as valid junctions for
downstream analysis.

JUM exclusively used RNA-seq reads that were mapped to
splice junctions for AS analysis. JUM defined the basic AS quan-
tification unit as “AS structures,” which describe any set of splice
junctions that share the same 5" or 3’ splice sites, with each splice
junction in an AS structure defined as a “sub-AS junction.” JUM
then calculated the “usage” of each sub-AS junction in every AS
structure, defined as the relative level of the sub-AS junction
compared with all of the sub-AS junctions within the same AS
structure. JUM then profiled for any AS structures whose usage
of sub-AS junctions significantly changed between conditions. Fi-
nally, JUM assembled all profiled AS structures into AS events
that fell into the conventionally recognized categories of AS pat-
terns as well as the “composite” category, based on the unique to-
pological features of the splice graphs that represent each AS
pattern, respectively (Wang and Rio 2017). A P-value of 0.05
was used as the statistical cutoff for differentially spliced AS
events.

For MISO analysis (Katz et al. 2010), the reads from replicate
samples were mapped to the hgl9 genome using TopHat
(--library-type fr-firststrand) (Trapnell et al. 2009) for stranded
RNA-seq libraries and then merged for differential splicing
analysis. The duplicate sample reads were merged and then
sorted using SAMtools (Li et al. 2009) for MISO analysis. The
AYg) estimate was calculated using only splice-junction and al-
ternative exon-body reads. The minimum number of inclusion
and exclusion RNA-seq reads over each detected splicing junc-
tion was set to 10, and differential splicing events were detect-
ed using the following options using MISO: filter_events.py
--num-inc 1 --num-exc 1 --num-sum-inc-exc 10 --delta-psi
--bayes-factor 10. The differential splicing events were filtered
to contain only the AS events with Bayes factor >10. Differen-
tial splicing of alternative exons entailed a difference in the PSI
(or ¥) values.
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Validation of MISO and JUM estimates by RT-PCR

One microgram of total RNA was reverse-transcribed according
to the manufacturer’s instructions (Bio-Rad, 1708891) and sub-
jected to RT-PCR with the following conditions: 30 sec at 98°C
(one cycle); 10 sec at 98°C, 30 sec at 60°C, and 30 sec at 72°C
(35 cycles); and 5 min at 72°C (one cycle). The primer sets used
in the RT-PCR reaction are listed in Supplemental Table 3.
RT-PCR products were resolved, visualized, and quantitated by
use of an Agilent Technologies Bioanalyzer.

eCLIP for hnRNPA1 and DDX5 from K562 cells

eCLIP was performed as described previously (Van Nostrand et al.
2016)—with the exception of using nuclear extract prepared from
K562 cells instead of whole-cell extract—with the following anti-
bodies: monoclonal anti-hnRNPA1 antibody, clone 9H10 (Sigma-
Aldrich, R4528 RRID:AB_261962); monoclonal anti-hnRNPA1
antibody, clone 4B10 (Sigma-Aldrich, R9778 RRID:AB_477477);
and polyclonal anti-DDX5 antibody (Abcam, ab21696 RRID:
AB_446484).

Nuclear extract prepared from 15 x 10° cells was used for the
immunoprecipitation reaction and prepared into eCLIP libraries
according to a previously published method (Van Nostrand
et al. 2016). As with previous CLIP/iCLIP protocols, this method
used UV cross-linking of intact cells to covalently link RNA to
cellular RN A-binding proteins. In our case, nuclei and nuclear ex-
tracts were prepared, followed by RNase I digestion to fragment
the nuclear RNA prior to immunoprecipitation of target proteins
and associated bound RNAs. The membrane-isolated RNA—pro-
tein adducts were proteolyzed, and the purified RNA was re-
verse-transcribed and further processed into high-throughput
sequencing libraries.

eCLIP maintained the single-nucleotide resolution of iCLIP
because an indexed 3’ RNA adapter was ligated to the cross-
linked RNA fragments, and a 3’ ssDNA adapter was ligated to
the cDNA following reverse transcription. This ssDNA adapter
contained a random barcode to identify PCR duplicates and tag
unique RNA fragments during later sequencing read processing
steps. We performed eCLIP using nuclear extracts from K562 cells
and monoclonal anti-hnRNPA1 or polyclonal anti-DDX5 anti-
bodies. The RNA-binding protein complexes were isolated from
polyacrylamide gels based on the expected molecular weight of
hnRNPA1 and DDX5 plus a higher 75-kDa region, as described
for the iCLIP method (Huppertz et al. 2014). The bound protein
was degraded, and RNA was isolated and further processed into
dsDNA sequencing libraries as described (Van Nostrand et al.
2016). The uniquely barcoded eCLIP samples were then pooled
for sequencing. The final library material was quantified on the
Bioanalyzer high-sensitivity DNA chip (Agilent) and sequenced
on an Illumina HiSeq 4000 with 100-bp paired-end reads at the
Vincent J. Coates Genomics Sequencing Laboratory at the Uni-
versity of California at Berkeley.

eCLIP-seq (eCLIP combined with high-throughput sequencing) analysis

eCLIP-seq reads were processed, quality-filtered, and collapsed to
eliminate PCR duplicates, and then random barcodes from the
adapters were removed before mapping to the hg19 genome. The
reads were preprocessed prior to mapping using FASTX-Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit). Reads were quality-fil-
tered based on quality score (fastq_quality_filter -q 25 -p 80), and
PCR duplicates were collapsed (fastx_collapser). The adapter se-
quences were then trimmed using fastx_clipper. A second round
of clipping was performed to ensure trimming off the 3’ adapters
on read 2 as described previously (Van Nostrand et al. 2016), and
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random-mer sequences were trimmed. Any reads <15 nucleotides
(nt) were discarded, and only read 2, the read that was enriched for
termination at the cross-linking site, was considered for mapping.
Only uniquely mapped reads were used for further analysis. The
reads were mapped to hg19using STAR using the following param-
eters: --outFilterMultimapNmax 1 --quantMode Transcriptome-
SAM GeneCounts --outReadsUnmapped fastx --outSAMtype
BAM SortedByCoordinate. Uniquely mapped reads were filtered
using SAMtools (samtools view -bq 1) and then used for cluster
identification using pyCRAC (Webb et al. 2014). eCLIP clusters
were generated using at least five overlapping unique cDNA reads
generated after removal of PCR duplicates (pyClusterReads.py
--cic=5 --mutsfreq=20). De novo motifs for hnRNPA1 and DDX5
were determined using the pyMotif tool from the pyCRAC
package with the following options: --n 100 -r 50 --k_min=4
--k_max=8. Z-scores were calculated to indicate overrepresenta-
tion of the k-mer sequence in the experimental data compared
against k-mers from reads randomly distributed over the same ge-
nomic features. pyCalculateFDRs were used to filter out statisti-
cally significant clusters over the regions with a read coverage of
atleast 5 (--min=5) and FDR P < 0.05.

Determination of RNA structures around eCLIP tags
in target pre-mRNAs

HEK293 in vitro icSHAPE (7165 transcripts) and in vivo icSHAPE
(10,164 transcripts) data were obtained from NCBI (GSE74353)
(Lu et al. 2016). The VTD profile was calculated at each nucleo-
tide position to assess the difference between the in vivo and in
vitro RNA reactivities along the transcript. RNA secondary
structure was derived using RNAstructure (Mathews 2006)
with icSHAPE constraints (--SHAPEintercept -0.6 --SHAPEslope
1.8). The generated structures were visualized using the VARNA
software (Darty et al. 2009). The icSHAPE profiles were then
correlated to the exon-overlapping eCLIP cluster (--cic=5
--mutsfreq=20, FDR>0.05) positions for the differentially spliced
targets upon hnRNPA1 and DDX5 knockdown, as determined
from RNA-seq analysis. For each eCLIP cluster, VTD profiles
were generated across the transcript coordinate. In the plots, red
dashed lines indicate potential UV cross-link sites of RNP
complexes.

Data deposition

The data reported here have been deposited in the Gene Expres-
sion Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE115442).
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