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Tissue-specific alternative splicing is achieved through the coordinated assembly of RNA binding proteins at specific sites to en-
hance or silence splicing at nearby splice sites. We used high-throughput sequencing (RNA-Seq) to investigate the complete spec-
trum of alternative splicing events that are regulated by the epithelium-specific splicing regulatory proteins ESRP1 and ESRP2.
We also combined this analysis with direct RNA sequencing (DRS) to reveal ESRP-mediated regulation of alternative polyade-
nylation. To define binding motifs that mediate direct regulation of splicing and polyadenylation by ESRP, SELEX-Seq analysis
was performed, coupling traditional SELEX with high-throughput sequencing. Identification and scoring of high-affinity ESRP1
binding motifs within ESRP target genes allowed the generation of RNA maps that define the position-dependent activity of the
ESRPs in regulating cassette exons and alternative 3= ends. These extensive analyses provide a comprehensive picture of the func-
tions of the ESRPs in an epithelial posttranscriptional gene expression program.

Nearly all human multiexon gene transcripts undergo alterna-
tive splicing, and most also undergo multiple alternative

splicing events within the same transcript (29, 46). As a result,
alternative splicing provides a mechanism that broadens gene ex-
pression through a nearly exponential expansion of the number of
distinct gene products that can be produced from the rather mod-
est number of �20,000 human genes. The regulation of alterna-
tive splicing is mediated by RNA binding proteins (RBPs) that
interact with exonic and intronic sequences and function as splic-
ing enhancers or silencers, depending on the regulator and/or
binding context (27). This regulation is combinatorial, with the
splicing outcome being determined by the net activities of RBPs
that bind within or near alternative exons (1, 20). While many of
the regulatory factors, such as the well-characterized hnRNP and
SR families of proteins, are generally ubiquitously expressed, the
number of known regulators with cell or context-specific expres-
sion is growing (6). Technological advances in the past several
years have led to the identification of the genome-wide targets for
several well-characterized splicing regulators, such as Nova1/2,
the Fox family proteins, and PTBP1/PTBP2 (reviewed in reference
12). Most of the targets described to date consist of simple cassette
exons, and these regulators can induce either splicing or skipping
of different exons. A recurring theme has been that splicing regu-
lators induce either exon splicing or skipping in a position-depen-
dent manner. These observations have given rise to the concept of
“RNA maps,” whereby the binding position of the protein relative
to a regulated alternative exon determines whether it promotes or
represses splicing. These RNA maps along with other experimen-
tal and bioinformatics data suggest a broader “splicing code,”
wherein the collective identification of the expression levels and
binding sites for all splicing regulators can predict and determine
the splicing patterns in different cell types and cellular milieus (1).
However, the catalog of known splicing factors is incomplete and
the binding sites and RNA maps have thus far been determined for
only a limited number of splicing regulators. Therefore, the defi-
nition of the broader splicing code requires a more complete char-
acterization of the genome-wide activities of an expanded set of

splicing factors, including those with more restricted expression
patterns.

We identified ESRP1 and ESRP2 as paralogous epithelial cell-
type-specific splicing proteins that play a role in the epithelial-to-
mesenchymal transition (EMT), an important developmental
process that also can contribute to cancer metastasis (38, 47–49).
Previous analyses used splicing-sensitive exon and human exon
junction (HJAY) microarrays to define a set of alternative cassette
exons and simple 3= or 5= splice sites that they regulate (47, 49).
However, existing microarray platforms are generally limited to
the detection of simple changes in splicing for which they contain
representative probe sets. To more broadly define the ESRP-reg-
ulated splicing network, as well as ESRP-mediated regulation of
alternative polyadenylation, we used high-throughput sequencing
(RNA-Seq) and direct RNA sequencing (DRS) of mRNA 3= ends.
We also carried out an unbiased determination of the ESRP1
binding motif by harnessing the power of systematic evolution of
ligands by exponential enrichment (SELEX) in conjunction with
RNA-Seq (SELEX-Seq). Mapping of these motifs within the
broader genome-wide ESRP-regulated splicing network yielded
an RNA map that describes the position-dependent functions of
the ESRPs. Together our results define a network of ESRP targets
that encode proteins that function in pathways and protein inter-
action networks that are likely to have important roles in epithelial
mesenchymal transitions in development and disease.
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MATERIALS AND METHODS
Cell culture, transfection, and transduction. PNT2, MDA-MB-231, and
293T cells were maintained, transfected, and transduced as described pre-
viously (48).

Library preparation and sequencing. Sequencing libraries were pre-
pared using mRNA-Seq sample preparation kits (Illumina) according to
the manufacturer’s instructions. Total RNA (10 �g) was used to prepare
poly(A) RNA for fragmentation, followed by cDNA synthesis with ran-
dom hexamers and ligation to Illumina adaptor sequences. The samples
were quantified using an Agilent 2100 Bioanalyzer, loaded onto flow cells
for cluster generation, and sequenced on an Illumina IIx genome analyzer
using a single-read protocol to generate 76-bp reads (Illumina).

Splice junction database. We constructed a database of splice junc-
tions in human genes using the Ensembl transcript annotations (release
57) (9). The database includes all known splice junctions observed in
Ensembl transcripts, as well as hypothetical splice junctions obtained by
all possible pairwise fusions of exons within genes. In total, the database
contains �3.5 million splice junctions.

Mapping of RNA-Seq reads. During quality assessment of the 76-bp
single-end reads obtained by RNA-Seq, we found that the first two 25-bp
segments of these reads had a high rate of mapping to the human genome,
while the third 25-bp segment had a much lower mapping rate due to
increased sequencing error near the 3= ends of RNA-Seq reads. Thus, we
decided to use the first 50 bp of each read for mapping and subsequent
analysis. We mapped RNA-Seq reads to the human genome (hg19) and
the splice junction database, using the software Bowtie (18) and allowing
up to three mismatches. Each mapped splice junction read required at
least 8 bp from both sides of the splice junction. To obtain unique junction
mapping reads, we removed splice junction reads that mapped to either
the human genome (hg19) or multiple splice junctions. Each junction
sequence is 84 bp long and is composed of the last 42 bp of the 5=-end exon
and the first 42 bp of the 3=-end exon, thereby ensuring that at least 8 bp of
a 50-bp read can be mapped across the junction.

Detection of differential alternative splicing using RNA-Seq data.
For each alternatively spliced cassette exon detected by the RNA-Seq data,
we calculated its exon inclusion level (�) in any given sample, using the
counts of reads that uniquely mapped to its upstream splice junction
(UJC), downstream splice junction (DJC), and skipping splice junctions
(SJC), as follows: [(UJC � DJC)/2]/[(UJC � DJC)/2 � SJC].

To detect differential alternative splicing events between two samples,
we developed a multivariate Bayesian algorithm called MATS (multivar-
iate analysis of transcript splicing). MATS uses a multivariate uniform
prior to model the between-sample correlation in exon splicing patterns
and a Markov chain Monte Carlo (MCMC) method coupled with a sim-
ulation-based adaptive sampling procedure to calculate the P value and
false discovery rate (FDR) of differential alternative splicing. The MATS
approach provides the flexibility to identify differential alternative splic-
ing events that match a given user-defined threshold. Suppose that �1 and
�2 are the estimated exon inclusion levels of an exon in two conditions; in
this work we used MATS to calculate the P value and FDR for a value of
| �1 � �2 | that is �0.05, representing a difference of at least 5% in exon
inclusion levels between the two conditions. The same approach was also
used to identify differential alternative 5= and 3= splice site usage. In this
case we calculated the percentage of alternative 3= and 5= splice sites using
long junction counts (LJC) (i.e., the number of junctions reads mapping
to the isoform that results in a longer exon) divided by the sum of long
junction counts and short junction counts (SJC). The MATS software can
be downloaded from http://intron.healthcare.uiowa.edu/mats/, and fur-
ther details are provided elsewhere (36).

RT-PCR validations. RNA-Seq-predicted ESRP-regulated splicing
events that passed the 5% FDR threshold were selected for validation
based primarily on an unbiased identification of all cassette exons that
were readily amenable to unambiguous reverse transcription-PCR (RT-
PCR)-based interpretation. Thus, nearly all simple cassette exons with
exon sizes under 300 nucleotides (nt) that were flanked by constitutive

exons were tested. However, a limited number of events that occurred in
transcripts that encoded functionally relevant proteins were also chosen.
In addition, given the substantial false-negative rate and to also test a
limited subset of predicted events that did not meet our stringent 5% FDR
cutoff, we also selected an additional 33 cassette exons for validation (see
Table S3 in the supplemental material). Quantification of alternative
splicing was performed using standard RT-PCR incorporating radiola-
beled dCTP or high-throughput (HT) RT-PCR at the Université de Sher-
brooke as described previously (47). Complete HT-RT-PCR data can be
accessed at http://palace.lgfus.ca.

Antibodies and immunoblotting. Cell lysates were resolved on 4 to
12% NuPAGE bis-Tris gels (Invitrogen) and immunoblotted as described
previously (48). Antibodies used were anti-�-actin (1:1,000; AC-15;
Sigma), anti-Flag (1:1,000; Stratagene), and anti-Rbm9 (1:2,000; Bethyl
Laboratories).

SELEX-Seq. Random 20-mer RNA sequences were generated from a
103-base DNA oligonucleotide containing a T7 promoter, restriction
sites, 20 random bases, and an SP6 promoter sequence. The full sequence
(with N standing for randomized bases) is AATTTATAATACGACTCAC
TATAGGGAGAAAGTTGGCCGCAGTATCGATANNNNNNNNNNN
NNNNNNNNNCTCGAGTTCTATAGTGTCACCTAAATCAAGCTT.

This oligonucleotide was made into a double-stranded DNA library
using Klenow Exo Minus (Promega). This randomized double-stranded
DNA pool was blunt cloned into the pCR-Blunt vector and used as a
template for T7 transcription per the manufacturer’s instructions (Am-
bion).

A recombinant glutathione S-transferase (GST)-Esrp1 fusion protein
was produced and purified as previously described (47). GST-Esrp1 was
bound to GST beads rotating at 4°C for 30 min, and RNA was also pre-
cleared against GST beads. The randomized RNA pool was incubated with
GST-Esrp1 at a 30:1 to 40:1 molar ratio of RNA to protein in a 200-�l
binding reaction mixture (16 mM HEPES [pH 7.9], 95 mM KCl, 2 mM
MgCl2, 60 �M EDTA, 1 mM dithiothreitol [DTT], 6% glycerol, 0.1 mM
heparin [Sigma H-3393], and 0.15 mM phenylmethylsulfonyl fluoride
[PMSF]). Binding reaction mixtures were incubated with rotation at
room temperature for 30 min and washed five times with the same bind-
ing buffer. Bound RNA was isolated from beads using TRIzol reagent
according to the manufacturer’s instructions (Invitrogen) and used for
reverse transcription with an SP6-specific primer to create a cDNA library
from the bound RNA. This cDNA was then used as a template for a T7
transcription. This cycle was repeated for a total of seven rounds. In the
seventh round, the KCl concentration for binding and washes was in-
creased to 300 mM.

Sequencing libraries were prepared from round 0, 2, 3, 6, and 7 cDNA
pools using a PCR strategy with modified Illumina adaptor sequences
containing four nucleotide barcodes specific to each round and sequenced
with an Illumina II genome analyzer to generate 44-bp single-end reads.

SELEX-Seq data analysis. The SELEX-Seq sequences are 44 nt in
length. Each sequence starts with a 4-nt barcode, followed by a 16-nt
constant region that includes a ClaI site and then by a 20-nt region of
random sequences (the sequences selected by SELEX), and ends with a
4-nt constant region that marks the start of the XhoI site. From the total
32.4 million reads, we removed reads with ambiguous barcodes, reads
with undetermined nucleotides (N) within the 20-nt random sequence
region, and reads with mutated ClaI or XhoI sites. To avoid PCR ampli-
fication bias, we also removed redundant 20-nt random sequences from
each round and kept unique 20-nt sequences for ESRP motif analysis.
These filtering steps resulted in a final set of 19.8 million reads from
rounds 0, 2, 3, 6, and 7 of SELEX. (We note that the motif analysis was not
significantly different when the same analysis was performed without re-
moving redundant sequences.) We then enumerated all 4,096 possible
6-mers and calculated the frequency of each 6-mer in the 20-nt random
sequence region from each round of SELEX, defined as the total occur-
rence of a 6-mer divided by the total number of unique 6-mer positions
within all 20-nt random sequence regions from a given round. We ranked
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all possible 6-mers in each round based on their relative frequencies. We
noted that the top 12 6-mers from the final round (round 7) (see Table S4
in the supplemental material) all exhibited progressive increases in rela-
tive frequencies from early to late rounds of SELEX, including a few that
matched previous bioinformatically predicted ESRP binding sites (47).
Thus, these top 12 6-mers were selected to derive an ESRP motif score in
the RNA map analysis (see below). We also calculated a position weight
matrix (PWM) for 6-mers and 8-mers using an approach previously ap-
plied to SELEX-Seq data for transcription factor binding sites (15).

RNA electrophoretic mobility shift assay (EMSA) analysis. Selected
sequences for in vitro transcription were inserted into the ClaI-Xho re-
striction sites in plasmid pDP19RC-�EE, and transcription by T7 poly-
merase (Ambion) after XhoI digestion was carried out as described pre-
viously (13). [32P]UTP-radiolabeled RNAs were used at a specific activity
of 2.4 � 108 cpm/�g, and 50,000 cpm (�8 to 13 fmol) of radiolabeled
RNA and GST-Esrp1 were incubated in a 10-�l binding reaction mixture
(16 mM HEPES [pH 7.9], 95 mM KCl, 2 mM MgCL2, 60 �M EDTA, 1
mM DTT, 6% glycerol, 0.1 mM heparin [Sigma H-3393], and 0.15 mM
PMSF). Binding reaction mixtures were incubated at 30°C for 30 min,
loaded on 4% nondenaturing Tris-borate acrylamide gels, and electro-
phoresed at 4°C for 1.5 h at 200 V.

Minigene analysis of alternative 5= and 3= splice sites. LPPR2 and
HNRNPH3 minigene sequences were PCR amplified from genomic DNA
isolated from PNT2 cells. The PCR products were cloned into the NotI
and EcoRV sites of the pI-11(-H3)-PL adenovirus based splicing minigene
(14). Point mutations were introduced via site-directed mutagenesis with
a QuikChange kit (Stratagene). Cotransfections of minigene plasmids and
EV and ESRP expression plasmids were performed as described previ-
ously (47).

RNA map analysis. We used the top 12 6-mers identified in the
SELEX-Seq data to define an ESRP “binding score” using an approach
similar to that previously used to define predicted Nova binding sites (41).
We assigned the score based on the overall percentage of nucleotides
covered by any of these top 6-mers within a 45-nt window and slid this
window in 1-nt increments across the ESRP-regulated cassette exons and
the 250 nt of intronic sequences flanking these exons as well as the up-
stream and downstream exons. The complete set of ESRP-regulated exons
identified either in previous Affymetrix exon 1.0/HJAY analyses or by
RNA-Seq, with validated switches in splicing of at least 10% in either
experimental system, comprised a total of 276 exons (see Table S3 in the
supplemental material). Of these, 103 were ESRP-enhanced exons and
173 were ESRP-silenced exons. As a control data set we used 3,508 alter-
natively spliced exons that are present on HJAY arrays and in genes ex-
pressed in the cell lines used here but for which there was no evidence of
ESRP-mediated regulation. For each position of the RNA map, we calcu-
lated the P value of the Wilcoxon rank sum test for ESRP-enhanced versus
background values and ESRP-silenced versus background values, respec-
tively. RNA map analysis for alternative polyadenylation was similarly
performed using the ESRP binding motif score and evaluating enrich-
ment relative to a background set of 9,016 alternative poly(A) sites
from DRS analysis that were not predicted to be regulated by ESRPs
(with FDR � 0.5) at each position 250 nt upstream and downstream of
the poly(A) site.

Identification of ESRP-regulated changes in polyadenylation. We
used a recently described method for direct RNA sequencing (DRS) of 3=
ends of poly(A) RNA and sequenced one channel for control MDA-MB-
231 cells and another for cells ectopically expressing ESRP1 (28). The
sequencing was performed by Helicos Biosciences and we aligned direct
RNA sequencing reads to human genome assembly 19 (hg19) using the
indexDPgenomic tool in Helisphere at http://open.helicosbio.com/mwiki
/index.php/Releases. This analysis yielded 3,338,956 and 3,537,072
uniquely mapped reads for the control and ESRP expressing samples,
respectively. The uniquely mapped reads with a minimal mapped length
of 25 and alignment score of 4.0 were kept for further analysis. We first
identified the 5= ends of mapped reads as individual poly(A) sites. We next

filtered all reads for those arising from internal poly(A) priming using a
previously described approach (11). To construct a consensus poly(A)
annotation for downstream analysis, we used pooled data from both EV
and ESRP experiments to iteratively cluster all individual poly(A) sites
within 40 nt to its nearest poly(A) site on the same chromosome strand.
The weighted coordinate, which was calculated as the sum of the product
of the coordinate of an individual poly(A) and its percentage of usage in
the whole cluster, was taken as the representative coordinate of the corre-
sponding poly(A) cluster. The frequencies of poly(A) clusters in the dif-
ferent samples were calculated according to the above consensus coordi-
nates of poly(A) clusters in the pooled data. Next, the poly(A)s residing in
the whole gene region, including exons, introns, and the downstream
500-nt region of the terminal exon, were collected as possible poly(A)s of
a certain gene. The Fisher exact test was conducted on all possible pairs of
poly(A)s of one gene in two different experiments (EV and ESRP) to test
whether there is a change in relative usage of two poly(A)s, and the Ben-
jamini-Hochberg method was used to calculate FDR. The pairs of
poly(A)s with FDRs less than 0.05 were defined as statistically significant
events. We used single-end RNA-Seq reads for EV and ESRP experiments
to infer the exon-exon junctions, which are used to classify APA events
[alternative poly(A) sites on the same terminal exon or 3= untranslated
region (UTR)]. The junction prediction was done in TopHat (39). The
predicted junctions and known gene annotation were taken together to do
the APA type classification. Three categories are assigned: APA events
(alternative polyadenylation within the same 3= UTR, APA3 events [alter-
native poly(A) sites coupled with alternative 3= splice site choices], and
APA5 events [alternative poly(A) sites coupled with alternative 5= splice
site choices]; events falling outside the above three categories are classified
as “other”. To investigate the agreement between DRS and RNA-Seq data
and to validate the DRS predictions, we counted RNA-Seq reads within
300-nt upstream regions of poly(A)s and conducted a one-sided Fisher
exact test based on RNA-Seq reads. We defined consensus validated events
as those with an FDR of less than 0.05 from DRS and a P value of less than
0.01 from RNA-Seq with the same direction of change in both data sets.
We also filtered using a cutoff of at least a 10% change in poly(A) site use
from DRS and discarded events that could not be classified as APA, APA3,
or APA5. For the purposes of investigating ESRP binding motifs within
the events we also removed significant APA genes with more than two
poly(A)s for drawing an RNA map. We also noted that a number of the
APA3 and APA5 type events corresponded to comparison of two or more
closely approximated poly(A) sites with a single alternative poly(A), and
we therefore retained only the most representative comparison within
that gene with the most significant P value.

Functional interaction network analysis. All network analysis was
performed with the Reactome FI Cytoscape plugin (33, 50). The extended
209,988 protein functional interactions (FIs) were obtained from (50).
The pathway enrichment analysis was performed for each module that
contains both ESRP targets and linker genes, and we calculated the en-
riched pathways from six pathway databases: Reactome (R) (43), Panther
(P) (24), CellMap (C) (http://cancer.cellmap.org), NCI-Nature (N) (http:
//pid.nci.nih.gov), NCI-BioCarta (B) (http://pid.nci.nih.gov), and KEGG
(K) (16). FDR values were calculated based on 1,000 permutations on all
genes in the PPI network.

RESULTS
Extending the spectrum of ESRP-regulated splicing using RNA-
Seq analysis. We carried out whole-transcriptome sequencing by
RNA-Seq to identify changes in splicing in the presence and ab-
sence of ESRP. We prepared RNA-Seq libraries from epithelial
cells (PNT2) in which ESRP1 and ESRP2 are knocked down by
small interfering RNAs (siRNAs) and mesenchymal cells (MDA-
MB-231) in which ESRP1 is ectopically expressed, as well as their
respective controls (Fig. 1A). The libraries were sequenced using
76-bp single-end reads, and we mapped the first 50 bases of each
read using Bowtie (18) (Fig. 1B). Allowing three mismatches per

Dittmar et al.

1470 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


read, these sequences were mapped to the human genome assem-
bly (hg19), with an overall mapping rate of �80% and a unique
mapping rate of �65% (see Table S1 in the supplemental mate-
rial). Reads were also mapped to a custom splice junction database
of all possible exon-exon junctions within the same gene. In total,
�8.5% of the sequenced reads from all four samples were mapped
uniquely (i.e., to only one junction and not directly to the ge-
nome) to either known or hypothetical exon-exon junctions (see
Table S1).

Identification of ESRP-regulated cassette exons. To uncover
novel ESRP-regulated cassette exons, we calculated an exon inclu-
sion level (�) for each alternative exon using exon junction counts
uniquely mapped to the upstream (UJC), downstream (DJC), and
skipping (SJC) junctions. To detect differences in exon inclusion
between samples, we used a Bayesian statistics method to calculate
a P value and false discovery rate (FDR) that the change in inclu-
sion level was at least 5% (see Materials and Methods). We thereby
identified 325 cassette exons predicted to undergo changes in
splicing upon ectopic ESRP overexpression in MDA-MB-231 cells
(FDR � 0.05) (see Table S2 in the supplemental material). Of

these targets, 281 had not been identified previously in microarray
analyses and included some exons without previous annotated
evidence of skipping. Of 100 newly identified events (92%) tested
by RT-PCR, 92 were validated with changes of �5% in the pre-
dicted direction, or 83% using a cutoff of at least a 10% change in
splicing (see Table S3 in the supplemental material). In the PNT2
ESRP knockdown samples, only 19 cassette exons were identified
using the same stringent thresholds (see Table S2). While a num-
ber of explanations might account for this discrepancy, we suspect
that the reduced number of reads as well as the less complete
change in ESRP expression between samples in the knockdown
system compared to the ectopic expression system plays a role. In
the PNT2 cells, knockdown of ESRP1 reduced the RNA expres-
sion level from 100.4 to 20.6 reads per kilobase of exon model per
million mapped reads (RPKM), or an approximately 5-fold re-
duction. Knockdown of ESRP2 expression reduces its level from
16.0 to 7.5 RPKM. In contrast, the expression of ESRP1 in MDA-
MB-231 control cells was a negligible 0.015 RPKM and increased
to 297.9 RPKM with ectopic expression. Therefore, deeper RNA-
Seq coverage may be needed to comprehensively capture ESRP-
regulated exons in the knockdown system. Of note, we tested 11
cassette exons identified in the MDA-MB-231 system by RT-PCR,
most of which showed the expected change upon ESRP1 and
ESRP2 knockdown in PNT2 cells (data not shown). We thus sus-
pect that many events in the PNT2 system were false negatives at
the current sequencing depth using the strict cutoffs selected here.
Three of the 19 exons from the PNT2 analysis had previously been
validated, and we therefore tested the remaining 16 exons by RT-
PCR, of which 8 yielded the expected products. Of these, 6 were
validated with a �5% change in splicing (75%; 4/8 [50%] using a
10% cutoff) (see Table S3). Several examples of novel ESRP-reg-
ulated cassette exons uncovered by RNA-Seq that were validated
in both experimental systems are presented schematically in Fig. 2.
In ARHGAP17 and MLPH, ESRP-induced silencing is indicated
by a switch from predominantly exon inclusion junction counts
(UJC and DJC) to exon skipping counts (SJC) upon ectopic ESRP
expression in MDA-MB-231 cells (Fig. 2A and C). In DNM2, ec-
topic expression of ESRP induced exon inclusion with a switch
from exon skipping toward increased exon inclusion counts (Fig.
2B). Two ESRP-enhanced exons in SPTAN1 and BAIAP2 tran-
scripts were identified in the PNT2 knockdown system (Fig. 2D
and E). Among the validated ESRP-silenced exons from the
MDA-MB-231 analysis were 11 novel alternatively spliced known
exons for which there was no previous mRNA or EST evidence of
exon skipping (see Table S3).

SELEX-Seq reveals a high-confidence ESRP binding motif. A
previous bioinformatics-based analysis noted that UG-rich motifs
were enriched downstream of ESRP-enhanced exons and within
the body of ESRP-silenced exons (47). These observations were
consistent with a model, or RNA map, wherein ESRP binding to
such motifs downstream of an exon promoted its inclusion,
whereas binding within the exon promoted skipping. To further
define the ESRP binding motif experimentally in an unbiased
manner, we performed systematic evolution of ligands by expo-
nential enrichment (SELEX) (40). When coupled with high-
throughput sequencing (SELEX-Seq), this approach can identify
substantially more binding sequences and thus more accurately
define optimal high-affinity, sequence-specific interactions than
the standard approach using Sanger sequencing. We used recom-
binant GST-ESRP1 to screen a library of random 20-mers using

FIG 1 RNA-Seq analysis detects ESRP-regulated alternative splicing events.
(A) Outline of the experimental systems and RNA-Seq protocol used to iden-
tify ESRP-regulated exons. (B) Flowchart summarizing the bioinformatics an-
alytical pipeline applied to detect ESRP-regulated alternative splicing events.
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FIG 2 Examples of validated ESRP-regulated enhancement or silencing of RNA-Seq predicted target cassette exons. The University of California, Santa Cruz
(UCSC), genome browser view of the transcripts that contain or skip the exon is shown with tracks representing the junction reads (horizontal bars on top) and
exon body read counts (vertical bars below) in either MDA-MB-231 cells with ESRP overexpression (A to C) or PNT2 cells with ESRP knockdown (D and E). The
green tracks represent control cells and the red tracks represent ESRP knockdown or overexpression. The upstream junction read count (UJC), downstream
junction read count (DJC), and skipping junction read count (SJC) are on the right in each panel, and at the bottom are RT-PCR validation gels with bands
corresponding to exon inclusion and skipping indicated. Tables present the exon inclusion levels from RNA-Seq and RT-PCR. For the percent change in exon
inclusion (ESRP-EV or siGFP-siESRP), negative values indicate ESRP-silenced exons and positive values indicate ESRP-enhanced exons. (A) ESRP-silenced exon
in ARHGAP17; (B) ESRP-enhanced exon in DNM2; (C) ESRP-silenced exon in MLPH; (D) ESRP-enhanced exon in SPTAN1; (E) ESRP-enhanced exon in
BAIAP2.
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seven cycles of SELEX. Using a barcoding approach, we sequenced
RT-PCR products from RNAs in the input library prior to selec-
tion for ESRP1 binding (round 0), as well as after 2, 3, 5, and 7
cycles of binding in a single lane of single-end Illumina sequenc-
ing. As expected, the number of unique 20-mers decreased with
increasing cycle numbers, most likely due to the PCR amplifica-
tion steps at each step (Fig. 3A). Three of the hexamers previously
identified as being enriched downstream of ESRP-enhanced ex-
ons were among the top 12 hexamers selected after 7 rounds of
SELEX, further validating their identification as bona fide direct
ESRP binding motifs (see Fig. S1B in the supplemental material).
It was also apparent that the top n-mers obtained after 7 rounds
were already enriched after 2 to 3 rounds of SELEX (Fig. 3B; also,
see Table S4 in the supplemental material). Position weight matrix
(PWM) models for both 6-mers and 8-mers similarly showed that
common motifs were evident after the first two or three rounds
(see Fig. S1 in the supplemental material). These findings sug-
gested that by coupling high-throughput sequencing with SELEX,
as few as two or three rounds of selection may be sufficient to
identify a high-confidence RNA binding motif.

To further validate the sequence binding specificities, we car-
ried out EMSA analysis of four selected 20-mers as well as corre-
sponding 20-mer sequences with G-to-A mutations introduced
into the putative ESRP binding motifs. All four sequences dis-
played sequence-specific binding to recombinant ESRP1, with re-
duced or abolished binding to the mutated sequences (Fig. 3C). In
principle, cases in which larger numbers of the same sequence are
observed with increased SELEX cycle numbers might represent
higher-affinity binding sites (15). However, sequences present in
greater numbers by round 7 did not display evident differences
in binding affinity, suggesting that the increased frequency
with which some sequences were amplified by PCR was largely
stochastic.

High-resolution functional RNA map for ESRP splicing reg-
ulation of cassette exons. The expanded set of ESRP-regulated
cassette exons uncovered by RNA-Seq coupled with an improved
definition of ESRP binding preferences allowed us to define an
RNA map of position-dependent ESRP functions. We used the
top 12 6-mer motifs to define an ESRP binding score using an
approach similar to that previously used for Nova binding sites
(41). We evaluated the ESRP score at each position across the set
of ESRP-regulated cassette exons and the 250 nt of intronic se-
quences flanking these exons as well as the upstream and down-
stream exons (see Materials and Methods). The complete set of
ESRP-regulated exons with validated switches in splicing of at
least 10% in either experimental system comprised a total of 276
exons (see Table S3 in the supplemental material). A control data
set consisted of alternatively spliced exons that are expressed in
these cells but for which there was no evidence of ESRP-mediated
regulation. As shown in Fig. 4, there was enrichment of ESRP
binding sites in the intronic region 75 to 250 nt downstream of
ESRP-enhanced exons The peak of this enriched region was in the
region from �90 to �135, where 37 nucleotide positions were
enriched above the background by a P value of �0.001 (see Table
S5 in the supplemental material). We also noted that the same
motifs were underrepresented in the same region downstream of
ESRP-silenced exons. In contrast, the ESRP binding motifs were
enriched within the silenced exons as well as in the 125 nt of
intronic sequence upstream of these exons, including the polypy-
rimidine tract, as well as positions �250 to �230, with numerous

positions in these regions having P values for enrichment of
�0.001 (see Table S5). These same motifs were underrepresented
in these positions in the enhanced exon data set. These findings
thus provide a high-resolution map consistent with the position-
dependent binding functions of the ESRPs to either enhance exon
inclusion or promote skipping. ESRP binding motifs also ap-
peared to be enriched in the region �10 to 75 nt downstream of all
ESRP-regulated exons and �10 to 50 nt downstream of the flank-
ing upstream exons, but neither of these peaks was determined to
be statistically significant (see Table S5). We also add that while
several ESRP targets have previously been confirmed as direct tar-
gets, the list of ESRP-regulated spicing events used for this analysis
may also include indirect targets. Nonetheless, given the unbiased
determination of the ESRP binding site and the consistent exper-
imental data, we suggest that while such indirect targets may in-
troduce some background noise, they should not significantly af-
fect the general model of the map.

The ESRPs and FOX2 splicing regulators combinatorially in-
fluence alternative splicing of overlapping target exons. We pre-
viously noted that the well-defined UGCAUG binding site for the
Fox family of splicing regulators was enriched downstream of
both ESRP-enhanced and ESRP-silenced exons (42, 47, 54, 56).
Because FOX2, but neither FOX1 nor FOX3, was expressed in
both of our cell lines, we further investigated the role of this splic-
ing regulator in the combinatorial regulation of shared target ex-
ons. Using the complete set of ESRP-regulated cassettes described
above, we compared the intersection of the largest set of FOX2-
validated target exons (44). Among the 276 ESRP-regulated ex-
ons, 27 (9.8%) are also regulated by FOX2, whereas in a back-
ground set of 3,508 non-ESRP target exons, only 15 (0.4%) are
known FOX2 targets, a �20-fold enrichment (P value � 2.2e-16),
indicating a significant overlap of coregulated targets of these reg-
ulators. Because Fox proteins similarly silence exons from up-
stream binding sites and enhance from downstream sites, these
observations suggested that the ESRPs and Fox proteins could
have either additive or antagonistic effects on splicing of common
regulated exons. Consistent with this observation, of the complete
set of ESRP and FOX2 targets that have each been validated by
RT-PCR, 18 have the opposite effect on exon splicing and 9 pro-
mote the same change (see Table S6 in the supplemental material).
To determine whether the functions of ESRP and FOX2 on these
common targets are redundant or additive, we tested the response
of several of the exons to the knockdown of the ESRPs (ESRP1 and
ESRP2) or FOX2 alone, as well as upon combined knockdown in
PNT2 epithelial cells (Fig. 5E). ESRP and FOX2 knockdown re-
sulted in similar decreases in splicing of an ENAH exon, whereas
the combined knockdown resulted in an additive decrease in exon
splicing (Fig. 5A). In an MBNL1 exon that is silenced by both
proteins, combined knockdown of ESRP and FOX2 caused a
greater increase in exon inclusion than knockdown of either alone
(Fig. 5B). In exons in ACOT9, which is ESRP silenced and FOX2
enhanced, and MAP3K7, which is ESRP enhanced and FOX2 si-
lenced, knockdown of either factor alone in PNT2 cells promoted
the expected changes in exon splicing (Fig. 5C and D). However,
the combined knockdown of ESRP and FOX2 caused exon inclu-
sion levels to approximate those in the control knockdown cells.
In MDA-MB-231 cells, for exons where they promoted opposite
changes, a combination of ESRP overexpression and FOX2
knockdown induced a larger change than either treatment alone
(see Fig. S2 in the supplemental material). These collective obser-
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FIG 3 SELEX-Seq defines a UG-rich ESRP binding motif (A) Schematic for SELEX-Seq protocol. The total and unique number of reads obtained by Illumina
sequencing in each sequencing round are shown. (B) SELEX-Seq-identified 6-mer motifs after seven rounds of selection and their enrichment in each round. (C)
EMSA analysis of ESRP1 binding affinity to selected 20-mer sequences using increasing amounts of GST-Esrp1 (0 to 250 ng), shown from left to right.
Dissociation constants (Kds) were calculated from EMSAs using additional protein concentrations. Potential ESRP binding sites within the wild-type 20-mer
sequences are in bold, and mutations that are expected to abolish ESRP binding are in red. The number of reads obtained for each selected sequence from round
7 is also shown.
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vations indicate how the integrated maps of ESRP and FOX2
binding sites can account for their combinatorial effects to pro-
mote the same or opposite effects on splicing. We also noted that
38 (13.8%) ESRP validated exons had a Fox binding site within the
250-nt upstream intron and 55 (19.9%) had a Fox binding site
within the 250-nt downstream intron, excluding the splice site
sequence (versus 7.0% and 8.8% in the control exon data set,
respectively), suggesting that the overlap extends beyond known
Fox targets (see Table S6). We therefore tested 8 exons that had
not previously been experimentally validated as Fox targets, of
which 5 showed the predicted changes in splicing upon knock-
down of FOX2 in MDA-MB-231 cells (see Fig. S3 in the supple-
mental material). These findings further indicate that the ESRPs
and FOX2 exhibit widespread combinatorial regulation of an
overlapping set of coregulated target transcripts. Of note, similar
observations were recently reported for Fox and Nova (55). While
the biological significance of these overlapping splicing networks
is not clear, these results illustrate the role of combinatorial regu-
lation on a global scale. These findings also highlight how the
overlapping RNA maps of several splicing factors, coupled with
expression data for each, might be predictive of splicing outcome
in different cell types, a feature central to the concept of the global
splicing code (1).

ESRP-regulated exons substantially overlap exons that ex-
hibit cell-type-specific differences in a large set of epithelial ver-
sus mesenchymal cell types and that switch during EMT. We
previously observed that a subset of ESRP-regulated target exons
had cell-type-specific splicing that could serve as a splicing signa-
ture to distinguish breast cancer cell lines defined as basal B (or
claudin low) from those defined as luminal (47). Basal B/claudin-
low cell lines display increased invasive properties and a mesen-
chymal gene expression signature relative to an epithelial pheno-
type of luminal cells that express the ESRPs (2, 26, 47). A recent
study using HJAY arrays revealed a set of alternatively spliced
exons whose inclusion or skipping was strongly associated with
these cell subtypes across a large spectrum of cell lines (19). Be-
cause these cell line characteristics parallel those associated with

the EMT, these findings thus describe a set of alternative splicing
events that are broadly associated with the EMT and can distin-
guish epithelial from mesenchymal cells (2, 32). We used the
MADS� HJAY analysis pipeline (35) to identify exons with
splicing patterns that displayed the highest statistical evidence
to distinguish basal B/mesenchymal from luminal/epithelial
cells. Among the top exons from this list, we noted extensive
overlap of ESRP-regulated exons (see Table S7 in the supple-
mental material). For example, 18 of the top 20 basal B versus
luminal differentially spliced exons were validated ESRP tar-
gets, and in each case the ESRPs promote the luminal splicing
pattern. These observations thus suggest that a majority of
splicing differences that distinguish basal B from luminal cells
are predominantly regulated by the ESRPs, which promote the
global splicing pattern seen in less aggressive luminal cancer
cells.

Further evidence for a central role for the ESRPs in the EMT is
provided by a more recent study that used RNA-Seq to identify
changes in alternative splicing in a Twist-induced model of the
EMT in mammary epithelial cells (34). This study verified our
previous observation that both ESRP1 and ESRP2 are significantly
downregulated during EMT and showed that these changes in
ESRP expression levels exceeded those of any other splicing factors
or RNA binding proteins. This analysis also revealed a significant
overlap in predicted changes in splicing during EMT with our
published set of ESRP-regulated exons from array analysis.
Among the 25 cassette exons with a Twist-induced predicted
change of �30% exon inclusion and an FDR of �0.05 that were
validated by those authors, 20 of the 24 successful RT-PCRs
showed the expected changes upon both ESRP expression in
MDA-MB-231 cells and ESRP knockdown in PNT2 cells. These
observations suggest that the ESRPs are central regulators of splic-
ing changes associated with the EMT, although these events are
also influenced by the combinatorial effects of additional splicing
regulators, including FOX2.

Identification of ESRP-regulated alternative 3= and 5= splice
sites. We used RNA-Seq junction reads to identify nine candidate

FIG 4 A functional map for ESRP position-dependent regulation of alternative splicing. The top 12 6-mer ESRP binding motifs from SELEX-Seq were used to
derive an ESRP binding score, which is mapped across the set of 276 validated ESRP-regulated cassette exons with at least 10% change and the 250-nt intronic
sequences flanking these exons, with enhanced exons in red and silenced exons in blue. This was also mapped across a set of alternative exons present on the HJAY
arrays but not ESRP regulated (black). Each position in the RNA map represents the ESRP score within a 45-nt window, centered at the current position and
averaged over all exons in a given group.
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ESRP-regulated alternative 3= or 5= splice sites in the MDA-MB-
231 data set and seven in the PNT2 system (see Table S8 in the
supplemental material). Two of six events from MDA-MB-231
were validated at the 5% cutoff level. To verify that these events
also included direct ESRP targets, we used minigene models to
investigate the functions of ESRP to regulate splicing of LPPR2
and HNRNPH3 via binding to ESRP binding motifs near their
alternative 3= and 5= splice sites (Fig. 6). Minigenes were con-
structed using conserved regions, including the target exon and
flanking introns. Candidate ESRP binding sites were mutated to
test ESRP’s role in alternative splice site use. In the case of alter-
native 3= splice sites in LPPR2, we noted UGG elements within the
polypyrimidine tract (PPT) associated with the upstream 3= splice
site that is repressed by the ESRPs. Cotransfection of the wild-type
LPPR2 minigene with an ESRP1 cDNA in 293T cells reproduced
ESRP-mediated silencing of splicing at this upstream splice site.
Because mutations in the region of the PPT can also affect splicing
by influencing recruitment of the general splicing factor U2AF, we
tested the effects of two sets of mutations that were predicted to be

relatively neutral with respect to changing PPT “strength.” While
each mutated minigene had modest and opposite effects on splic-
ing in the control transfections, each set of mutations nearly abol-
ished the ability of ESRP1 to repress this alternative 3= splice site.
In HNRNPH3, a wild-type minigene recapitulated the function of
ESRP to induce a switch from a downstream to an upstream 5=
splice site. We identified ESRP binding motifs overlapping the
downstream 5= splice site. Mutations predicted to abolish ESRP
binding decreased the ability of ESRP to block splicing at this 5=
splice site. In addition to increased splicing at the upstream 5=
splice site in response to ESRP1 cotransfection, we also noted that
the mutation caused a small increase in ESRP-mediated skipping
of the complete exon. These examples are both consistent with a
molecular mechanism whereby ESRP bound within or near the
splice sites sterically blocks binding by components of the con-
stitutive splicing apparatus, thereby favoring the other splice
site. However, we suspect that there are other mechanisms that
can account for ESRP regulation of alternative 3= and 5= splice
sites.

FIG 5 The ESRPs and FOX2 combinatorially regulate the alternative splicing of common cassette exons. RT-PCR analysis of ESRP and FOX2 coregulated exons
was performed in PNT2 cells with knockdown of ESRP1 and ESRP2 (siESRP), FOX2 (siFOX), and ESRP1 and ESRP2 and FOX2 combined (siESRP siFOX) and
in control cells (siC). Data are shown for alternative exons in ENAH, which is enhanced by ESRP and FOX2 (A), MBNL1, which is silenced by ESRP and FOX2
(B), MAP3K7, which is enhanced by ESRP and silenced by FOX2 (C), and ACOT9, which is silenced by ESRP and enhanced by FOX2 (D). (E) A Western blot
demonstrates the knockdown of ESRP and FOX2.
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FIG 6 The ESRPs regulate alternative 3= and 5= splice sites. The UCSC browser view of the alternative 3= splice sites of LPPR2 exon 4 (A) and alternative 5= splice
sites of HNRNPH3 exon 4 (B) are shown with tracks representing the junction reads (horizontal bars on top) and exon body read counts (vertical bars below) in
MDA-MB-231 control cells (EV, green) or ESRP-overexpressing cells (ESRP, red). Tables present the predicted levels of the long exon from RNA-Seq and the
experimentally determined levels from RT-PCR. Minigene splicing reporters were constructed containing LPPR2 exon 4 (bold) (C) or HNRNPH3 exon 4 (bold)
(D) and conserved flanking intronic sequences. The long form of each exon is underlined, and alternative splice sites are indicated by arrowheads. Conserved
intronic and exonic UGG-rich elements near the alternative splice sites are in red, and point mutations within UGG motifs are in blue. RT-PCR analysis for the
minigenes is shown.
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Identification of ESRP-regulated changes in alternative 3=-
end formation by coupling RNA-Seq with direct RNA sequenc-
ing (DRS) of poly(A) sites. The past few years have seen a growing
appreciation of the widespread prevalence of alternative polyade-
nylation and coupling of alternative splicing with formation of
alternative poly(A) sites (reviewed in references 8 and 22). Several
recent studies have described new methods for high-throughput
direct sequencing of the 3= ends of mRNAs (10, 11, 28, 37). We
previously used exon arrays to identify a few examples of ESRP-
regulated alternative poly(A) sites (49). To identify a broader set
of ESRP-regulated poly(A) events we developed a pipeline that
couples direct sequencing of the 3= cleavage region with the whole
transcriptome RNA-Seq data set described previously. While dif-
ferent definitions and nomenclatures have been used, we consid-
ered alternative polyadenylation to consist of three distinct sub-
types. The most basic form of alternative polyadenylation occurs
through use of alternative poly(A) sites within the same 3= UTR
(APA) (Fig. 7A). Two mechanisms of alternative splice site use
associated with alternative poly(A) sites can give rise to completely
different 3= terminal exons and 3= UTRs. One type occurs when an
upstream exon is either spliced to the 3= splice site in an exon with
a functional polyadenylation site or skips the exon entirely and
splices to a 3= splice site in a downstream exon (APA3; nomencla-
ture is according to reference 55) (Fig. 7B). The second type is
when alternative use of a 5= splice site in an otherwise 3= terminal
exon can lead to splicing to a downstream exon (APA5) (Fig. 7C).
In either case, the downstream exon can itself be an alternative 3=
terminal exon, or multiple additional cassette exons can be in-
cluded before the downstream terminal exon is reached. Thus,
these types of events have the potential to more significantly affect
protein size and function than most simple alternative cassette
exons. All three types of alternative 3= end events share the poten-
tial to render the resulting transcripts susceptible to differential
regulation by microRNAs or proteins that regulate RNA stability.
For example, a general decrease in microRNA-mediated repres-
sion occurs in transcripts expressed in proliferating cells, includ-
ing cancer cells, that switch to isoforms with shorter 3= UTRs
(23, 31).

Sequencing of mRNA 3= ends was performed using the Helicos
direct RNA sequencing (DRS) platform through capture of
poly(A) RNA on poly(dT)-coated flow cells as previously de-
scribed (28). One channel each was used to sequence RNA from
control MDA-MB-231 cells and cells with ectopic expression of
ESRP1. Reads obtained through the pipeline were filtered for a
minimum length of 25 and to remove reads derived from internal
genomically encoded poly(A) stretches. Clustered reads were then
used to identify 335 candidate pairs of poly(A) sites with signifi-
cant differential use between control and ESRP-expressing cells
(see Table S9 in the supplemental material; also, see Materials and
Methods). To validate these events, we used mapped reads from
the RNA-Seq analysis within the 300-nt region upstream of the
poly(A) sites. Overall, 71.8% of the DRS-predicted changes in
poly(A) site use were supported by RNA-Seq, and many of the
nonvalidated cases lacked sufficient RNA-Seq coverage in the
relevant genomic location. These data suggested that the DRS
pipeline was robust and accurate. Nonetheless, to obtain a more
confident set of ESRP-regulated poly(A) sites, we filtered the DRS-
predicted poly(A) sites to include only those with statistical RNA-
Seq validation. This resulted in a total of 160 high-confidence
changes in poly(A) site use in response to ESRP1 expression, of

which 32 were categorized as APA, 76 as APA3, and 52 as APA5
(see Table S9).

In six cases, we also used competitive RT-PCR using a common
forward primer and specific reverse primers that would recognize
each alternative form. Although these competitive PCRs are less
quantitative than those using common primer sets, these valida-
tions supported each of the events tested (Fig. 7; also, see Fig. S4A
to C). One example of alternative poly(A) use in the same UTR
(APA) was BAG1, where ESRP1 promoted expression of the iso-
form with an extended 3= UTR (Fig. 7A). We also validated an
APA3-type event in the CHID1 transcript, an example where
ESRP promotes use of a proximal terminal exon (Fig. 7B). In the
EPHA2 transcript, ESRP promotes the use of a 5= splice site in the
proximal APA5-type terminal exon.

We noted several examples where ESRP expression induced
proximal APA3- or APA5-type 3= terminal exons that were very
close to the 5= end of transcripts and associated with a significant
decrease in expression of the downstream exons (see Fig. S4D to F
in the supplemental material). For example, in COL5A1, we iden-
tified a novel APA3 in the fourth intron and an APA5 event in the
first exon (Fig S4D). ESRP expression promoted both of these
events, leading to short truncated products and a nearly 35-fold
reduction in expression of full-length transcripts (see Table S9 in
the supplemental material). While it is not known whether the
truncated transcripts encode polypeptides, these examples illus-
trated how early induction of polyadenylation might downregu-
late gene expression, although this mechanism may also involve
contributions by microRNAs. These examples are reminiscent of a
previous observation in cleavage stimulation factor 77 (CstF-77)
transcripts, where the use of a conserved alternative poly(A) site in
the third intron was proposed to serve as a means of utilizing
alternative polyadenylation to directly modulate expression of the
full-length functional isoform (30).

Similar to our observations on the ESRPs, a limited number of
other examples have been described wherein splicing factors can
also regulate polyadenylation (8). Previous studies of the Nova
proteins (and their Drosophila melanogaster ortholog Pasilla) have
shown that the binding sites or known motifs support a position
dependent function to regulate these types of regulation (3, 21).
We therefore similarly sought to explore whether the ESRP bind-
ing motif was enriched in the set of alternatively polyadenylated
transcripts in a position-dependent manner. Using a more refined
set of 108 such events (see Materials and Methods) regulated by
ESRP, we evaluated the positions of these motifs relative to a back-
ground set of alternative poly(A) sites. As shown in Fig. 7D, there
was a highly significant level of enrichment for ESRP binding sites
both upstream and downstream of the ESRP-regulated poly(A)
sites, suggesting that they can directly impact polyadenylation.
While there were regions relative to the poly(A) site in which ESRP
binding motifs were enriched in both ESRP-enhanced and -re-
pressed sites, there were also regions in which binding sites were
more statistically associated with ESRP-enhanced or repressed
sites. For example, in the region from ��220 to �160 upstream
of ESRP-regulated poly(A) sites, there was greater enrichment in
enhanced than repressed poly(A) sites (Fig. 7D; also, see Table S10
in the supplemental material). However, for ESRP-repressed sites
there was greater enrichment of the motifs �7 to �86 and �200
to �250 nt downstream of the poly(A) site. These observations are
in agreement with previous studies showing enrichment for bind-
ing motifs of other splicing factors, such as Nova and hnRNP H,
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FIG 7 The ESRPs regulate alternative 3=-end formation. Examples of three types of alternative 3=-end formation regulated by the ESRPs are shown with UCSC
browser views of RNA-Seq and direct RNA sequencing (DRS) read counts from MDA-MB-231 control (EV, green) versus ESRP-overexpressing cells (ESRP, red)
and RT-PCR validations. (A) Alternative polyadenylation within the same 3= UTR (APA); (B) alternative polyadenylation associated with alternative 3= splice site
usage (APA3); (C) alternative polyadenylation associated with alternative 5= splice site usage (APA5). (D) A functional map for ESRP position-dependent
regulation of alternative polyadenylation. The top 12 6-mer ESRP binding motifs from SELEX-Seq were used to derive an ESRP binding score, which is shown
mapped across the set of 108 DRS-identified and RNA-Seq cross-validated ESRP-regulated poly(A) sites and the 250 nt upstream and downstream with
promoted sites in red and silenced sites in blue. These motifs were also mapped across a background set of annotated poly(A) sites (black).
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that also regulate polyadenylation (17, 21). While these observa-
tions implicate the ESRPs in the regulation of polyadenylation, it
is worth noting that the regulation of APA3 and APA5 events may
also occur through the regulation of splicing via binding to regions
near the regulated splice sites. Such events may further involve
coupled recruitment or inhibition of the splicing and polyadenyl-
ation machineries. However, given the limited number of each
subtype (APA3 and APA5), we were unable to derive a separate
confident map for ESRP binding sites in these events. While this
motif analysis supports a role for ESRPs in direct regulation of
polyadenylation, we cannot be sure that all of the events we iden-
tified are direct targets. Nonetheless, the current set of over 100
high-confidence changes in polyadenylation provides a useful
data set for downstream analysis and illustrates the potential of
integrating high-throughput sequencing of mRNA 3= ends with
transcriptome-wide sequencing to uncover larger sets of regula-
tory networks.

DISCUSSION

We used RNA-Seq to provide a more comprehensive view of the
genome-wide ESRP-regulated splicing regulatory network. In ad-
dition to identifying and validating a larger set of cassette exon
targets and alternative 3= and 5= splice sites, the RNA-Seq data,
together with the DRS analysis of mRNA 3= ends, further impli-
cates the ESRPs in the genome-wide regulation of alternative poly-
adenylation. This work highlights the emerging potential of high-
throughput sequencing methods to comprehensively identify
differential patterns of alternative splicing and polyadenylation.
The pipeline using RNA-Seq and DRS to investigate regulation of
polyadenylation demonstrates how coupling these different high-
throughput technologies can increase the power of detection
while also providing intrinsic cross-validation. Our studies also
add the ESRPs to the list of known splicing regulators, such as
Nova, hnRNP F, hnRNP H, PTB, and U1A, that also regulate
polyadenylation (7, 8, 25). While the proposed map of ESRP bind-
ing sites suggests that the ESRPs can promote or inhibit polyade-
nylation in a position-dependent manner, further experiments are
needed to validate this. In addition, future investigations are
needed to understand the mechanisms by which the ESRPs regu-
late polyadenylation. hnRNP F, a homolog of ESRP, was previ-
ously suggested to regulate alternative polyadenylation of IgM
heavy chain through inhibition of Cstf-64 binding to the down-
stream poly(A) (45). A similar role for PTB-mediated inhibition
via reduced Cstf-64 binding was also shown, whereas binding of
PTB upstream of the poly(A) site can promote polyadenylation
(5). Based upon the pattern of enrichment of ESRP binding motifs
relative to regulated poly(A) sites, we envision that they might
operate through similar mechanisms to regulate polyadenylation.
We also noted numerous examples of high-confidence ESRP-reg-
ulated poly(A) sites that represent novel, previously unannotated
sites of polyadenylation. In fact, 72 of the 271 (26.6%) of the reg-
ulated poly(A) sites supported by both DRS and RNA-Seq were
novel, similar to findings in other recent 3=-end sequencing stud-
ies that discovered large numbers of novel poly(A) sites (10, 11,
28). Thus, as more studies using similar technologies are per-
formed for additional regulators and in different cell contexts, the
percentage of human genes that are known to undergo regulated
alternative polyadenylation will almost surely continue to rise.

A common feature of most RNA binding proteins is that the
sequences that they bind exhibit various degrees of degeneracy,

which can complicate the prediction of in vivo binding sites.
SELEX-Seq offers considerable advantages over previous SELEX-
based approaches. While we are not aware of previous reports on
this approach for RNA binding proteins, a study using a similar
SELEX-Seq approach characterized the DNA binding sites for sev-
eral transcription factors (15). Similar to results in that report, we
also noted that while the high-affinity binding sites were enriched
by cycle number, the consensus motifs that mediate binding
emerged after just 2 to 3 cycles, highlighting an additional advan-
tage of coupling SELEX with high-throughput sequencing. One
potential limitation of the SELEX-Seq approach is that in vitro
binding specificity may not always recapitulate in vivo binding
preferences. However, there are now several examples in which
the in vitro SELEX-determined motif has been shown to be the
same as that determined in vivo using cross-linking and immuno-
precipitation (CLIP) (e.g., FOX2, PTB, and Nova) (21, 52, 54).
Furthermore, in the case of ESRP the SELEX motif matches one
that was both bioinformatically predicted and functionally vali-
dated.

Gene ontology (GO) analysis previously performed for HJAY-
predicted cassette exons demonstrated enrichment for processes
and functions that are functionally relevant for the EMT, includ-
ing cell-cell adhesion, cell motility, and regulation of the actin
cytoskeleton (47). A comparable analysis using the broader set of
validated ESRP cassette targets identified from either HJAY or
RNA-Seq with at least 10% change in exon inclusion further sup-
ported a role for ESRP target transcripts in EMT relevant catego-
ries, most notably for genes that function in GTPase regulator
activity (data not shown). We also projected the same validated
list onto a functional interaction (FI) network derived by combin-
ing curated interactions from well annotated pathway databases
with predicted protein functional interactions based on heteroge-
neous sources, including physical protein-protein interactions,
coexpression data, protein domain interactions, and GO annota-
tions (51). We were able to map 250 of the 276 (90.6%) validated
ESRP target transcripts with regulated cassette exons to this ex-
tended FI network and used an edge betweenness algorithm to
identify 19 network modules (see Table S11 in the supplemental
material). Module 1 was enriched for pathways related to cell-cell
adhesion, including those for E-cadherin-based adherens junc-
tions, tight junctions, and nectin-based adhesion components
(Fig. 8A). Module 2 was enriched for the Rho GTPase signaling
pathway (Fig. 8B). This analysis provides further evidence that the
ESRP splicing network encodes proteins that are biologically co-
herent and can also be used to generate hypotheses for future
experimental investigations into the roles of ESRP target splicing
events. The roles of most ESRP-regulated genes in the EMT and
the functional consequences of the splicing changes they direct
remain largely unexplored. In a very few select cases (e.g., CT-
NND1 and CD44), differential activities of the epithelial and mes-
enchymal isoforms that directly impact the EMT have been dem-
onstrated (4, 53). A noteworthy observation from these examples
is that the different isoforms can have opposing functions, imply-
ing that many seemingly contradictory roles of many other genes
can also be accounted for by alternative splicing or polyadenyla-
tion. However, for most of the ESRP target genes, isoform-specific
functions have not been investigated, and the relevance of these
differences for developmental or pathophysiological EMT re-
mains unclear. The genome-wide determination of this splicing
program opens the way for more detailed investigations of the
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functional consequences of these splicing changes during the
EMT at the level of individual gene transcripts as well as for sys-
tems-level analyses to determine how the global changes in splic-
ing alter cellular pathways on a larger scale to influence cell phe-
notype and function. A challenge for future work will be to
develop methods by which the isoform-specific functions of these
transcripts can be systematically determined and at the same time
to reveal how alternative splicing alters relevant protein interac-
tion networks that influence distinct cell behaviors during devel-
opment and disease.
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