


















FIG 5 Combinatorial regulation of AS during EMT by ESRP1/2 and RBM47. (A) Validation by qRT-PCR of ESRP1, ESRP2, and RBM47 mRNA depletion using
siRNAs (in biological triplicates). (B) Western blot validation of knockdown of ESRP1/2 and RBM47 protein. Note that RBM47 mRNA showed a 50% reduction
upon ESRP1/2 knockdown, while the protein level did not change appreciably. (C) Validation of representative exons where ESRP1/2 and RBM47 knockdown
have additive functions to promote splicing changes that occur during EMT. p1, p2, and p3 are P values comparing siESRP1/2, siRBM47, and siCombined to
siCtrl, respectively, and p4 is to compare day 7 to no Dox. (D) Validation of representative exons where ESRP1/2 and RBM47 promote different or opposite
changes in splicing. For MYO1B, there are two consecutive cassette exons (both are 87 nt in length) that can be included individually (middle band) or together
in tandem (top band) or skipped together (bottom band). Only the top and bottom bands are quantified to calculate the PSI.
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than that of the ESRPs. Although the mechanism underlying the
complicated combinatorial regulation is largely unclear, these re-
sults further indicate that the EMT-associated AS network is fine-
tuned by multiple regulators.

QKI promotes mesenchymal splicing patterns for AS events
during EMT. We also considered contributions by splicing factors
that did not demonstrate substantial changes in expression level
during EMT. For example, the aforementioned RBFOX2 pro-
motes predominantly mesenchymal splicing despite not showing
a substantial change in total transcripts in our EMT model. Addi-
tionally, HNRNPM also did not change expression in our EMT
model despite previous evidence that it promotes the mesenchy-
mal splicing pattern for CD44, whereas we showed that the ESRPs
promote the epithelial splicing pattern for CD44 (30, 39). In this
more recent study, it was similarly proposed that HNRNPM can
only promote mesenchymal splicing patterns following abroga-
tion of ESRP expression during EMT.

To uncover other EMT splicing regulators, including those
without clear expression changes, we performed a motif enrich-
ment analysis for 115 known splicing factor binding motifs flank-
ing cassette exons that switch during EMT or ESRP1/2 knock-
down (Fig. 6A and data not shown). In a previous study, we
determined that the ESRPs bind to UGG-rich motifs in vitro by
using systematic evolution of ligands by exponential enrichment
coupled with high-throughput sequencing (SELEX-Seq) (27).
These UGG-rich motifs are enriched in the vicinity of ERSP-reg-
ulated exons, consistent with an RNA map in which the ESRPs
regulate splicing in a position-dependent manner: binding in the
downstream intron promotes exon inclusion, while binding
within or upstream from an exon promotes exon skipping. This
RNA map is similar to those of the previously characterized splic-
ing regulators NOVA and RBFOX2 (19, 41, 42). Accordingly, we
confirmed the enrichment of ESRP1 binding sites downstream
from ESRP-enhanced exons and upstream from ESRP-silenced
exons in H358 cells (data not shown). RBFOX2 shows an op-
posite enrichment pattern flanking ESRP-regulated exons, fur-
ther supporting the combinatorial but usually opposing func-
tions of the ESRPs and RBFOX2 in AS regulation (data not
shown). Consistent with the RNA maps for the ESRPs and
RBFOX2, ESRP1 binding sites are enriched downstream from
cassette exons that undergo skipping during EMT, whereas
RBFOX2 binding sites are enriched downstream from cassette
exons whose splicing increases during EMT (Fig. 6A and B).
Similar to those of RBFOX2, QKI binding sites are enriched
downstream from cassette exons, with increased inclusion fol-
lowing EMT (Fig. 6A). Previous reports showed that QKI also
adheres to an RNA map in which binding in the downstream
intron promotes exon inclusion, while binding in the upstream
intron promotes skipping (43). Our motif analysis thus sug-
gested a potential role for QKI in promoting inclusion of mes-
enchymal-specific exons.

QKI is an RNA binding protein belonging to the signal trans-
duction and activation of RNA (STAR) family. It has been found
to regulate multiple posttranscriptional processes, including pre-
mRNA splicing, mRNA localization, mRNA stability, and protein
translation (43–50). There are three major isoforms of QKI due to
AS, QKI-5, QKI-6, and QKI-7 (51, 52). Among these, QKI-5 is
predominantly nuclear, consistent with its function in regulating
AS. In H358 cells, QKI-5 is the most abundant isoform, and we did
not observe major isoform switches or significant expression

changes during EMT (Fig. 6C). A recent study used RNA-Seq to
characterize the AS events that change upon QKI knockdown in a
lung cancer cell line (53). We noted that several of the QKI-regu-
lated cassette exons identified in that study showed the opposite
change in splicing from what we observed with ESRP depletion,
suggesting opposing roles in splicing regulation during EMT. We
therefore applied the rMATS pipeline that we used to define splic-
ing switches during EMT, as well as ESRP1/2 and RBM47 knock-
down, to the same data set and identified 70 QKI-regulated SE
events. Compared to EMT-associated cassette exons, we found
significant overlap with 35 shared target events despite the fact
that they were identified in different cell lines (P � 1.17E
24) (see
Table S5 in the supplemental material). Strikingly, for 33 of 35
QKI-regulated AS events associated with EMT, QKI promotes the
mesenchymal splicing patterns, including 12 splicing events that
are coregulated by the ESRPs. To further validate the RNA-Seq
results, we knocked down QKI in the human mesenchymal
breast cancer cell line MDA-MB-231 using two different
siRNAs (siQKI 6 and 7) (Fig. 6D and E and data not shown).
We tested 8 of the 33 AS events using semiquantitative RT-
PCR. All 8 AS events were validated, and QKI indeed promoted
the mesenchymal splicing patterns for all AS events tested, sug-
gesting that QKI is a novel regulator of EMT-associated splic-
ing switches that generally promotes mesenchymal splicing
(Fig. 6F and data not shown).

DISCUSSION

We comprehensively determined an AS program associated with
EMT in a Zeb1-inducible model. We showed that while the ESRPs
are major splicing regulators for EMT, two other RBPs, namely,
RBM47 and QKI, are also important for AS regulation during
EMT. We further investigated the combinatorial regulation be-
tween the ESRPs and RBM47, by showing that they generally work
cooperatively to promote epithelial splicing patterns, whereas
QKI exclusively promotes mesenchymal splicing patterns. Based
upon these findings we present a simplified model for combina-
torial AS regulation during EMT involving the ESRPs, RBFOX2,
QKI, and RBM47 (Fig. 7).

We showed that the ESRPs are the most downregulated RBPs
in our H358 EMT model, which was also noted in a previous study
using another EMT model (21). This observation suggested that
the loss of ESRP1 and ESRP2 is most likely to contribute to more
splicing switches during EMT than any other specific splicing fac-
tor or paralog family. Consistent with this proposal, based on
previous results and the RNA-Seq analysis from our EMT model,
the ESRPs were shown to have more significant overlap with
EMT-associated splicing switches than other proposed EMT
splicing factors, including RBFOX2, PTB, HNRNPM, RBM47,
and QKI, although the use of different cell lines may affect the
comparison. Notably, ESRP1/2 depletion in H358 cells didn’t af-
fect the protein level for RBM47 or QKI (data not shown). While
many EMT-associated splicing switches were not identified as
ESRP targets based on rMATS analysis, validation of a subset of
such target transcripts revealed that the majority are in fact ESRP
regulated, suggesting that many such events are at least partially
regulated by the ESRPs, despite not passing our stringent statisti-
cal thresholds. However, whereas ESRP depletion induced splic-
ing changes in the same direction as those observed during EMT,
the change in PSI was frequently less than that during EMT despite
a similar reduction in ESRP expression levels. In addition, motif
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FIG 6 QKI promotes mesenchymal splicing patterns for AS events during EMT. (A) Known RBP motifs that are enriched flanking exons that switch splicing
during EMT. (B) A map of ESRP1 binding motifs showing enrichment downstream from exons with increased skipping after EMT. (C) QKI protein level does
not change detectably during EMT as determined by Western blotting. (D) Validation by qRT-PCR of QKI mRNA depletion in mesenchymal MDA-MB-231 cells
using siRNA (biological triplicates). (E) Western blot validation of QKI protein knockdown. (F) Validation of representative exons where QKI promotes the
mesenchymal splicing patterns upon knockdown with siQKI 6.
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analysis confirmed that ESRP1 binding sites are enriched down-
stream from cassette exons with decreased inclusion after EMT,
supporting a direct role of the ESRPs in promoting inclusion of
epithelial cell-specific exons. However, future studies using meth-
ods such as cross-linking immunoprecipitation followed by se-
quencing (CLIP-Seq) are needed to experimentally validate direct
versus indirect targets.

We identified RBM47 as another splicing factor that is down-
regulated during EMT and showed that combined downregula-
tion of the ESRPs and RBM47 can account for the complete EMT
splicing change for at least some of these examples. This combi-
natorial regulation by the ESRPs and RBM47 usually promotes an
additive effect on splicing, although there were some examples of
opposing effects on splicing that indicate the complexity of com-
binatorial regulation of splicing during EMT. Motif analysis led to
our discovery of QKI as also playing a role in the regulation of AS
during EMT. QKI has been shown to bind to an ACUAAY motif
both in vitro and in vivo and to either promote or inhibit splicing
in a position-dependent manner (43, 54–56). Consistent with a
direct function of QKI in promoting mesenchymal splicing, we
found QKI binding motif enrichment downstream from cassette
exons with increased inclusion after EMT. QKI showed a 40%
increase in expression at the mRNA level but no appreciable
change at the protein level during EMT, yet it promoted mesen-
chymal splicing for about 30 cassette exons. While we also did not
observe splicing isoform changes in QKI during EMT, we cannot
rule out the possibility that posttranslational modifications of QKI
occur during EMT that alter its activity. Interestingly, a recent
paper showed that QKI-5 promotes the formation of circular
RNAs (circRNAs) that increase in abundance in EMT (57). It will
be of interest to determine the degree to which QKI-regulated
conventional AS events contribute to the EMT compared to AS
events that generate circRNAs. Although we have shown that the
ESRPs, RBM47, and QKI are responsible for a significant fraction
of AS events during EMT, other splicing factors surely remain to
be identified that also participate in combinatorial regulation of
AS during this process.

A major challenge remains to define the functional conse-
quences of AS switches that occur during EMT and how the
changes in protein isoforms confer differential activities that affect

the cellular changes that accompany this developmental transi-
tion. The complete functional dissection of any specific AS event
requires detailed investigations at the molecular and cell biological
level in order to characterize these differences. For example, an
in-depth investigation into the AS of EXOC7 (exocyst complex
component 7) showed that the mesenchymal but not the epithelial
isoform promotes actin polymerization and cell invasion in mod-
els of cancer metastasis (58). Another well-documented example
is AS in CD44 with a cluster of cassette exons in the pre-mRNA;
while inclusion of one or more of these exons leads to CD44 vari-
ant isoforms (CD44v, epithelial isoforms), exclusion of all cassette
exons generates the CD44 standard isoform that promotes EMT
(CD44s, mesenchymal isoform). The transition from CD44v to
CD44s was proposed to play a central role in EMT (59). In previ-
ous work, we also discussed several genes with known or pre-
dicted isoform-specific functions, such as NUMB, EPB41L5, and
TCF7L2, that may contribute to processes that affect EMT (19,
27). While there are limited examples of other EMT-associated
splicing switches that have been functionally well characterized,
there are a number of transcripts identified here with functions
that are relevant to EMT, such as epithelial cell adhesion and po-
larity. It therefore merits further investigation as to how the epi-
thelial versus mesenchymal isoforms differentially affect these
functions. For example, ADD3 (adducin 3), a subunit of the ad-
ducin family, is a membrane skeletal protein involved in the as-
sembly of the spectrin-actin network at the membrane-cytoskele-
ton interface and is localized at cell-cell contacts of epithelial cells
(60, 61). It was shown to colocalize with E-cadherin and CTNNB1
(or �-catenin) at AJs in epithelial cells, and knockdown of adducin
significantly attenuated calcium-dependent AJ and TJ assembly
and accelerated junctional disassembly, indicating that it is essen-
tial for the stability of epithelial junctions (62). ADD3 was also
shown to be required for desmosomal cohesion in keratinocytes
(63). It is notable that these roles are regulated by phosphoryla-
tion, as is the stability of the protein (64). The cassette exon in
ADD3, whose inclusion decreased significantly after EMT, con-
tains several known or predicted phosphorylation sites, suggesting
the possibility that the different isoforms have differential func-
tions due to the presence or absence of specific phosphorylation
events (65, 66). Therefore, this AS event in ADD3 during EMT

FIG 7 A model for AS regulation during EMT. In epithelial cells, the ESRPs bind to downstream introns and promote epithelial cell-specific exon
inclusion, and they bind to upstream introns and promote exon skipping. While it is not clear whether RBM47 binds directly to some overlapping targets,
it also helps to maintain epithelial splicing for a subset of exons. In mesenchymal cells, the expression levels of the ESRPs and RBM47 are decreased. In
the absence of ESRP binding, RBFOX2 and QKI bind to downstream introns and promote mesenchymal cell-specific exon inclusion, while RBFOX2 also
binds to upstream introns and promotes mesenchymal cell-specific exon skipping. QKI also can promote exon skipping, possibly also through binding in
upstream introns.
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may affect functions of the protein in the maintenance of cell-cell
junctions in epithelial cells that are relevant to EMT, but this re-
quires further study.

Another potentially relevant example for which there have
been some studies of isoform differences is CEACAM1, encoding
or carcinoembryonic antigen-related cell adhesion molecule 1
(biliary glycoprotein), a member of the immunoglobulin super-
family specifically belonging to the carcinoembryonic antigen
(CEA) family (67). The highly conserved 53-nt cassette exon re-
siding in area encoding the C terminus, when included, generates
a 71-amino-acid cytoplasmic tail (CEACAM1 L isoform), while
skipping of the exon generates a 9-amino-acid cytoplasmic tail
(CEACAM1 S isoform) (68). While both isoforms can mediate
adhesive interaction, they have different adhesive properties,
localizations, and posttranslational modifications on their
unique cytoplasmic tails, suggesting distinct functions in me-
diating cell-cell interactions and signaling transduction for
each isoform (69, 70). During EMT, there is a transition from
primarily CEACAM1 S isoform to about a 1:1 ratio of
CEACAM1 S and CEACAM L isoforms. Similarly, it was shown
that normal breast epithelial cells predominantly express the
CEACAM1 S isoform, while the ratio of S/L isoforms is reduced
in breast cancer cells (71). Since EMT is implicated in promot-
ing tumorigenesis by changing cell-cell interactions and mak-
ing individual cells more invasive, the antitumorigenesis prop-
erty of CEACAM1 may partly rely on proper AS of CEACAM1
(72).

In summary, our findings highlight the broad role of AS during
EMT at a systems level and lay the groundwork for future studies
focusing on specific AS events that have isoform-specific func-
tions in EMT and related processes, such as metastasis, thus
strengthening our understanding of development and tumorigen-
esis. The discovery of novel EMT splicing factors, namely, RBM47
and QKI, helps to extend our understanding of the AS regulatory
network during EMT. The combinatorial regulation by the ESRPs
and other splicing factors during EMT underscores how extensive
interplays between different splicing factors affect dynamic
changes in splicing during cellular transitions, as well as cell- and
tissue-specific splicing.
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