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ABSTRACT

In vertebrates, stomach smooth muscle development is a complex process that involves the tight tran-
scriptional or post-transcriptional regulation of different signalling pathways. Here, we identified the
RNA-binding protein Epithelial Splicing Regulatory Protein 1 (ESRP1) as an early marker of developing
and undifferentiated stomach mesenchyme. Using a gain-of-function approach, we found that in chicken
embryos, sustained expression of ESRP1 impairs stomach smooth muscle cell (SMC) differentiation and
FGFR2 splicing profile. ESRP1 overexpression in primary differentiated stomach SMCs induced their
dedifferentiation, promoted specific-FGFR2b splicing and decreased FGFR2c-dependent activity. More-
over, co-expression of ESRP1 and RBPMS2, another RNA-binding protein that regulates SMC plasticity
and Bone Morphogenetic Protein (BMP) pathway inhibition, synergistically promoted SMC dediffer-
entiation. Finally, we also demonstrated that ESRP1 interacts with RBPMS2 and that RBPMS2-mediated
SMC dedifferentiation requires ESRP1. Altogether, these results show that ESRP1 is expressed also in

ESRP1 undifferentiated stomach mesenchyme and demonstrate its role in SMC development and plasticity.

1. Introduction

The vertebrate gastrointestinal (GI) tract develops from a sim-
ple and uniform tube into a complex organ with specific differ-
entiation patterns along the anterior—posterior axis (Faure and de
Santa Barbara, 2011). The gastrointestinal mesenchyme originates
from the splanchnopleural mesoderm and differentiates along the
radial axis, giving rise to the smooth muscle and submucosal
layers (de Santa Barbara et al., 2002). Early during development,
the Hedgehog morphogen sends signals from the GI epithelium to
the adjacent mesenchyme to control its growth and differentiation
by regulating several signalling pathways, such as the Bone Mor-
phogenetic Protein (BMP), Fibroblast Growth Factor (FGF) and
NOTCH pathways (de Santa Barbara et al., 2005; Notarnicola et al.,
2012; Le Guen et al., 2009; Faure et al., 2015). The differentiation of
gastrointestinal mesenchymal cells into smooth muscle cells
(SMCs) is characterized first by their elongation and clustering.
This is followed by SMC determination, which is mainly associated
with the early expression of alpha smooth muscle actin (a(SMA),
and then SMC differentiation, which is characterized by the ex-
pression of proteins involved in smooth muscle contractility, such
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as CALPONIN (Gabella, 2002; Le Guen et al., 2015).

In contrast to skeletal muscle, paediatric and adult SMCs do not
terminally differentiate and maintain a remarkable capacity to
dedifferentiate and proliferate (defined as SMC plasticity). Indeed,
following exogenous/endogenous stimuli or injury, all SMCs, in-
dependently of their embryonic origin (vascular or visceral), have
the unique ability to switch from a differentiated, quiescent con-
tractile state to an undifferentiated and highly proliferative state
(Le Guen et al., 2015; Scirocco et al., 2016). Reactivation of devel-
opmental processes in differentiated SMCs, through upregulation
of the BMP and/or FGF signalling pathways, induces their ded-
ifferentiation (Notarnicola et al., 2012; Le Guen et al.,, 2009).

Proper regulation of smooth muscle development and plasticity
entails the tight and long-term control of several signalling path-
ways, usually at the post-transcriptional level. This is generally
performed at multiples steps of RNA metabolism, such as RNA
transport and sub-cellular localization, splicing, translation and
degradation. These mechanisms involve specific regulatory pro-
teins, such as RNA-binding proteins. The human genome includes
about 500 genes encoding RNA-binding proteins, each interacting
with different affinities and specificities with RNAs. RNA-binding
proteins are key regulators of RNA metabolism by controlling the
temporal, spatial and functional dynamics of RNAs (Kwon et al.,
2013; Gerstberger et al., 2014). Using a microarray approach to
find candidate genes involved in stomach mesenchyme



development (Le Guen et al., 2009), we identified RBPMS2, a gene
that encodes an RNA-binding protein (Notarnicola et al., 2012). We
found that in chicken embryos, RNA-Binding Protein with Multiple
Splicing-2 (RBPMS?2) is strongly expressed during the early stage of
gastrointestinal mesenchyme precursor development and is
quickly down-regulated in differentiated and mature SMCs (No-
tarnicola et al., 2012). RBPMS2 positively regulates NOGGIN mRNA
expression, a major inhibitor of the BMP pathway, through the
formation of a NOGGIN-RBPMS2 ribonucleoprotein complex, and
inhibits the BMP pathway activity (Notarnicola et al., 2012; Sagnol
et al.,, 2014). Misexpression of RBPMS2 in differentiated gastro-
intestinal SMCs induces their dedifferentiation (Notarnicola et al.,
2012; Sagnol et al., 2014). Moreover, RBPMS2 homodimerization,
through a specific motif located in its unique RRM domain, is re-
quired to lead RBPMS2-dependent SMC dedifferentiation (Sagnol
et al,, 2014).

Epithelial Splicing Regulatory (ESRP1) is another gene encoding
an RNA-binding protein discovered using the microarray approach
that identified RBPMS2 (Le Guen et al., 2009; Notarnicola et al.,
2012). ESRP1 was previously detected exclusively in GI epithelia of
adult mice (Warzecha et al., 2009a; Bebee et al., 2015) and in the
developing intestinal epithelium (Revil and Jerome-Majewska,
2013). ESRP1 was initially identified as a regulator of FGFR2 spli-
cing (Warzecha et al.,, 2009a, 2009b), but then it was shown to
regulate the splicing of many other mRNAs, such as CD44 and
CINND1 (Warzecha et al., 2010; Bebee et al.,, 2015). Moreover,
ESRP1 prevents epithelial to mesenchymal transition (Brown et al.,
2011) and plays multiple roles in tumour progression (Yae et al.,
2012; Brown et al., 2011).

In this study, we show that the RNA-binding protein ESRP1 is
expressed in the developing and undifferentiated stomach me-
senchyme of chicken embryos. We found that sustained ESRP1
expression impairs SMC differentiation in vivo and stimulates
dedifferentiation of primary SMC cultures. These effects are asso-
ciated with a change in FGFR2 splicing. Finally, we demonstrated
that ESRP1 interacts with RBPMS2 and that the RBPMS2-depen-
dent control of SMC plasticity requires ESRP1. Together, these data
provide support for an unexpected function of ESRP1 in regulating
SMC development and plasticity.

2. Materials and methods
2.1. Constructs and cell lines

Chick full-length ESRP1 cDNAs were isolated and subcloned in
the pGEM-T Easy plasmid (Promega). ESRP1, ESRP1 5'A*"°! ESRP1
5'A, ESRP1 3'A were subcloned in the pCS2 vector with an in
frame N-terminal HA-tag and the CMV promoter. The cDNA se-
quence that includes the third RRM domain of human ESRP1
(amino acids 439-539) was subcloned in pET22b (pET22b-ESRP1-
RRM3). The shRNA against Gallus gallus ESPR1 (target sequence:
AGATGGAGCTTGTGGACGA) subcloned in the psi-GFP-U6 vector
was from GeneCopoeia (CD-SH144J-CU6, Labomics, Belgium).
Chick ESRP1 cDNA was cloned in the RCAS vector to produce the
RCAS-ESRP1 plasmid. Myc-tagged chick full-length RBPMS2 (RCAS-
Myc-RBPMS2), GFP (RCAS-GFP) and Myc-NICD were previously
described (Notarnicola et al.,, 2012; Le Guen et al., 2009; Faure
et al,, 2015). Myc-tagged chick full-length RBPMS2 with the L40E
mutation (RCAS-Myc-RBPMS2-140E) was previously described and
characterized (Sagnol et al., 2014). All plasmids were checked by
DNA sequencing and for protein expression. Expression plasmids
were transfected in DF-1 cells (a chicken fibroblast cell line from
ATCC-LGC), as previously described (Moniot et al., 2004; Sagnol
et al., 2014).

2.2. Avian retroviral misexpression system and analysis

Fertilized White Leghorn eggs from Haas Farm (France) were
incubated at 38 °C in humidified incubators. ESRP1 retroviral
constructs were transfected in DF-1 cells to produce retroviruses
that were injected in the splanchnopleural mesoderm of stage 10
chicken embryos to target the stomach mesenchyme (Moniot
et al., 2004; Sagnol et al., 2014). Eggs were then placed at 38 °C
until harvest. Dissected GI tissues (Moniot et al., 2004) were fixed
in 4% paraformaldehyde at room temperature (RT) for 30 min,
washed in PBS, gradually dehydrated in methanol and stored at
—20 °C before processing for whole-mount in situ hybridization,
as previously described (Faure et al., 2013). For tissue sections, GI
tissues were fixed in 4% paraformaldehyde at RT for 30 min, wa-
shed in PBS, gradually dehydrated in ethanol and embedded in
paraffin. 10-pm sections were cut using a microtome and collected
on poly-L-lysine-coated slides (Thermo Fisher) for immuno-
fluorescence or in situ hybridization (Faure et al., 2013). Partial
chick ESRP1 cDNA was isolated by RT-PCR from total mRNA ex-
tracts of embryonic day 5 (E5) stomachs, subcloned and se-
quenced. The antisense ESRP1 RNA probe was generated using the
chick ESRP1 template by reverse transcription with incorporation
of digoxigenin-labelled UTP (Roche). BAPX1, FGFR2b and FGFR2c
antisense riboprobes were described previously (Faure et al., 2013;
Nishita et al., 2011). Anti-digoxigenin antibodies coupled to alka-
line phosphatase (Roche) were used to detect ESRP1 or BAPX1
mRNA/antisense complexes with the BM Purple solution (Roche).
Images from in situ hybridization were acquired using a Nikon-
AZ100 stereomicroscope. Immunofluorescence studies were per-
formed on paraffin sections using rabbit anti-aSMA (Sigma-Al-
drich, 1:400 dilution), mouse anti-CALPONIN (Sigma, 1:400 dilu-
tion), mouse anti-TUJ1 (Covance, 1:800 dilution), and anti-CAL-
DESMON (1:400 dilution) (Hnia et al., 2008) antibodies. Nuclei
were stained with Hoechst (Molecular Probes). Images were ac-
quired using a Carl-Zeiss Axio Imager microscope.

2.3. Primary SMC cultures and analyses

Primary SMC cultures from E15 gizzard muscle were prepared
as described (Notarnicola et al., 2012; Sagnol et al., 2014). Briefly,
the tunica muscularis was carefully separated from the serosa and
tunica mucosa before cell dissociation in 0.25 mg/mL collagenase-
IA and 0.25 mg/mL soybean trypsin inhibitor (Sigma-Aldrich). To
maintain SMC differentiation (more than 95% of isolated cells were
DESMIN- and aSMA-positive), isolated cells were cultured for 18 h
in DMEM with 20 mM HEPES, 100 U/mL penicillin, 100 pg/mL
streptomycin, 2.5 pg/mL amphotericin B, 0.2% BSA and 5 pg/mL
insulin on collagen I-coated plates or fibronectin-coated cover-
slips. Differentiated SMCs were then directly infected or re-
suspended in Accutase™ solution (Sigma-Aldrich) before electro-
poration of different expression constructs using the Neon Trans-
fection System (Life Technologies), according to the manufacturer’s
instructions. For immunodetection, rabbit anti-Myc (Sigma-Al-
drich, 1:200 dilution), mouse anti-HA (InvivoGen, 1:200), mouse
anti-CALPONIN (Sigma-Aldrich, 1:400 dilution), and rabbit anti-
aSMA (Sigma-Aldrich, 1:400 dilution) antibodies were used. When
two antibodies from the same species had to be used for analysis,
an unconjugated Fab fragment of goat anti-rabbit or anti-mouse
IgG (H+L) (Jackson Immuno-Research, 1:20 dilutions) was used to
cover the first antibody in order to present it as different species,
according to the Jackson Immuno-Research's recommendations.
Secondary anti-mouse, anti-rabbit or anti-goat IgG coupled to
Alexa-488, -555 or -647 (Life Technologies) were used. Nuclei were
stained with Hoechst (Molecular Probes). Images were acquired
using a Carl-Zeiss Axio Imager microscope.



2.4. FGF9/FGFR2 pathway analysis

Primary SMCs were plated and 24 h after they were infected
with empty-, GFP-, ESRP1- or RBPMS2-expressing retroviruses for
six days. Prior to incubation with recombinant FGF9, cells were
treated with 30 uM SU5402 (inhibitor of the FGF pathway) (Cal-
biochem) in DMEM with 20 mM HEPES, 0.2% BSA and 5 pg/mL
insulin at 37 °C for 2 h, except in control cells (no SU5402/no
FGF9). SU5402-treated cells were then rinsed twice with PBS and
incubated in DMEM with 20 mM HEPES, 0.2% BSA and 5 pg/mL
insulin, supplemented with 10 pg/mL heparin (Sigma-Aldrich) and
10 ng/mL recombinant human FGF9 (Peprotech), at 37 °C for
15 min. FGF9 induction was stopped by transferring the plates on
ice and by rinsing twice with cold PBS/2 mM activated sodium
orthovanadate. Cells were scraped in cold PBS/2 mM activated
sodium orthovanadate and proteins were then extracted and
analysed by western blotting.

2.5. Cell sorting

Primary SMCs were grown for 18 h and then electroporated
with different plasmids to express GFP-tagged proteins using the
Neon Transfection System (Life Technologies). 24 h after electro-
poration, cells were harvested by incubation with Accutase™
(Sigma-Aldrich) at 37 °C for 10 min. SMCs were then filtered
through a 40 pm mesh and centrifuged at 300g for 5 min. SMCs
were resuspended in PBS/4% BSA in FACS tubes and then analysed
and sorted using a BD Biosciences FACS Aria sorter (488-nm ex-
citation laser; 525-nm emission filter) at the Montpellier RIO
Imaging facility. After assessing the forward (FSC) and side scatter
(SSC), a first GFP-positive gate was set relative to the basal fluor-
escence levels obtained from a GFP-negative SMC sample. A sec-
ond refined gate was then obtained using FSC-Area over FSC-
Width to eliminate cell doublets. GFP-positive cells were then
sorted and collected in cold PBS/4% BSA. Proteins were extracted
from sorted cells and analysed by western blotting.

2.6. Protein extraction and western blotting

Cells were lysed by multiple freezing/thawing cycles in lysis
buffer (20 mM Tris pH8, 50 mM Nacl, 1% NP40, cOmplete™ EDTA-
free Protease Inhibitor Cocktail (Roche), 2 mM activated orthova-
nadate (Sigma-Aldrich) and PhosStop (Roche)). Protein con-
centration was determined using the RC DC™ Protein Assay kit
(BioRad). Diluted protein samples were boiled in SDS-PAGE buffer,
separated by SDS-PAGE in 12% acrylamide/BisAcrylamide gels and
transferred to nitrocellulose membranes at 100V for 1 h. Mem-
branes were incubated according to the Odyssey technology pro-
tocol (LI-COR Biosystems) with the following primary antibodies:
rabbit anti-phosphorylated p42/44 MAP kinase (phosphorylated
ERK1/2, Cell Signalling, 1:2000 dilution), rabbit anti-p42/44 MAP
kinase (ERK1/2, Cell Signalling, 1:1000 dilution), rabbit anti-
phosphorylated AKT (Cell Signalling, 1:1000 dilution), rabbit anti-
AKT (Cell Signalling, 1:1000 dilution), rabbit anti-ESRP1 (Aviva Bio
System, ARP42489, 1:200 dilution), mouse anti-CALPONIN (Sigma-
Aldrich, 1:5000 dilution), mouse anti-aSMA (AbCam, 1:5000 di-
lution), mouse anti-VINCULIN (Developmental Studies Hybridoma
Bank, 1:500 dilution), rabbit anti-GFP (Torrey Pines Biolabs Inc,
1:10,000 dilution), mouse anti-HA (InvivoGen, 1:500 dilution),
rabbit anti-Myc (Sigma-Aldrich, 1:1000 dilution), rabbit anti-HA
(Thermo Scientific, 1:2000 dilution), rabbit anti-HISTONE H1.4
(Sigma-Aldrich, 1:4000 dilution) and rabbit anti-GAPDH (Sigma-
Aldrich, 1:2000 dilution). Immunoblots were quantified using in-
frared-labelled secondary antibodies and the Odyssey infrared
imaging system (LI-COR Biosystems).

2.7. In situ Proximity Ligation Assay (PLA)

For DuoLink in situ PLA (Soderberg et al., 2008; Sagnol et al.,
2014), DF-1 cells were transfected using Lipofectamin-2000 (Life
Technologies) and different plasmid combinations and then in-
cubated with mouse anti-HA (Santa Cruz Biotechnologies) and
rabbit anti-Myc (Sigma-Aldrich) antibodies, followed by nucleo-
tide-conjugated secondary antibodies (rabbit PLA probe MINUS
and mouse PLA probe PLUS; OLINK Biosciences, Uppsala Sweden)
in saturation solution (PBS, 0.1% Tween, 5% normal donkey serum).
Secondary anti-mouse and anti-rabbit IgG coupled to Alexa488
and Alexa555 (Life Technologies) were also used to detect protein
expression. The Minus and Plus PLA probes interact with a rolling-
circle nucleotide template when the distance between them is
smaller than 40 nm. These complexes were ligated in the presence
of a ligase in hybridization solution. The circular template was
then amplified using a polymerase, while far-red-labelled probes
hybridized with the amplified sequence, according to the manu-
facturer's instructions. In situ PLA images were acquired using a
Carl-Zeiss LSM780 confocal microscope at the Montpellier RIO
Imaging facility or a Carl-Zeiss Axio Imager microscope.

2.8. Immunoprecipitations

DF-1 cells were lysed in lysis buffer (20 mM Tris pH8, 50 mM
NaCl, 1% NP40, cOmplete™ EDTA-free Protease Inhibitor Cocktail
(Roche)). 50 pg of total protein lysates were incubated in im-
munoprecipitation buffer (50 mM Tris pH8, 150 mM NaCl, 0.4%
NP40, cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche))
with rabbit anti-Myc antibodies (Ozyme) pre-adsorbed to protein
A-Sepharose CL-4B (GE Healthcare) at 4 °C for 1 h. After extensive
washing, protein samples were analysed by western blotting.

2.9. NMR spectroscopy and structure calculations

For 3C/®N isotopic labelling, human ESRP1-RRM3 was pro-
duced in Escherichia coli BL21ADE3 cells in M9 medium containing
13C-glucose and ’N-NH4CI, and then purified and concentrated, as
previously described (Sagnol et al., 2014). Nuclear Magnetic Re-
sonance (NMR) spectroscopy was performed with 0.6 mM
15N/'3C-labelled recombinant ESRP1-RRM3 dissolved in 20 mM
Na,HPO4/KH,PO,4 buffer, 150 mM NaCl, pH 5.4 with 5% D,0 as an
internal lock, as previously described (Sagnol et al., 2014). The
chemical shifts were deposited in the BioMagResBank under the
accession number BMRB-11601. The rms deviations were calcu-
lated with MOLMOL (Supplemental Table 1). Fifteen selected
structure coordinates were deposited in the Protein Data Bank
(PDB) under the accession number 2RV].

2.10. Reverse transcription and quantitative polymerase chain reac-
tion (RT-qPCR)

Total RNA was extracted from stomachs or cultured cells with
the HighPure RNA Isolation Kit (Roche). For stomach mesenchymal
and epithelial cell dissociation, whole stage 24 (E4.5) stomachs
were harvested in PBS solution. After collagenase treatment (Sig-
ma-Aldrich) at RT for 12 min, the mesenchymal layer was isolated
using fine forceps (Simon-Assmann and Kedinger, 2000; Le Guen
et al., 2009). Reverse transcription was performed with the Verso
cDNA Synthesis Kit (Thermo Scientific) and qPCR using the
LightCycler technology (Roche Diagnostics). PCR primers (Sup-
plemental Table 2) were designed using the LightCycler Probe
Design software-2.0. Each sample was analysed in three in-
dependent experiments done in triplicate. Expression levels were
determined with the LightCycler analysis software (version 3.5)
relative to standard curves. Data were represented as the mean



level of gene expression relative to the expression of the reference
gene GAPDH. The relative mRNA expression was calculated using
the 2~ 24T method.

3. Results

3.1. ESRP1 is expressed in the undifferentiated stomach mesenchyme
We previously developed a microarray approach to identify can-
didate genes involved in chicken stomach development (Le Guen
et al., 2009; Notarnicola et al. 2012). Among the screened genes
encoding RNA-binding proteins with high expression during the
earliest stages of stomach development, we identified Epithelial
Splicing Regulatory Protein 1 (ESRP1) (Le Guen et al., 2009). Speci-
fically, BLAST searches in Gallus gallus expressed sequence tag (EST)
databases allowed us to identify predicted ESRP1 sequence that we
isolated and sequenced. This sequence was deposited in the GenBank
under the accession number KU679447. Using the identified G. gallus
sequence as a query (KU679447; 607 amino acids), protein sequence
alignments and phylogenetic analyses allowed us to observe high
sequence similarity to human ESRP1 (80% of total homology factor,
87% of identity) confirming that the isolated sequence corresponds to
the G. gallus ESRP1 orthologue (Fig. 1(A) and (B)).

To determine ESRP1 expression pattern in the developing GI
tract, we performed in situ hybridization analysis (Supplementary
Fig. 1). ESRP1 was strongly expressed in the stomach at embryonic
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day 4.5 (E4.5), an early stage of chicken stomach development
(Fig. 1(C), left upper panel). However, its expression rapidly de-
creased at E7.5 (Fig. 1(C), right upper panel). In situ hybridization
on paraffin-embedded tissue sections demonstrated that ESRP1
transcripts were localized in the epithelial and also the me-
senchymal layer of E4.5 and E6.5 stomachs (Fig. 1(C), lower pa-
nels). At E7.5, ESRP1 expression in gastric smooth muscle is lower
than at E4.5, whereas it was maintained in the gastric epithelium
(Fig. 1(C), lower panels).

To confirm the unexpected ESRP1 expression in the mesench-
ymal layer, we dissected and enzymatically separated the me-
senchymal and epithelial layers of E4.5 stomachs (Simon-Assmann
and Kedinger, 2000; Le Guen et al., 2009) and analysed ESRP1
expression by real-time quantitative PCR (RT-qPCR). SHH, a specific
Gl epithelial marker, was used as positive control for the epithelial
layer to confirm the dissection accuracy. As expected, SHH ex-
pression was only detected in the epithelial layer. Conversely,
ESRP1 transcripts were detected in both layers (Fig. 1(D)). Alto-
gether, these data indicate that ESRP1 is expressed in the epithe-
lium and also in the undifferentiated stomach mesenchyme early
during GI tract development.

3.2. Sustained ESRP1 misexpression in the stomach mesenchyme
impairs smooth muscle differentiation

Our data indicate that ESRP1 mesenchymal expression de-
creases at the onset of stomach SMC differentiation. We thus
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Fig. 1. ESRP1 is dynamically expressed during chick stomach mesenchyme development. (A) Gallus gallus ESRP1 protein sequence and domains. (B) Phylogenetic tree built
using the Gallus gallus protein as query (in red), showing the homology coefficient compared with the query. This coefficient is a median value calculated by multiplying the
coverage, identity and positivity percentages obtained after BLAST alignment of the query. The accession number of each protein is presented on the right. The scale bar
represents the evolution distance of the leaf branches (in arbitrary units). Note the strong similarities of vertebrate ESRP1 orthologues with Drosophila melanogaster fusilli
and Caenorhabditis elegans SYM-2. (C) ESRP1 expression pattern during chicken stomach development. In situ hybridization on whole-mount (upper panels) or longitudinal
stomach tissue sections (paraffin-embedded; lower panels) from E4.5, E6.5 and E7.5 chicken embryos. Scale bars: 0.5 mm. ep: epithelium; Gz: gizzard; Pv: proventriculus;
me: mesenchyme; mu: muscle; St: stomach. (D) RT-qPCR analysis (mean + standard error of the mean, in arbitrary units) of ESRP1 and SHH (epithelial marker) expression in
three pools of epithelium or mesenchyme layers isolated from E4.5 stomachs and in whole E4.5 stomachs (relative to GAPDH expression).



maintained ESRP1 expression throughout stomach mesenchyme
development and differentiation by using the avian replication-
competent retroviral misexpression system (RCAS) that allows
in vivo targeting of specific genes in the stomach mesenchyme
(Moniot et al., 2004; Faure et al., 2015). Sustained ESRP1 expres-
sion in the stomach mesenchyme did not drastically affect sto-
mach morphogenesis compared with control (empty vector)
(Fig. 2(A)). However, the gizzard (muscular stomach) area was
significantly reduced in ESRP1-misexpressing stomachs compared
to controls both at E6.5 (1.004+0.102mm?; n=80 versus
1151 + 0.096 mm?; n=64) and E8.5 (4.155+0.538 mm?, n=22
versus 4.739 + 0.526 mm?, n=18) (Fig. 2(A) and (B)). Expression of
BAPX1, a gene involved in gizzard development and patterning
(Nielsen et al., 2001; Faure et al., 2013), was not affected in ESRP1-

Fig. 2). This suggests that the decreased gizzard size observed
upon ESRP1 misexpression was not the consequence of a change in
stomach patterning. As small gizzards have already been asso-
ciated with defects in SMC differentiation (Smith et al., 2000;
Faure et al., 2015), we next examined by immunofluorescence the
expression of determined (xSMA) and differentiated (CALPONIN
and CALDESMON) SMC markers. aSMA expression was compar-
able in ESRPI-misexpressing stomachs and controls (Fig. 2(C)).
Conversely, CALPONIN and CALDESMON expressions were
strongly reduced in ESRP1-misexpressing stomachs compared to
controls (Fig. 2(C), compare red with yellow arrows). These data
demonstrate that sustained ESRP1 expression does not alter SMC
determination. However, as stomach development proceeds,
ESRP1 expression has a negative impact on further SMC
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Fig. 2. Sustained ESRP1 expression in vivo impairs terminal smooth muscle differentiation. (A) ESRP1 whole-mount in situ hybridization on E6.5 control (RCAS-GFP) or ESRP1-
misexpressing stomachs (RCAS-ESPR1). Note that detection of the exogenous ESRP1 transcripts in the mesenchyme did not allow to detect the endogenous ESRP1 expression.
Scale bar: 0.5 mm. Black dashed lines indicate the gizzard area for the measurement. (B) Measurement (mean + standard error of the mean (SEM)) of the gizzard area. At
E6.5 (left panel), n=64 controls versus n=_80 ESRP1-misexpressing stomachs, P < 0.0001 by two-tailed Mann-Whitney test. At E8.5 (right panel), n=18 controls versus n=22
ESRP1-misexpressing stomachs, P=0.0094). **P < 0.01, ****P < 0.0001 by two-tailed Mann-Whitney test. (C) Serial transverse sections of control GFP-misexpressing (n=3)
and ESRP1-misexpressing (n=3) E6.5 gizzards analysed either by in situ hybridization using the retroviral Envelop (ENV) riboprobe or by immunofluorescence with anti-
oSMA, -CALPONIN -CALDESMON and -TUJ1 antibodies. Nuclei were stained with Hoechst (blue). Black arrows indicate retroviral ENV expression. Red arrows highlight the
reduced CALPONIN and CALDESMON expression in ESRP1-misexpressing gizzards compared to controls (yellow arrows). Scale bar: 100 pm. (D) In situ hybridization analysis
of FGFR2b (upper panels) and FGFR2c (lower panels) expression in control and ESRP1-misexpressing E6.5 stomachs. Black arrows indicate endogenous FGFR2b expression in
the epithelium and red arrowheads the up-regulation of mesenchymal FGFR2b expression in ESRP1-misexpressing stomachs compared with control. Red arrows indicate
mesenchymal FGFR2c expression in controls and black arrowheads the decrease of FGFR2c expression in ESRP1-misexpressing stomachs. Scale bar: 0.5 mm. Gz: gizzard.
(E) RT-gPCR analysis of relative FGFR2b, FGFR2c, CALPONIN and ESRP1 mRNA levels in control GFP- and ESRP1-expressing E6.5 gizzard mesenchyme. Data were normalized to
GAPDH expression. Normalized expression levels were converted to fold changes. Values are presented as the means + standard derivation (SD) of n=5 ESRP1-expressing vs.
n= 5 GFP-expressing gizzard mesenchyme. *P < 0.05, **P < 0.01, ns: not significant by one-tailed Mann-Whitney test.



ESRP1 was initially identified as a regulator of FGFR2 splicing
towards FGFR2b (Warzecha et al, 2009a, 2009b). Alternative
splicing events between the mutually exclusive exons IllIb and Ilic
of FGFR2 (FGFR2b and FGFR2c splice variants) was previously ob-
served during early chicken embryo development (Nishita et al.,
2011). However the analysis of their levels has never been ad-
dressed during GI tract development. Therefore, we determined by
whole-mount in situ hybridization the expression of both FGFR2
variants in developing stomachs. At E6.5, FGFR2b was mainly lo-
calized in the epithelium (Fig. 2(D); black arrows in left upper
panel), while FGFR2c was mostly detected in the mesenchyme
(gizzard and pyloric structure) (Fig. 2(D); red arrows in left lower
panel). Upon ESRP1-misexpression, mesenchymal FGFR2b expres-
sion increased compared to controls (Fig. 2(D), red arrowheads),
whereas FGFR2c decreased in the mesenchyme (Fig. 2(D), black

remained unchanged. Further analysis by RT-qPCR of dissected
gizzard mesenchyme demonstrated that, compared to GFP control
gizzard mesenchyme, ESRP1-misexpressing gizzard mesenchyme
harboured higher levels of FGFR2b transcripts, whereas FGFR2c
levels were faintly but significantly decreased (Fig. 2(E)). These
findings show that sustained ESRP1 expression impairs SMC dif-
ferentiation and alters FGFR2 splicing profile in the stomach
mesenchyme.

3.3. ESRP1 overexpression induces SMC dedifferentiation

Differentiated SMCs retain the capacity to revert to less differ-
entiated states (Owens et al., 2004; Le Guen et al., 2015; Scirocco
et al., 2016) and this process can be induced by reactivation of
developmental processes (Notarnicola et al., 2012; Le Guen et al,,

arrowheads). FGFR2c expression in the gizzard epithelium
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(«SMA) (A) and differentiated (CALPONIN) (B) SMC markers was assessed by immunofluorescence analysis. Anti-HA and -GFP antibodies were used to identify transfected
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blots in (C). Proteins were quantified relative to HISTONE H1.4 expression. Normalized expression levels were converted to fold changes. Values are presented as the
means + SD of n=4 experiments. *P < 0.05, ns: non-significant by one-tailed Mann-Whitney test. (E) RT-qPCR analysis of FGFR2c expression in primary SMCs at day 3 after
infection with RCAS-GFP or RCAS-ESRP1. Normalized expression levels were converted to fold changes. Values are presented as the means + SD of n=6 experiments.
**P < 0.01 by two-tailed Mann-Whitney test. (F) RT-qPCR analysis of FGFR2c expression in primary SMCs at day 3 after infection with RCAS-GFP or RCAS-ESRP1. Normalized
expression levels were converted to fold changes. Values are presented as the means + SD of n=6. *P < 0.05 by two-tailed Mann-Whitney test. (G) Representative im-
munoblot of phosphorylated ERK (p-ERK) and total ERK in primary SMCs pre-incubated with SU5402 (ERK phosphorylation inhibitor) before stimulation or not with
recombinant FGF9. Protein loading was verified with an anti-HISTONE H1.4 antibody. (H) Representative immunoblot of phosphorylated ERK (p-ERK), ERK, phosphorylated
AKT (p-AKT) and AKT in primary SMCs electroporated with GFP- or ESRP1-expressing constructs and then pre-incubated with SU5402 before stimulation with recombinant
FGF9. (I and J) Quantification of the western blots in (H). ERK and AKT phosphorylation and total ERK and AKT levels were quantified relative to HISTONE H1.4 expression.
The p-ERK to ERK and p-AKT to AKT ratios in SU5402-treated ESRP1-expressing SMCs. Normalized expression levels were converted to fold changes. Values are presented as
the means + SD of n=3. *P < 0.05, ns: non-significant by one-tailed Mann-Whitney test.



differentiation in chicken embryos (Fig. 2(C)), we next analysed
the effect of ESRP1 overexpression in primary differentiated SMCs.
To this aim, we isolated differentiated SMCs from E15 stomachs
and cultured them on fibronectin in serum-free medium supple-
mented with insulin to maintain differentiation. Two days after
transfection, ®SMA (determination marker) and CALPONIN (dif-
ferentiation marker) were homogeneously expressed in highly
organized filament bundles in control SMCs (GFP-expressing vec-
tor alone) (Fig. 3(A) and (B), upper panels). In SMCs transfected
with the HA-ESRP1-expressing construct, aSMA expression was
similar to control cells (Fig. 3(A), white arrowheads in lower pa-
nels versus white arrows in upper panels). Conversely, CALPONIN
expression was reduced compared to control SMCs (Fig. 3(B),
white arrowheads in lower panels versus white arrows in upper
panels). Western blot analysis confirmed lower CALPONIN level in
ESRP1-expressing SMCs than in control SMCs (Fig. 3(C)). However,
level of VINCULIN, an Actin-binding protein frequently used as a
marker of cell-cell and cell-extracellular matrix adherens-type
junctions, was not significantly affected by ESRP1 misexpression
(Ziegler et al., 2006) (Fig. 3(C) and (D)).

As in vivo ESRP1 controls FGFR2 splicing (Fig. 2(D) and (E)) and
forced FgfR2b expression inhibits SMC progenitor commitment to
the SMC lineage during mouse lung development (De Langhe
et al., 2006), we next analysed by RT-qPCR the transcript levels of
FGFR2 variants in cultured SMCs. ESRP1 overexpression in SMCs
induced an increase in transcript levels of FGFR2b (Fig. 3(E)) and
reduced FGFR2c transcript levels (Fig. 3(F)) compared to control
GFP-expressing SMCs. Previous studies demonstrated that FGFR2
variants have different ligand binding specificities. Specifically, the
FGF9 ligand signals through FGFR2c, but not through FGFR2b
(Zhang et al., 2006). Therefore, to examine FGFR2c-specific sig-
nalling activity upon FGF9 stimulation, we first incubated control
SMCs with SU5420, a specific inhibitor of FGF signalling, for 2 h to
abolish endogenous FGF activation. Western blot analysis con-
firmed that endogenous FGF activity, monitored through ERK
phosphorylation ((p-ERK)), was inhibited upon SU5420 treatment
(Fig. 3(G)). However, these SMCs could respond to FGF stimulation,
as demonstrated by the increased ERK phosphorylation upon in-
cubation with recombinant FGF9 (Fig. 3(G)). Then, we incubated
both ESRP1- and GFP-expressing (control) SMCs with SU5420 be-
fore stimulation with FGF9. Quantification of western blot showed
that FGF9-induced ERK phosphorylation was significantly reduced
in ESRP1-expressing SMCs compared with control cells (Fig. 3
(H) and (I)). Conversely, AKT phosphorylation ((p-AKT)), which is
regulated by the muscarinic pathway in SMCs (Notarnicola et al.,
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2012), was not affected (Fig. 3(H) and (J)). These data indicate that
ESRP1 overexpression induces SMC dedifferentiation and this is
associated with a change in FGFR2 splicing and inhibition of
FGFR2c-dependent ERK activity.

3.4. Synergistic effect of ESRP1 and of the RNA-binding protein
RBPMS2 on SMC plasticity

Our previous (Notarnicola et al., 2012; Sagnol et al., 2014) and
present findings (Fig. 3) show that the RNA-binding proteins
RBPMS2 and ESRP1 are expressed in undifferentiated mesenchy-
mal cells and that they control smooth muscle development and
SMC plasticity. To assess ESRP1 and RBPMS2 role in SMC plasticity
regulation, we electroporated primary differentiated SMCs with
ESRP1- or/and RBPMS2- or GFP-expressing constructs. Immuno-
fluorescence analysis of SMC markers one day after transfection
showed that CALPONIN (differentiated SMC marker) expression
was reduced, but still detectable in SMCs expressing RBPMS2 or
ESRP1 alone compared to control cells (GFP alone) (Fig. 4(A)).
Conversely, CALPONIN expression was completely lost in cells that
co-expressed RBPMS2 and ESRP1 (Fig. 4(A), white arrowheads).
Similarly, aSMA expression was faintly affected by misexpression
of RBPMS2 or ESRP1 alone, but was drastically decreased when
RBPMS2 and ESRP1 were co-expressed (Fig. 4(B), white arrow-
heads; Fig. 4(C)). These results show that ESRP1 and RBPMS2 have
a synergistic effect on SMC dedifferentiation.

3.5. ESRP1 interacts with the RNA-binding protein RBPMS2

Recent reports suggest that interactions between RNA-binding
proteins are important for many cellular events (Papadopoulou
et al,, 2010; Papadopoulou et al., 2013). We thus tested the po-
tential interaction between ESRP1 and RBPMS2 by using coim-
munoprecipitation and in situ Proximity Ligation Assay (PLA) ap-
proaches. Immunoprecipitation assays using an anti-Myc antibody
and protein lysates from DF-1 cells that expressed Myc-tagged
RBPMS2 with or without HA-tagged ESRP1 showed that HA-ESRP1
specifically co-precipitated with Myc-RBPMS2 (Fig. 5(A), lane 3).
PLA experiments in DF-1 cells that co-expressed Myc-RBPMS2 and
HA-ESRP1 confirmed this interaction and revealed that it occurred
in the cytoplasm (Fig. 5(B)). As negative controls, we confirmed
the absence of interaction of Myc-RBPMS2 or HA-ESRP1 with HA-
TC10 or Myc-NICD, respectively (Supplemental Fig. S3). Finally, as
RBPMS2 homodimerization through its unique RRM domain is
crucial for RBPMS2-mediated regulation of SMC plasticity in vivo
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Fig. 4. ESRP1 and RBPMS2 synergistic effect on SMC dedifferentiation. Primary SMCs were electroporated with HA-ESRP1, Myc-RBPMS2 or GFP-expressing constructs. After
one day in culture, the expression of differentiated (CALPONIN) (A) and determined («SMA) (B) SMC markers was assessed by immunofluorescence. Anti-HA, -Myc and -GFP
antibodies were used to identify transfected cells. White arrowheads indicate loss of CALPONIN expression (A) or decreased «SMA expression (B) in cells that co-express
ESRP1 and RBPMS2 compared with controls (GFP-expressing) SMCs. Nuclei were stained with Hoechst (blue). Scale bar: 50 um. (C) Relative aSMA-expressing SMCs under
GFP-, ESRP1-, RBPMS2- or both ESRP1/RBPMS2 expressions as observed in (B). n represent the number of counted cells.
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Fig. 5. ESRP1 interacts with the RNA-binding protein RBPMS2. (A) Immunoprecipitation with rabbit anti-MYC antibodies (lanes 1-3) or without (lanes 4-8) of protein lysates
from DF-1 cells that express HA-ESRP1 and/or Myc-RBPMS2, as indicated. Lanes 7 and 8: 10% of total protein extracts from DF-1 cell that express HA-ESRP1 or not. Co-
immunoprecipitation of HA-ESRP1 was monitored by immunoblotting with mouse anti-HA antibodies (upper panel). Note the presence of immunoglobulins in lanes 1-3.
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labelled in magenta and were observed in the cytoplasm. Nuclei were stained with Hoechst (blue). Images were acquired by confocal microscopy. Scale bar: 10 um.
(C) Analysis of the ESPR1-RBPMS2 interaction by PLAs in DF-1 cells that co-express HA-ESRP1 and Myc-RBPMS2 or Myc-RBPMS2-L40E (a mutant that cannot dimerize).
Green, anti-Myc antibody; red, anti-HA antibody; magenta, interactions between proteins detected by PLA. Nuclei were stained with Hoechst (blue). Images were acquired
by epifluorescence microscopy. Scale bar: 50 um. (D) Overall structure of human ESRP1-RRM3 solved by heteronuclear NMR experiments (ribbon diagram). The figures were
prepared using Pymol (http://pymol.sourceforge.net). (E) Schematic representation of the ESRP1 constructs used in (F). (F) Analysis of the ESPR1-RBPMS?2 interaction by PLA
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similar 3D fold with other RRM domains. This fold consists of a
twisted antiparallel B-sheet formed by four [-strands (f1:
C446—R450; [32 V477-V480; [33 D490-Q494: 64 ESlQ_c523)' two Oc-he-
lices (ou1: 14°8-1465, E467_D¥1; x2: A*98-C598) on one side of the B-
sheet and one C-terminal o-helix (a3: A>2>-M>33) on the other
side (Fig. 5(D)). Identical NMR spectra were obtained for
15N/C-labelled ESPR1-RRM3 in the absence or presence of un-
labelled RBPMS2-RRM. This indicates that the ESRP1 RRM3 do-
main does not interact with the RRM domain of RBPMS2 (Sup-
plemental Fig. 4B). Therefore, to identify the ESRP1 sequence re-
quired for the interaction with RBPMS2, we performed in situ PLA
in DF-1 cells that co-expressed Myc-RBPMS2 and different ESRP1

(Sagnol et al., 2014), we tested also the interaction between HA-
ESRP1 and Myc-RBPMS2-140E, a mutant in which homo-
dimerization is inhibited. Interaction of HA-ESRP1 with the Myc-
RBPMS2-L40E monomer was strongly reduced compared with
wild type Myc-RBPMS2 (Fig. 5(C)). These findings indicate that
ESRP1 interacts with RBPMS2 in the cytoplasm and that this in-
teraction requires RBPMS2 homodimerization.

ESRP1 is an RNA-binding protein that contains a predicted
DnaQ-like 3'—5' exonuclease domain in the N-terminus and three
RRM domains (RRM1-3) in the C-terminal part of the protein
(Fig. 1(A)). To evaluate the involvement of ESRP1 RRM domains in
RBPMS2-ESRP1 interaction we first structurally characterized
RRM3. By using NMR spectroscopy and '°N/'3C-labelled re-

combinant human ESRP1-RRM3 (residues 439-539), we assigned
more than 98% of the amide group resonances to the non-proline
residues (4 prolines over 104 residues) and solved the high-re-
solution NMR structure of ESRP1-RRM3 (Fig. 5(D), Supplemental
Table 1 and Supplemental Fig. 4A). Human ESRP1-RRM3 shares a

truncated variants tagged with HA (Fig. 5(E)). Interaction with
RBPMS2 occurred only in cells that co-expressed the C-terminal
part of ESPR1, which included the RRM2 and RRM3 domains, but
not in cells that co-expressed ESRP1 N-terminal region (Fig. 5(F),
compare white arrows with white arrowheads).
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Fig. 6. Regulation of ESRP1 expression by RBPMS2. (A) RT-qPCR analysis (three independent experiments) of ESRP1 expression in primary SMCs infected with RCAS-GFP or
RCAS-Myc-RBPMS2 (day 3 post-infection). Normalized expression levels were converted to fold changes. Values are presented as the means + SD of n=3 experiments.
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constructs. Protein loading was verified with an anti-HISTONE H1.4 antibody. (C) Quantification of the western blots in (B). ESRP1 levels were quantified relative to HISTONE
H1.4 expression. Normalized expression levels were converted to fold changes. Values are presented as the means + SD of n=3. *P < 0.05 by one-tailed Mann-Whitney test..
(D) RT-qPCR analysis (three independent experiments) of RBPMS2 expression in primary SMCs infected with RCAS-GFP or RCAS-ESRP1 (day 3 post-infection). Normalized
expression levels were converted to fold changes. Values are presented as the means + SD of n=3 experiments. ns: not significant by two-tailed Mann-Whitney test.

3.6. RBPMS2-dependent regulation of SMC plasticity requires ESRP1

As ESRP1 and RBPMS2 both induce dedifferentiation of SMCs in
culture, we asked whether they mutually regulated their expres-
sion during this process. RT-qPCR and western blot analyses re-
vealed that RBPMS2 overexpression in cultured primary SMCs
significantly induces an upregulation of ESRP1 transcript (Fig. 6(A))
and protein levels (Fig. 6(B) and (C)) compared to control SMCs
(GFP expression only). Conversely, ESRP1 overexpression did not
significantly affect RBPMS2 expression level (Fig. 6(D)).

Then, to examine ESPR1 role in RBPMS2-mediated regulation of
SMC plasticity, we silenced ESRP1 in primary SMCs. Compared to
control (GFP-shSCRAMBLE), expression in cultured SMCs of a GFP-
labelled shRNA against ESRP1 (GFP-shESRP1) decreased both
ESRP1 mRNA and protein level without affecting CALPONIN ex-
pression (Fig. 7(A)-(C)). After cell sorting by FACS based on GFP
expression, we assessed CALPONIN expression in differentiated
SMCs transfected with Myc-RBPMS2- and GFP-shESRP1- or GFP-
shSCRAMBLE-expressing constructs (Fig. 7(D)). Immuno-
fluorescence analysis indicated that CALPONIN expression was
completely lost in SMCs that co-expressed RBPMS2 and
shSCRAMBLE (Fig. 7(D), white arrows). Conversely, CALPONIN ex-
pression was not affected in SMCs co-expressing RBPMS2 and
shESRP1 (Fig. 7(D); white arrowheads). Western blotting analyses
confirmed that RBPMS2 misexpression induced an increased in
ESRP1 protein level and this was associated with a decrease in
CALPONIN protein level (Fig. 7(E)). However, when the upregula-
tion of ESRP1 upon RBPMS2 misexpression was partially silenced
in SMCs with shESRP1 construct, CALPONIN protein expression
was also partially rescued (Fig. 7(E) and (F), compare RBPMS2/
ShESRP1 to both RBPMS2/shSCRAMBLE and HA-empty/shSCRAM-
BLE conditions). Altogether, these findings demonstrate that ESRP1
is essential for RBPMS2-dependent SMC dedifferentiation.

4. Discussion

In this study, we found that ESRP1 is expressed also during the
early phase of gastrointestinal mesenchyme development. More-
over, ESRP1 sustained expression in gastrointestinal SMCs pro-
motes the switch from FGFR2c to FGFR2b splicing and inhibits
CALPONIN expression (a marker of differentiated SMC) both in vivo
and in primary SMCs. ESRP1 is a tumour suppressor gene that is
mutated in 50% of primary colon tumours with microsatellite in-
stability (Ivanov et al.,, 2007; Leontieva et al., 2009). ESRP1 pro-
motes the alternative splicing of transcripts that switch splicing

during mesenchymal to epithelial transition (Warzecha et al,
2009a, 2009b, 2010). Although ESRP1 has been mainly studied
during cancer-related processes (Warzecha and Carstens, 2012), its
expression is altered also in cardiac hypertrophy (Kim et al., 2014).
Moreover, ESRP1 is expressed and functional during Xenopus laevis
epidermis development (Castello et al., 2013). This and our results
suggest that ESRP1 expression and function could be related to the
regulation/maintenance of the immature status of gastrointestinal
SMCs. In agreement, ESRP1 was listed in the RNA-binding protein
repertoire of embryonic stem cells (Kwon et al., 2013) and reg-
ulates the expression of pluripotency-related factors in mouse
embryonic stem cells (Fagoonee et al., 2013). Altogether, these data
support the hypothesis that besides its role in epithelial home-
ostasis and mesenchymal to epithelial transition, ESRP1 could
have a broader role in immature cells.

We previously identified the RNA-binding protein RBPMS2 as
an early marker of gastrointestinal mesenchyme and a critical
activator of gastrointestinal SMC dedifferentiation (Notarnicola
et al., 2012). RBPMS2 stimulates the expression of and binds to
NOGGIN mRNA, leading to inhibition of the BMP signalling path-
way in chicken embryos (Notarnicola et al., 2012; Sagnol et al.,
2014). The morphogen NOGGIN promotes SMC dedifferentiation,
but cannot stimulate SMC proliferation, differently from RBPMS2.
In addition, in chick embryos, ectopic expression of RBPMS2 in few
SMCs induces the expression of NOGGIN that can diffuse to all
SMCs and contributes to inhibiting their differentiation. However,
treatment with BMP4 restores differentiation only in SMCs that do
not misexpress RBPMS2, suggesting that in addition to the BMP
pathway, RBPMS2 regulates also other pathways involved in SMC
plasticity (Notarnicola et al., 2012). Here, we found that RBPMS2
interacts with ESRP1. Like RBPMS2, ESRP1 is expressed transiently
in the undifferentiated gastrointestinal mesenchyme during the
early stages of GI development. Moreover, RBPMS2 misexpression
in SMCs induces ESRP1 mRNA and protein expression and when
co-expressed, ESRP1 and RBPMS2 show synergistic effects on SMC
dedifferentiation. Finally, by down-regulating ESRP1 expression,
we demonstrate that RBPMS2 requires ESRP1 to induce SMC
dedifferentiation, strengthening the importance of this interaction.
As RBPMS2 and ESRP1 regulate different pathways (the BMP and
FGF signalling cascades, respectively), we hypothesize that the
precise regulation of these pathways is required to control the
switch between differentiated and proliferative SMCs (Fig. 8). Our
study mainly focused on the expression and function of ESRP1
during the development of stomach smooth muscle. However, we
can hypothesize that ESRP1 could act on similar way in other gut
region. To support this, we previously demonstrated that RBPMS2
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Fig. 8. Model of the gastrointestinal SMC development regulated by ESRP1,
RBPMS2 and their downstream signalling pathways FGFR2 and BMP.

misexpression impairs smooth muscle differentiation in the sto-
mach, but also in colon musculature in vivo (Notarnicola et al.,
2012). Further investigations are required to examine how ESRP1/
RBPMS2 and BMP/FGF signalling cascades could be regulators of
smooth muscle development in other gut regions.

Vertebrate RBPMS2 forms stable homodimers in vitro and
in vivo via the RRM domain and its homodimerization is func-
tionally required to drive RBPMS2-dependent SMC dedifferentia-
tion through up-regulation of NOGGIN mRNA (Sagnol et al., 2014).
Here, we found that ESRP1 interacts with RBPMS2, but not with a
mutant that cannot form homodimers. The specific motif in the
RRM domain required for RBPMS2 homodimerization is conserved
in the orthologue proteins Couch Potato (CPO) in Drosophila mel-
anogaster and MEC-8 in Caenorhabditis elegans (Sagnol et al.,
2014). Based on sequence similarities, we found that D. melano-
gaster fusilli and C. elegans SYM-2 are ESRP1 orthologues (Fig. 1
(B)). Genetic analyses during embryonic development indicate
that sym-2 has redundant functions with mec-8 in regulating the
structure of body wall muscles and their attachment to the body
cuticle (Davies et al., 1999; Yochem et al., 2004). Altogether, these
findings highlight the functional conservation of ESRP1-RBPMS2
interaction, possibly in regulating the maturation of transcripts
essential for embryonic development and SMC plasticity.
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