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ABSTRACT

The epithelial–mesenchymal transition (EMT) is a fundamental developmental process that is abnormally activated
in cancer metastasis. Dynamic changes in alternative splicing occur during EMT. ESRP1 and hnRNPM are splicing
regulators that promote an epithelial splicing program and a mesenchymal splicing program, respectively. The
functional relationships between these splicing factors in the genome scale remain elusive. Comparing alternative
splicing targets of hnRNPM and ESRP1 revealed that they coregulate a set of cassette exon events, with the majority
showing discordant splicing regulation. Discordant splicing events regulated by hnRNPM show a positive correlation
with splicing during EMT; however, concordant events do not, indicating the role of hnRNPM in regulating alternative
splicing during EMT is more complex than previously understood. Motif enrichment analysis near hnRNPM–ESRP1
coregulated exons identifies guanine–uridine rich motifs downstream from hnRNPM-repressed and ESRP1-enhanced
exons, supporting a general model of competitive binding to these cis-elements to antagonize alternative splicing. The
set of coregulated exons are enriched in genes associated with cell migration and cytoskeletal reorganization, which
are pathways associated with EMT. Splicing levels of coregulated exons are associated with breast cancer patient
survival and correlate with gene sets involved in EMT and breast cancer subtyping. This study identifies complex modes
of interaction between hnRNPM and ESRP1 in regulation of splicing in disease-relevant contexts.
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INTRODUCTION

Alternative RNA splicing is a fundamental mechanism
of functional genome diversity that enables the nearly
21,000 protein-coding genes in the human genome to
give rise to over 100,000 transcripts (The Encode Consor-
tium 2012; Harrow et al. 2012). Deep transcriptome se-
quencing has revealed that ∼95% of all human multiexon
transcripts can undergo alternative splicing, positioning al-
ternative splicing as a critical form of post-transcriptional
gene regulation in a variety of cellular and biological pro-
cesses (Pan et al. 2008; Wang et al. 2008; Barash et al.
2010). Dysregulation of alternative splicing is increasingly
implicated in a variety of human diseases, including cancer
progression and survival (Liu and Cheng 2013; Cieply and
Carstens 2015).

Alternative splicing has emerged as a central regula-
tory process during the epithelial–mesenchymal transition
(EMT) (Warzecha et al. 2010; Brown et al. 2011; Shapiro
et al. 2011; Reinke et al. 2012; Yang et al. 2016). EMT is
a developmental program whereby epithelial cells transit
to a mesenchymal phenotype, which occurs in natural pro-
cesses such as organogenesis and wound healing (Thiery
2003; Nieto et al. 2016). A mounting body of evidence
suggests that EMT is aberrantly activated in cancer cells
to mediate tumor recurrence and metastasis (Yang and
Weinberg 2008; Thiery et al. 2009). Study of the molecular
mechanism of EMT has been largely restricted to cellular
signaling and transcriptional regulation. Recently, work
from our group has demonstrated that alternative splicing
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of the gene CD44 causally contributes to EMT and
breast cancer metastasis (Brown et al. 2011; Reinke et al.
2012; Xu et al. 2014; Zhao et al. 2016). Further evidence
has also emerged to show the essential role of alternative
splicing of other genes in controlling EMT (Lu et al.
2013; Hernandez et al. 2015). A variety of splicing
regulatory proteins have also been implicated in EMT
alternative splicing; however, few have been shown to
have essential functional roles during EMT (Warzecha
et al. 2010; Braeutigam et al. 2013; Xu et al. 2014; Yang
et al. 2016).
Investigating the mechanisms underlying the regulation

of CD44 alternative splicing led us to identify antagonistic
roles between two splicing factors, heterogeneous nuclear
ribonucleoprotein M (hnRNPM) and epithelial splicing
regulatory protein 1 (ESRP1). hnRNPM promotes CD44
variable exon skipping and favors a mesenchymal pheno-
type, whereas ESRP1 stimulates CD44 variable exon inclu-
sion and promotes an epithelial cellular state (Warzecha
et al. 2009b; Brown et al. 2011; Reinke et al. 2012; Xu
et al. 2014). In addition, a recent study showed that
hnRNPM promotes a set of alternative splicing events
associated with cell survival and resistance to inhibition
of the PI3K-Akt pathway, two traits that are associated
with EMT (Grille et al. 2003; Passacantilli et al. 2017).
Interestingly, hnRNPM is ubiquitously expressed but func-
tions in a mesenchymal cell-state–specific manner to regu-
late CD44 alternative splicing. This cell-state restricted
activity of hnRNPM is guided in part by competition with
ESRP1, which is expressed in epithelial tissues but not
in mesenchymal tissues (Warzecha et al. 2009a; Xu et al.
2014; Bebee et al. 2015). hnRNPM and ESRP1 share com-
mon guanine–uridine-rich (GU-rich) binding sites (Dittmar
et al. 2012; Huelga et al. 2012), and the presence of
ESRP1 suppresses the activity of hnRNPM by binding to
the same GU-rich cis-elements near CD44 variable exons
(Xu et al. 2014). Given the critical roles hnRNPM and
ESRP1 play in modulating EMT, we hypothesized that
these two splicing factors compete to regulate not only
CD44 alternative splicing, but also many other splicing
events which may be associated with EMT. The balance
between hnRNPM and ESRP1 splicing regulation may
therefore control the phenotypic switch between an epi-
thelial state and a mesenchymal state.
In this study, we analyzed splicing events coregulated

by both hnRNPM and ESRP1. Our results show that
hnRNPM and ESRP1 exhibit inverse activities in regulating
most coregulated splicing events. Unexpectedly, they also
display concordant activities when regulating a subset of
coregulated splicing events. Importantly, our results
reveal that hnRNPM and ESRP1 regulate a set of cassette
exons to promote and inhibit EMT, respectively. Cassette
exons regulated discordantly by hnRNPM and ESRP1 are
enriched in GU-rich motifs specifically in the downstream
intron, corresponding with known hnRNPM and ESRP1

binding motifs and likely sites of competitive splicing reg-
ulation. This competitive mode of regulation is more wide-
spread than previously appreciated. Coregulated cassette
exons also stratify breast cancer patients by overall survival
and correlate with cancer-relevant gene sets, highlighting
the importance of hnRNPM and ESRP1 splicing regulation
in cancer biology.

RESULTS

Splicing factors ESRP1 and hnRNPM coregulate
a set of cassette exons

Wepreviously showed that ESRP1 antagonizes the splicing
activity of hnRNPM on CD44 alternative splicing and that
hnRNPM stimulates EMT-associated splicing in a mesen-
chymal cell-type–specific manner (Xu et al. 2014). In an
effort to better understand how ESRP1 and hnRNPM func-
tionally interact with each other globally, we compared al-
ternative splicing events from transcriptome-profiling data
sets in response to hnRNPM or ESRP1 perturbation. We
performed differential alternative splicing analysis when
hnRNPM was perturbed by shRNA in two well-established
mesenchymal cell lines: MDA-MB-231-derived lung-meta-
static LM2 and bone-metastatic BM1 (Kang et al. 2003;
Minn et al. 2005). We chose mesenchymal cell lines to in-
vestigate hnRNPM-mediated alternative splicing to avoid
masking of hnRNPM function by ESRP1, which is not ex-
pressed in mesenchymal tissues (Warzecha et al. 2009a;
Bebee et al. 2015). We focused on cassette exons because
they are the most common form of alternative splicing
(Wang et al. 2008). Cassette exon splicing levels are re-
ported using the percent spliced in (PSI) metric, which is
a measure of the relative abundance of the exon inclusion
isoform. We obtained a set of 1635 hnRNPM-regulated
alternative cassette exons by taking the union of all signifi-
cantly regulated exons (FDR<0.05, |ΔPSI|≥ 0.1, average
junction reads per cassette event ≥10) after hnRNPM
knockdown in LM2 and BM1 cells. Using the union of
cassette exons identified from previously published alter-
native splicing profiling data sets for ESRP1, including
ESRP1 overexpression in MDA-MB-231 cells and ESRP1/
2 knockdown in prostate epithelial PNT2 and lung non-
small cell carcinoma H358 cells (Warzecha et al. 2010;
Dittmar et al. 2012; Yang et al. 2016), we derived a corre-
sponding set of 1300 ESRP1-regulated cassettes. A full
accounting of all data sets with corresponding replicates,
splicing factor perturbations, cell types, and the number
of cassette exons detected in each data set is listed in
Supplemental Table S1. Although a variety of cell lines
were considered in our analysis, out of the 1635 cassette
exons significantly regulated by hnRNPM, 1548 (95%)
were detected in a background set of all exons expressed
in the ESRP1 data sets. Similarly, out of the 1300 cassette
exons regulated by ESRP1, 1124 (86%) were detected
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in a background set of exons from
the hnRNPM data sets. These results
show that the combined data sets, al-
though encompassing different cell
types, contained the vast majority of
assayed cassettes and were suitable
for comparative analysis.

To determine cassette exons regu-
lated by both hnRNPM and ESRP1,
we intersected the hnRNPM-regulat-
ed cassettes with ESRP1-regulated
cassettes and obtained a statistically
significant overlap of 213 coregulated
cassette exons (Fig. 1A, P=7.9×
10−115, hypergeometric test; Supple-
mental Table S2). Cassette exons
where hnRNPM and ESRP1 both pro-
mote exon inclusion or exon skipping
were defined as concordant exons.
Cassette exons where hnRNPM and
ESRP1 promote opposite splice iso-
forms were defined as discordant
exons. Nearly two-thirds of the core-
gulated exons (134/213, 63%) were
regulated discordantly, while the re-
maining exons (79/213, 37%) were
regulated concordantly (Fig. 1A,B).
The fact that the majority of coregu-
lated events show discordant regula-
tion mirrors the antagonistic role that
ESRP1 and hnRNPM play in favoring
cell-state–specific splicing programs
(Xu et al. 2014). In contrast, the con-
cordant splicing regulation by ESRP1
and hnRNPM suggests that they
cooperate to control splicing within a
subset of genes. Thus, the coregula-
tion of splicing between ESRP1 and
hnRNPM is not purely antagonistic
and may bemore complex than previ-
ously understood.

As hnRNPM and ESRP1 play impor-
tant roles in regulating alternative
splicing during EMT, we overlapped
the coregulated exons with a set
of EMT regulated alternative splicing
events derived from previous studies
(Shapiro et al. 2011; Yang et al.
2016). Over 30% (67/213) of the core-
gulated exons overlap with EMT,
representing a statistically significant
overlap (Fig. 1C, P=2.63×10−80, hy-
pergeometric test; Supplemental
Table S2). We then analyzed the regu-
latory roles of hnRNPM and ESRP1 on
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FIGURE 1. hnRNPM and ESRP1 coregulate a set of cassette exons in discordant and concor-
dant manners. (A) RNA-sequencing analysis of hnRNPM knockdown and ESRP1 perturbation
data sets identified splicing factor–dependent cassette exon events. In total, 213 cassette
exon events showed overlapping regulation by hnRNPM and ESRP1 (P-value by hypergeo-
metric test). The majority, 63% (134/213) cassette exons, were regulated discordantly by
hnRNPM and ESRP1. The minority, 37% (79/213) cassette exons, were regulated concordant-
ly. (B) Discordant exons show a negative correlation of hnRNPM versus ESRP1 ΔPSI splicing
changes, while concordant exons show a positive correlation. Positive ΔPSI indicates promo-
tion of exon skipping, while negative ΔPSI indicates promotion of exon inclusion. (C ) 67 of the
hnRNPM-ESRP1 coregulated cassette exons overlap with cassette exons regulated during
EMT (P-value by hypergeometric test). (D,E) Both ESRP1 discordantly regulated exons (D)
and concordantly regulated exons (E) show a negative correlation with EMT splicing.
Positive and negative ΔPSI indicate promotion of exon skipping and inclusion, respectively.
(F ) 12% of ESRP1-regulated discordant exons promote EMT compared to 17% of concordant
exons. (G) hnRNPM discordantly regulated exons show a positive correlation with EMT.
(H) hnRNPM concordant exons show a negative correlation with EMT. (I ) 88% of hnRNPM dis-
cordant exons promote EMT compared to 17% of hnRNPM concordant exons (P<0.001 by
Fisher’s exact test).
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these EMT-associated splicing events. For both discor-
dant and concordant exons coregulated by ESRP1 and
hnRNPM, ESRP1-mediated splicing inversely correlated
with the EMT-associated splicing, in line with the role of
ESRP1 as an epithelial specific splicing regulator (Fig. 1D–
F; Warzecha et al. 2009a, 2010; Bebee et al. 2015).
Interestingly however, hnRNPM showed bidirectional cor-
relation. For the hnRNPM–ESRP1 discordant exons, we
observed a positive correlation between hnRNPM-mediat-
ed splicing and EMT-associated splicing, indicating that
hnRNPM promotes splicing that oc-
curs during EMT (Fig. 1G). For the
hnRNPM–ESRP1 concordant exons,
however, hnRNPM’s activity inversely
correlated with EMT-associated splic-
ing (Fig. 1H). This bidirectional differ-
ence in EMT-splicing regulation was
statistically significant (Fig. 1I). These
results suggest that although the ma-
jority of hnRNPM-regulated events
are consistent with its role in driving
a mesenchymal splicing program in
opposition to ESRP1, hnRNPM may
also be involved in a small subset of
splicing events regulated in favor of
an epithelial splicing pattern when
functioning in concert with ESRP1.

Validation of ESRP1 and hnRNPM
coregulated cassette exons

We chose to validate hnRNPM splic-
ing activity in the mesenchymal cell
line LM2 that does not express
ESRP1 (Fig. 2A), and we chose human
mammary epithelial cells (HMLE) to
validate ESRP1 activity where ESRP1
is robustly expressed (Fig. 2A).
hnRNPM is expressed similarly in
LM2 and HMLE cells (Fig. 2A). We ex-
perimentally validated four of the con-
cordant and four of the discordant
coregulated splicing events using RT-
PCR upon shRNA-mediated hnRNPM
or ESRP1 knockdown to confirm splic-
ing regulation observed in the RNA
sequencing studies (Fig. 2B,C;
Supplemental Table S2). The valida-
tion set confirms that hnRNPM and
ESRP1 coregulate splicing events in
both concordant and discordant man-
ners (Fig. 2C).Moreover,weexamined
the specificity of the hnRNPM and
ESRP1 splicing regulatory relation-
ships by using two splicingminigenes,

with one containing a discordantly regulated exon atCD44
variable exon 5 and the other harboring a concordant exon
at MARK3 exon 17. Cotransfection experiments of the
CD44v5 minigene with hnRNPM or ESRP1 in 293FT cells
showed that hnRNPMpromotes v5 exon skipping,whereas
ESRP1 inhibits it (Fig. 2D), supporting discordant regula-
tion by hnRNPM and ESRP1. In contrast, cotransfection of
the concordant MARK3 exon 17 minigene with hnRNPM
or ESRP1 both resulted in dose-dependent increases in
exon skipping, mirroring the concordant regulation of
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FIGURE 2. Validation of hnRNPM and ESRP1 coregulation of cassette exons. (A) Western blot
showing expression of hnRNPM in LM2 and HMLE cells. qPCR showing expression of ESRP1
relative to TBP in LM2 and HMLE cells (Error bars= S.E.M, n=3, P<0.001). (B) Western blot
showing hnRNPM knockdown in LM2 cells and qPCR showing ESRP1 knockdown relative to
TBP in HMLE cells (error bars = S.E.M, n=3, P<0.001). (C ) Cassette exon splicing events reg-
ulated by hnRNPM and ESRP1. hnRNPM validation was conducted in LM2 cells, while ESRP1
validation was conducted in HMLE cells. Avg PSI represents an average of three experiments.
SD represents standard deviation of PSI values (P-value calculated by Student’s t-test).
(D) Splicing minigene analysis showing cotransfection of CD44 variable exon 5 minigene
with hnRNPM in 293FT cells promotes exon skipping, while ESRP1 promotes exon inclusion.
(E) Cotransfection of MARK3 exon 17 minigene and hnRNPM or ESRP1 in 293FT cells shows
that both promote exon skipping. Avg PSI represents an average of three experiments. SD rep-
resents standard deviation of PSI values (P-value calculated by Student’s t-test).
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splicing observed in the RNA-sequencing data (Fig. 2E).
These results show that hnRNPM and ESRP1 function in
both discordant and concordant fashions that are depen-
dent on splicing substrates.

ESRP1 and hnRNPM discordantly regulated exons
are enriched in shared GU-rich binding sites

In order to better understand the functional relationship
between hnRNPM and ESRP1 in coregulating alternative
splicing, we performedmotif enrichment analysis on the in-
trons near all hnRNPM and ESRP1 coregulated splicing
events (Fig. 3A). Both hnRNPM and ESRP1 are known
to bind GU-rich cis-elements primarily in introns (Dittmar
et al. 2012; Huelga et al. 2012; Bebee et al. 2015; Yang
et al. 2016). We observed selective enrichment of multiple
GU-rich hexamers downstream from hnRNPM-repressed
and ESRP1-enhanced events, with both sets of events
showing enrichment of two identical motifs, GUGUGU
and GUGGUG, among the top three enriched motifs (Fig.
3A–C). The observation that GU-rich motif enrichment
was observeddownstream fromexons regulated opposite-
ly by hnRNPM and ESRP1 suggests that GU-rich motifs are
enriched near discordantly regulated exons. These data
support a model where hnRNPM and ESRP1 compete for
shared binding sites directly downstream from cassette
exons to regulate alternative splicing antagonistically.

We also noted significant enrichment of a UGCAUG
motif downstream from hnRNPM-enhanced and ESRP1-
repressed events (Fig. 3A). This sequence corresponds to
the well-known binding motif of the RBFOX family of
RNA binding proteins, of which only RBFOX2 is expressed
in the cell lines used in this study (Jangi et al. 2014; Weyn-
Vanhentenryck et al. 2014). In total, 67/213 (31%) of
hnRNPM–ESRP1 coregulated splicing events contain
a splice-site proximal UGCAUG motif within 250 nt of
a splice site. The motif was more enriched downstream
from the cassette exons investigated, with 45/213 (21%)
containing a motif downstream, while 30/213 (14%) con-
tained a motif upstream of the cassette exon.

To experimentally examine the binding relationships of
hnRNPM and ESRP1, we analyzed their ability to bind
to the GU-rich motifs downstream from the discordantly
regulated APLP2 cassette exon 7, which was validated
in Figure 2C. APLP2 contains multiple occurrences of
GU-rich motifs identified from the motif analysis within
250 nt downstream from APLP2 cassette exon 7 (Fig.
3D). RNA pull-down assays were conducted in MDA-MB-
231 cells, which do not express ESRP1, and MDA-MB-
231 cells ectopically expressing HA-tagged ESRP1 (Fig.
3E). Both cell lines express hnRNPM equally (Fig. 3E). As
predicted from the RNA-seq data and validation experi-
ments, an increase in APLP2 exon 7 PSI was observed
upon ESRP1 overexpression (Fig. 3F). In order to examine
binding of hnRNPM and ESRP1 to the GU-rich motifs

downstream from APLP2 exon 7, we designed two 5′ bio-
tinylated RNA probes: GU1 and GU2 (Fig. 3G, top panel).
hnRNPM binds GU2 much more strongly than GU1, while
ESRP1 bound GU1 and GU2 relatively equally (Fig. 3G,
bottom panel). GU2 contains more GU-nucleotide stretch-
es than GU1, and this may have contributed to the binding
differences of hnRNPM on these probes. As both ESRP1
and hnRNPM do not have clearly defined binding sites,
instead binding to degenerate GU-rich sequences, there
could be variations in their affinity to different GU repeats.
These binding activities are specific because binding of
both proteins was abolished upon disruption of GU-rich
motifs (Fig. 3G). To determine whether hnRNPM binding
is decreased in the presence of ESRP1, we compared rela-
tive hnRNPM binding on the GU2 probe in parental MDA-
MB-231 cells to that in MDA-MB-231 cells overexpressing
ESRP1-HA. By comparing the amount of hnRNPM that was
associated with the GU2 probe relative to input, we found
a 70% reduction in hnRNPM binding in the ESRP1-HA-
expressing MDA-MB-231 cells (Fig. 3H), suggesting that
ESRP1 is capable of competing with hnRNPM for the
same binding sites on the APLP2 pre-mRNA.

ESRP1 and hnRNPM coregulated exons are enriched
in EMT processes and correlate with breast cancer
signatures and patient survival

In order to better understand the relevance of the complex
regulation of splicing by hnRNPM and ESRP1 to disease
phenotypes, we performed gene ontology analysis using
DAVID on the set of 213 coregulated exons (Huang da
et al. 2009a,b). We observed significant GOTERMs associ-
ated with cell polarity, cell adhesion, and cytoskeletal
dynamics (Fig. 4A), all processes that are critical for EMT
(Supplemental Table S3). To assess the contribution of
hnRNPM and ESRP1 coregulation of splicing in breast
cancer patient samples, we mined the publicly available
TCGA (The Cancer Genome Atlas) RNA-sequencing data
for invasive breast carcinoma (BRCA) and calculated the
PSI values for hnRNPM and ESRP1 coregulated splicing
events. After stratifying the patients based on PSI levels
for each exon via 2-means clustering, we observed alter-
native splicing events that are positively or negatively
correlated with patient overall survival (FDR<0.05, log
rank test). We found that increased SPAG9 exon 24 in-
clusion levels predict poorer patient survival, while in-
creased ZMYND8 exon 22 inclusion is associated with a
better prognosis in breast cancer (Fig. 4B). SPAG9 exon
24 PSI increases during EMT, with exon inclusion stimulat-
ed by hnRNPM and inhibited by ESRP1 (Supplemental
Table S2). Conversely, ZMYND8 exon 22 exon skipping
is promoted by hnRNPM and antagonized by ESRP1
(Supplemental Table S2).

Intrigued by the role these exons played in predicting
breast cancer patient survival, we performed gene set
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FIGURE 3. hnRNPM and ESRP1 show common motif enrichment downstream from discordantly regulated exons and compete for shared bind-
ing sites. (A) K-mer enrichment analysis showing the top three enriched 6-mers in introns flanking hnRNPM and ESRP1 coregulated cassette ex-
ons. Two identical GU-rich motifs (GUGUGU and GUGGUG, black box) were enriched downstream from cassette exons in ESRP1-enhanced and
hnRNPM-repressed events. The RBFOX motif (UGCAUG, underlined) was enriched downstream from ESRP1-repressed and hnRNPM-enhanced
events. (B,C ) RNAmotif map analysis of GU-richmotifs in introns flanking hnRNPM-ESRP1 coregulated exons with respect to ESRP1 regulation (B)
and hnRNPM regulation (C ) reveals enrichment of GU-rich motifs in downstream introns of ESRP1-enhanced and hnRNPM-repressed cassette
exon splicing events. Inclusion events (green). Skipping events (red). Control events (black). (D) Genome browser plot of RNA sequencing
data sets showing hnRNPM knockdown promotes APLP2 exon 7 inclusion and ESRP1 depletion promotes skipping. Black bars indicate consti-
tutive exons. Green bar indicates variable exon 7. Yellow bars indicate location of two clusters of GU-rich motifs within 250 nucleotides (nt) down-
stream from APLP2 exon 7. (E) Immunoblot of HA-tagged ESRP1 overexpression in MDA-MB-231 cells and endogenous hnRNPM. (F ) ESRP1-HA
overexpression in MDA-MB-231 cells results in increased APLP2 exon 7 inclusion. (∗) Indicates nonspecific band. (G) (Upper panel) The two GU-
rich regions identified within 250 nt downstream from APLP2 exon 7 were used to design RNA probes GU1 and GU2 containing stretches of GU
nucleotides underlined and in red with mutant probes GU1-mut and GU2-mut with mutated sequences colored in blue. (Lower panel) RNA pull-
down analysis using RNA probes blotting for endogenous hnRNPMand overexpressed ESRP1-HA inMDA-MB-231 cells shows that hnRNPM and
ESRP1 bind commonGU-rich sequences. (H) RNApull-down experiments using a static amount of the biotinylatedGU2 RNAprobe and cell lysate
assaying for hnRNPM in the MDA-MB-231 cell line, which does not express ESRP1, and the same line with ESRP1-HA overexpression. A total of
2.5% input was provided as a loading control for both samples. Overexpression of ESRP1 leads to less hnRNPM binding, suggesting that ESRP1
competes for the same GU2 binding site. (Error bars= S.E.M, n=3, [∗∗∗] P-value<0.001 by Student’s t-test).
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enrichment analysis (GSEA) on gene signatures that are
correlated with SPAG9 exon 24 and ZMYND8 exon 22
inclusion. Within the TCGA data set, a published EMT
gene signature was positively correlated with SPAG9
exon 24 inclusion, while this signature was negatively
correlated with ZMYND8 exon 22 inclusion (Fig. 4C,D;
Taube et al. 2010). Genes down-regulated by mir-200,
a potent repressor of EMT (Korpal and Kang 2008; Park
et al. 2008), also showed a positive correlation with
SPAG9 exon 24 inclusion but a negative correlation
with ZMYND8 exon 22 inclusion. Moreover, genes down-

regulated in basal subtype and claudin-low subtype breast
cancers, which are generally non-hormone dependent and
resistant to conventional therapies (Blick et al. 2010; Prat
et al. 2010), were negatively correlated with SPAG9 exon
24 inclusion. Conversely, these genes were positively cor-
related with ZMYND8 exon 22 inclusion.

As hnRNPM and ESRP1 showed primarily opposing
functions in splicing regulation, we investigated the occur-
rence of genomic alterations in the genes encoding these
twoproteins in 963TCGAbreast tumorswheregenome se-
quencing and copy number analyses were available (Fig.

BA

DC

E

FIGURE 4. hnRNPM-ESRP1 coregulated exons are associated with EMT and breast cancer survival. (A) Gene ontology analysis of genes that con-
tain hnRNPM-ESRP1 coregulated exons identified significant terms associatedwith cell polarity, adhesion,migration, and the cytoskeleton. Direct
GOTERMS BP, MF, and CC were queried using DAVID. (B) PSI levels of SPAG9 exon 24 and ZMYND8 exon 22 stratify breast cancer patients by
overall survival. (C ) Genes positively correlatedwith SPAG9 exon 24 inclusion are up-regulated during EMTand down-regulated bymir-200, while
genes negatively correlated with SPAG9 exon 24 inclusion are down-regulated in basal and claudin-low breast cancer subtypes. (D) Genes up-
regulated during EMT and down-regulated bymir-200 are negatively correlated with ZMYND8 exon 22 inclusion, while genes down-regulated in
basal and claudin-low breast cancers are positively correlated with ZMYND8 exon 22 inclusion. (E) Visualization of TCGA BRCA tumors with dif-
ferent genomic alterations in ESRP1 or hnRNPM. Alterations in ESRP1 and hnRNPM are mostly mutually exclusive.
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4E). Alterations in ESRP1 occurred in 16% of patients com-
pared to 1.7% with hnRNPM alterations, with the majority
of alterations representing gene amplification through
copy number variation. Amplification or mutations in these
genes were mostly mutually exclusive, with only two pa-
tients showing amplification of both genes.

DISCUSSION

In summary, this study reveals widespread coregulation
of alternative splicing by hnRNPM and ESRP1, both
identified as key regulators of EMT splicing programs
(Warzecha et al. 2010; Xu et al. 2014). hnRNPM-regulated
cassette exons significantly overlap with ESRP1-regulated
cassette exons, with the majority of coregulated events
showing discordant splicing regulation, suggesting that
hnRNPM and ESRP1 largely serve to functionally antago-
nize one another. We also observed a subset of splicing
events regulated concordantly by hnRNPM and ESRP1
that inversely correlate with EMT splicing. Although these
events represent a minority of coregulated events, these
results suggest that hnRNPM is partly correlated with an-
tagonistic regulation of splicing during EMT. These results
are surprising as we observed that hnRNPM is required
for cells to undergo EMT (Xu et al. 2014). Interestingly,
this scenario is reminiscent of that observed for RBM47,
an RNA binding protein that inhibits EMT (Vanharanta
et al. 2014). RBM47 showed primarily discordant regula-
tion of splicing events compared to EMT, but also concor-
dant regulation of a subset of splicing events that promote
EMT (Yang et al. 2016). These findings highlight the impor-
tance of understanding the combinatorial regulation of
splicing by different factors with respect to a complex
biological process such as EMT. Whether the hnRNPM-
regulated splicing events that oppose EMT play a function-
al role during EMT or are important for regulating cellular
processes that are highly active in epithelial cell states will
be an interesting area for future study.
Some of the alternative splicing events coregulated by

hnRNPM and ESRP1 have been investigated in detail to
understand their functional contributions to EMT. CD44
contains multiple variable exons that undergo extensive
alternative splicing during EMT. Exon skipping of all vari-
able exons of CD44 to generate the CD44s isoform is
required for EMT and has been shown to promote Akt-
signaling, mediate invadopodia activity, and attenuate
degradation of EGFR to promote sustained RTK signaling,
all of which have implications during EMT (Brown et al.
2011; Zhao et al. 2016; Liu and Cheng 2017; Wang et al.
2017). ESRP1 and hnRNPM directly regulate alternative
splicing of CD44 in a discordant manner, with ESRP1 driv-
ing exon inclusion and hnRNPMpromoting exon skipping.
Another hnRNPM–ESRP1 coregulated splicing event that
plays a role during EMT is alternative splicing of EXOC7
exon 7 and exon 8. Skipping of EXOC7 exons 7 and 8

produces a mesenchymal isoform capable of promoting
actin polymerization and increased cell invasion compared
to the epithelial isoform where part of exon 8 is included
(Lu et al. 2013). ESRP1 was shown to regulate EXOC7
splicing to promote production of the epithelial iso-
form, although the role of hnRNPM is not known. In addi-
tion, hnRNPM and ESRP1 coregulate exon skipping of
TCF7L2 exon 4. The exon-4 skipped TCF7L2 isoform is
capable of greater activation of Wnt/β-catenin target
gene promoters compared to inclusion isoforms (Weise
et al. 2010), and this isoform is up-regulated in the mesen-
chymal state. It is worth noting that in our study the CD44
and TCF7L2 splicing events were discordantly regulated
by hnRNPMand ESRP1, with ESRP1 promoting production
of the epithelial isoform and hnRNPM promoting the mes-
enchymal splicing pattern. While the precise molecular
consequences of most of the hnRNPM–ESRP1 regulated
splicing events during EMT are unknown, our observation
that hnRNPM–ESRP1 coregulated splicing events are en-
riched in genes associated with cytoskeleton remodeling
and cell adhesion present interesting avenues for further
study.
Analysis of motifs near hnRNPM and ESRP1 coregulated

cassettes identified enrichment of GU-rich motifs down-
stream from hnRNPM-repressed and ESRP1-enhanced
events. Previous studies of hnRNPM-mediated alternative
splicing identified enrichment of GU-rich sequences
and hnRNPM binding sites by cross-linking and immuno-
precipitation (CLIP) analyses specifically near hnRNPM-
repressed but not hnRNPM-enhanced events, which is
consistent with our study (Huelga et al. 2012). Similarly,
GU-rich motifs have been previously identified down-
stream from ESRP1-enhanced and upstream of ESRP1-
repressed exons, indicating a position-specific function
of ESRP1 in regulating alternative splicing (Warzecha
et al. 2010; Dittmar et al. 2012; Bebee et al. 2015;
Yang et al. 2016). The enrichment of GU-rich motifs in
hnRNPM–ESRP1 discordant exons supports a model of
competitive binding between the two proteins, which is
supported by our binding analysis downstream from vari-
able exon 7 of APLP2 as well as our previous study of
CD44 alternative splicing (Xu et al. 2014).
We also identified striking enrichment of UGCAUG, the

motif recognized by the RBFOX family of RNA binding
proteins, near hnRNPM–ESRP1 coregulated cassettes.
RBFOX motifs have been previously shown to enrich
near exons regulated by hnRNPM (Damianov et al. 2016)
and ESRP1 (Warzecha et al. 2010; Dittmar et al. 2012;
Yang et al. 2016). RBFOX proteins were recently shown
to function in a complex with hnRNPM, along with other
splicing factors, where the presence of both factors
was necessary for their full splicing activity (Damianov
et al. 2016). We found a small but significant overlap
(∼7%, P=4.52×10−7, Fisher’s exact test) between the
hnRNPM–ESRP1 coregulated exons and a recently
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published set of cassette exons regulated by RBFOX2 in
HeLa cells (Weyn-Vanhentenryck et al. 2014). These pre-
liminary results suggest that RBFOX2 is involved in regulat-
ing the set of hnRNPM–ESRP1 coregulated exons. Since
RBFOX2 has been shown to promote alternative splicing
during EMT (Shapiro et al. 2011; Braeutigam et al. 2013;
Venables et al. 2013), we speculate that RBFOX2 may
function in concert with hnRNPM and against ESRP1
to regulate EMT-associated alternative splicing. A detailed
analysis of RBFOX2’s regulatory relationship with hnRNPM
and ESRP1 is an interesting area for future study.

Through analysis of hnRNPM and ESRP1 coregulated
cassette exons using breast cancer TCGA data, we identi-
fied splicing events that stratify breast cancer patients
by overall survival and observed correlations with EMT
and breast cancer subtype gene sets. These data indicate
that hnRNPM and ESRP1 splicing function is associated
with breast cancer progression and prognosis. We also
show that in breast tumors few genomic alterations exist
in hnRNPM, while copy number variations in ESRP1 are
present in a subset of tumors, and these alterations ap-
pear to be mutually exclusive. We previously showed
that hnRNPM expression positively correlates with breast
tumor grade (Xu et al. 2014), and others have shown that
hnRNPM expression promotes tumor aggressiveness
and predicts poor prognosis (Sun et al. 2017). The relation-
ship between ESRP1 expression and cancer progression
is more complicated, with previous studies reporting a
positive correlation between ESRP1 expression and longer
patient survival in colorectal, pancreatic, and breast can-
cers (Ueda et al. 2014; Lu et al. 2015). Conversely, other
studies have shown directly opposite correlations with
ESRP1 and survival in breast cancers, ovarian cancers,
and melanomas (Yae et al. 2012; Yao et al. 2016; Jeong
et al. 2017). These conflicting results implicate both in-
creased and decreased ESRP1 expression in tumor pro-
gression and suggest that ESRP1 function in cancer is
highly tissue and context dependent.

In-depth analysis of hnRNPM and ESRP1 splicing regula-
tion informs our understanding of splicing factor binding
and functional dynamics in the context of disease-relevant
splicing programs and indicates the importance of under-
standing the competitive and cooperative mechanisms
of splicing regulation that allow precise modulation of
alternative splicing. Taken together, we show that coregu-
lation of alternative splicing by hnRNPM and ESRP1 is
widespread and primarily antagonistic, although a subset
of events is regulated concordantly. Furthermore, we dem-
onstrate that in controlling hnRNPM–ESRP1 discordantly
regulated events, hnRNPM promotes alternative splicing
in the same direction as EMT. hnRNPM and ESRP1 splicing
antagonism is explained, at least in part, by competition for
GU-rich elements downstream from coregulated exons.
Lastly, hnRNPM–ESRP1 coregulated splicing events corre-
late with EMT and breast cancer–associated gene sets and

predict breast cancer patient survival. Taken together, this
study highlights the complex regulation of alternative
splicing by ESRP1 and hnRNPM as well as the relevance
of this regulatory interaction in EMT and cancer.

MATERIALS AND METHODS

Cell lines

Maintenance of immortalized human mammary epithelial cells
(HMLE) cells was conducted as previously described (Brown
et al. 2011). Human embryonic kidney 293FT, human breast car-
cinoma MDA-MB-231, and MDA-MB-231 metastatic derivative
lines 4175 (LM2) and 1833 (BM1) were grown in DMEM supple-
mented with 10% FBS, L-glutamine, penicillin, and streptomycin.
The ESRP1-HA overexpressing MDA-MB-231 cell line was de-
scribed previously (Reinke et al. 2012).

Plasmids, shRNAs, and ESRP1 overexpression

Twoexpressionplasmids, pcDNA3-FLAG-hnRNPMandpcDNA3-
FLAG-ESRP1, were subcloned from pECFP-hnRNPM (Lleres et al.
2010) and pBRIT-ESRP1 (Brown et al. 2011), respectively. The
CD44 variable exon 5 minigene was described previously
(Brown et al. 2011). TheMARK3 exon 17 minigene was construct-
ed through PCR amplification of MARK3 exon 17 and ∼400 nt of
flanking intron followed by cloning into the BamH1 site of
the CD44v5 minigene. Primers forMARK3minigene construction
are listed in Supplemental Table S4. The control, hnRNPM, and
ESRP1 shRNAs were described previously (Brown et al. 2011;
Xu et al. 2014). Control shRNA: 5′-CCCGAATTAGCTGGACACT
CAA-3′. hnRNPM shRNA: 5′-GGAATGGAAGGCATAGGATTT-3′.
The ESRP1 shRNA was obtained from Open Biosystems (clone
V2LHS_155255) with sequence 5′-CGCATAAGATCTTGGAAT
AATA-3′.

Transfection, semi-quantitative RT-PCR,
and qRT-PCR (qPCR)

Briefly, 2.25×105 HEK293FT cells were plated in 24-well plates
24 h prior to transfection. Cotransfection of hnRNPM and/or
ESRP1 with splicing minigenes was performed using Lipofect-
amine 2000 (Invitrogen) per the manufacturer’s instructions. For
HEK293FT transfections, 100 ng of minigene was used. RNA
was extracted from cells using the E.Z.N.A. Total RNA Kit (Omega
Bio-Tek). RNA concentration was measured using a Nanodrop
2000 (Thermo Fisher Scientific). cDNA was generated via reverse
transcription using the GoScript Reverse Transcription System
(Promega) with 1 µL GoScript RT and 250 ng of RNA in a total
volume of 20 µL followed by incubation at 25°C for 5 min, 42°C
for 30 min, and 70°C for 15 min. Semi-quantitative RT-PCR assay-
ing for splicing products was performed using Hot StarTaq DNA
polymerase (Qiagen), and PCR cycles were run for 30 or fewer
cycles.

Primers for semi-quantitative analysis were designed in consti-
tutive exons flanking each variable exon (Harvey and Cheng
2016). Semi-quantitative PCR generates both exon inclusion
and skipping products which were separated through agarose
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gel electrophoresis. PCR product intensity was measured using
ImageJ image analysis software. qPCR was performed using
GoTaq qPCR Master Mix (Promega) per the manufacturer’s in-
structions on a CFX Connect Real-Time PCR system (BioRad)
using a two-step protocol and supplied software. For every
qPCR sample per biological replicate, two technical replicates
were performed and Ct counts were averaged. Normalization
and quantification of qPCR datawas done using the 2−ΔCt method
relative to TATA-binding protein (TBP) expression (Livak and
Schmittgen 2001). Primer specificity was verified with melt-curve
analysis during qPCR. Primers for semi-quantitative and qPCR
analysis were designed to generate products spanning introns
(Supplemental Table S4).

Quantitative immunoblotting

Whole cell lysates or RNA pull-down samples were separated by
10% SDS-PAGE, transferred to a PVDF membrane (BioRad), and
probed with the appropriate antibody. Primary antibodies used
in western blots included HA-HRP (Roche Applied Science),
hnRNPM (OriGene). GAPDH (GE) and β-actin (Sigma-Aldrich)
were used as loading controls. After incubation with HRP-tagged
secondary antibodies, if appropriate, blots were visualized via
chemiluminescence (Thermo Fisher).

RNA pull-down assays

5′-biotinylated nucleotides were used for RNA pull-down ex-
periments. The APLP2 exon 7 associated probes include GU1:
5′-biotin-UCUGUGUGGUGUCCCUGCCCACUCGGGUGUUUG
CU, which was mutated to GU1 mut: 5′-biotin-UCUACGUAA
UCUCCCUGCCCACUCGCCUGCAUGCU and GU2: 5′-biotin-
CGUGUGUCUGGUGGUGCUUGGUGGUGAUGGUGC, which was
mutated to GU2 mut: 5′-biotin-CGUACGUCUCCUGCAGCUA
GCUAAUGAUACUCC. Biotinylated RNA oligos (10 µL at 40 µM)
were immobilized on 50 µL of streptavidin beads (50% slurry;
Thermo Fisher) in a total volume of 400 µL 1× binding buffer
(20 mM Tris, 200 mM NaCl, 6 mM EDTA, 5 mM sodium fluoride,
5 mM β-glycerophosphate, 2 mg/mL aprotinin, pH 7.5) for 2 h at
4°C in a rotating shaker. After immobilization, beads werewashed
three times in 1× binding buffer, then 200 µg MDA-MB-231 or
MDA-MB-231 ESRP1-HA cell lysates were suspended with the
beads in 400 µL of 1× binding buffer for incubation at 4°C over-
night. Beads were then washed three times in 1× binding buffer,
resuspended in 60 µL of 2× Laemmli sample buffer (Bio-Rad), and
boiled for 5 min. Ten microliters of sample was analyzed under
denaturing conditions on 10% SDS-PAGE and detected via
immunoblotting.

RNA sequencing analysis

Total RNAwas extracted from LM2 or BM1 cells stably expressing
control or hnRNPM shRNAs using TRIzol, and poly(A)-selected
RNA-seq libraries were generated using TruSeq Stranded
mRNA Library Preparation Kits (Illumina) and subjected to 100-
bp PE stranded RNA-seq on an Illumina HiSeq 4000. RNA-seq
reads were aligned to the human genome (GRCh37, primary
assembly) and transcriptome (Gencode version 24 backmap 37

comprehensive gene annotation) using STAR version 2.5.3a
(Dobin et al. 2013) with the alignEndsType parameter set as
EndToEnd. Differential alternative splicing of cassette exons
was quantified using rMATS version 3.2.5 (Shen et al. 2014),
and differential splicing events were collected using the following
cutoffs: FDR<0.05, |ΔPSI|≥ 0.1, and average junction reads per
cassette event ≥10. Control cassette exons not differentially
spliced were defined by the following filters: FDR>0.5, minimum
PSI for control or hnRNPM knockdown samples <0.85, maximum
PSI > 0.15, and average junction reads per cassette event ≥10.
RNA sequencing data for H358 shESRP1/2 was processed in
the same way after retrieving raw reads from GEO record
GSE75492. After rMATS analysis, cassette exons events were
collapsed if they shared identical cassette exon coordinates.
Other ESRP1-regulated cassette exons were obtained from the
supplemental material of published studies (Warzecha et al.
2010; Dittmar et al. 2012). EMT-regulated cassette exons were
obtained from the supplemental material of two previous studies
(Shapiro et al. 2011; Yang et al. 2016). Sequencing data sets for
hnRNPM are deposited in the Gene Expression Omnibus at
GSE112516.

Motif enrichment and RNA motif maps

K-mer enrichments were calculated using 250 bp of the sequence
flanking the cassette exons. To avoid enrichment of canonical
splice site motifs, 9 nt downstream from 5′ splice sites and 25 nt
upstream of 3′ splice sites were removed. To assess enrichment
of hexamers, a previously published motif analysis method
was used (Coelho et al. 2015). For the GU-rich motif RNA
map analysis, the top 12 6-mer motifs from an ESRP1-SELEX-
Seq analysis were obtained (Dittmar et al. 2012). The motifs
were UGGUGG, GGUGGG, GUGGUG, GUGGGG, GUGUGG,
GGUGUG, UGUGGG, GGUGGU, GUGGGU, UGGGGU, GGG
GGU, UGGGGG. The 250 bp of sequence flanking upstream
and downstream hnRNPM and ESRP1 regulated cassette exons
aswell as control exons obtained from the rMATS alternative splic-
ing analysis were also obtained. TheGU-richmotif scorewas com-
puted in a custom python script by counting the number of
nucleotides covered by any of the GU-rich motifs in a sliding win-
dowof 50bp shifted1nt at a timeacross the250bp interval in all of
the regulated and control cassette exons. The GU-richmotif score
was set equal to the percent of nucleotides covered by the motifs
in each of the sliding windows and plotted for regulated exons,
stratified by inclusion or skipping, and control exons.

TCGA BRCA survival analysis, genomic alterations,
GSEA, and gene ontology

Processed TCGA BRCA level 3 RNA Seq V2 data for exon junc-
tions and gene expression were downloaded from the Genomic
Data Commons Legacy Archive (Cancer Genome Atlas Network
2012). Cassette exon PSI values in each patient sample were
calculated using the following equation from the exon junction
files: PSI = (Inclusion junction reads/2)/([Inclusion junction reads/
2] + [Skipping junction reads]). Patients were clustered into two
groups using K-means clustering by PSI value. Kaplan–Meier
survival analysis was conducted between these two groups using
overall survival. P-values were computed using log-rank tests.
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For GSEA analysis, correlation values between the given cas-
sette exon PSI values and all genes in the TCGA BRCA RNA-
seq V2 data sets were computed. Genes were then ranked by
correlation and GSEA was performed using the Broad Institute
javaGSEA desktop application (Mootha et al. 2003; Subramanian
et al. 2005).

For analysis of genomic alterations in ESRP1 and hnRNPM,
the TCGA BRCA Provisional data set containing tumor sam-
ples with genome sequencing and copy number variation analysis
(n=963) was queried using cBioPortal (www.cbioportal.org). The
genomic alterations figure was derived from the cBioPortal
Oncoprint analysis page.

Gene ontology analysis was conducted using DAVID v6.8 with
the gene list composed of all genes containing an exon in the 213
hnRNPM-ESRP1 coregulated exons (Huang da et al. 2009a,b).
GOTERM enrichment was restricted to GOTERM BP-DIRECT,
GOTERM MF-DIRECT, and GOTERM CC-DIRECT. The back-
ground gene set was composed of all genes in hnRNPM and
ESRP1 RNA sequencing data sets with FPKM>3 in at least one
sample. All significant GOTERMs are listed in Supplemental
Table S3.

Statistics

Statistical analyses included two-tailed Student’s t-tests and
hypergeometric testing unless otherwise noted. P-values <0.05
were considered significant: P<0.05 (∗), P<0.01 (∗∗), and P<
0.001 (∗∗∗).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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