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Summary

Alternative splicing contributes to gene expression dynamics in many tissues, yet its role in 

auditory development remains unclear. We performed whole exome sequencing in individuals with 

sensorineural hearing loss (SNHL) and identified pathogenic mutations in Epithelial Splicing 
Regulatory Protein 1 (ESRP1). Patient derived iPSCs showed alternative splicing defects that were 

restored upon repair of an ESRP1 mutant allele. To determine how ESRP1 mutations cause 

hearing loss we evaluated Esrp1−/− mouse embryos and uncovered alterations in cochlear 

morphogenesis, auditory hair cell differentiation and cell fate specification. Transcriptome analysis 

revealed impaired expression and splicing of genes with essential roles in cochlea development 

and auditory function. Aberrant splicing of Fgfr2 blocked stria vascularis formation due to 

erroneous ligand usage, which was corrected by reducing Fgf9 gene dosage. These findings 
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implicate mutations in ESRP1 as a cause of SNHL and demonstrate the complex interplay 

between alternative splicing, inner ear development, and auditory function.

eTOC Blurb

Rohacek et al. identify mutations in an alternative splice regulator, ESRP1, in a family with 

hearing loss. Loss of Esrp1 in mice leads to morphological defects in inner ear development and 

cell fate switches in the lateral cochlear wall caused by altered Fgfr2 splicing patterns and Fgf 

ligand usage.
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Introduction

Hearing loss is the most prevalent sensory deficit in humans affecting 1 in 500 newborns 

(Morton and Nance, 2006). Approximately half of all cases of early onset hearing loss in 

developed countries have a genetic etiology, with single gene mutations in over 100 different 

loci identified thus far (http://hereditaryhearingloss.org). Mutations in the majority of these 

genes result in nonsyndromic sensorineural hearing loss (SNHL), where abnormal inner ear 

function is the only diagnostic feature. Identification of hearing loss genes has increased our 

awareness of the vast clinical and genetic heterogeneity underlying this condition and has 

contributed greatly to our understanding of inner ear development and function through 

studies in animal models (Lenz and Avraham, 2011; Kazmierczak and Muller, 2012; 

Ohlemiller et al., 2016). Despite the large number of identified hearing loss genes, the cause 

of inherited SNHL still remains uncertain in many children (Sloan-Heggen et al., 2016; 

Mehta et al., 2016). The advent of whole exome sequencing has accelerated the pace of 
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disease gene discovery, and its application to individuals with hearing loss is improving the 

rate of diagnosis (Atik et al., 2015; Sloan-Heggen et al., 2016).

The inner ear is a dual-purpose organ that senses sound and balance through the activation of 

mechanosensory hair cells in distinct auditory and vestibular structures (Wu and Kelley, 

2012). The organ of Corti is a specialized sensory apparatus for hearing in mammals that 

lines the medial wall of the cochlear duct and consists of a single row of inner hair cells, 

three rows of outer hair cells and a variety of support cells. Hair cells convert sound induced 

vibrations into electrochemical signals that are transmitted to the brain for processing along 

auditory nerve fibers (Kazmierczak and Muller, 2012; Yu and Goodrich, 2014). Interference 

with the sound transduction pathway at any point, especially within hair cells, results in 

hearing loss (Dror et el., 2010; Schwander et al., 2010).

Cell types on the lateral side of the cochlear duct comprising Reissner’s membrane, the stria 

vascularis, and the outer sulcus function in the production, secretion, recycling and 

maintenance of endolymph, a specialized fluid of high ionic concentration that supports hair 

cell mechanotransduction (Patuzzi et al., 2011). Mutations in genes that disrupt the flow of 

potassium ions through the multilayered stria vascularis, including gap junctions, channels, 

pumps and transporters, are common causes of hearing loss (Locher et al., 2015). Despite 

their importance for auditory function, relatively little is known about the development of 

lateral cochlear duct cells, compared to their sensory counterparts.

Gene regulatory networks synchronize cochlear morphogenesis with the specification and 

differentiation of sensory and nonsensory cell types that form along its length (Groves and 

Fekete, 2012). While many of the key transcriptional regulators of cochlear development are 

known, the role that posttranscriptional events play in the formation of inner ear structures 

and cell types is less clear. A more comprehensive approach to the study of gene expression 

dynamics that integrates transcriptional and posttranscriptional mechanisms is likely to 

improve our fundamental understanding of inner ear biology and hearing loss.

Alternative splicing is a posttranscriptional process that increases the complexity of mRNA 

transcripts and proteins encoded by a finite genome (Chen and Manley, 2009; Fu and Ares, 

2014). Most human multi-exon genes are alternatively spliced in a regulated manner that 

relies on the pairing of different combinations of 5′ and 3′ splice sites to generate mature 

mRNAs that differ by one or more exons (Pan et al., 2008; Wang et al., 2008). Alternatively 

spliced transcripts frequently produce protein isoforms with divergent properties, although 

the biological significance of the vast majority of these events remains unexplored (Wang et 

al., 2008; Pan et al., 2008; Keleman et al., 2013; Yang et al., 2016). Many mammalian 

tissues show cell type and stage specific expression of alternatively spliced transcripts that 

often fit into biologically coherent pathways (Ule et al., 2005; Fu and Ares, 2014; Yang et 

al., 2014; Raj and Blencowe, 2015; Bebee et al., 2015; Vuong et al., 2016; Traunmüller et 

al., 2016; Zhang et al., 2016). The coordinated expression of these splicing-regulatory 

networks is due in large part to the selective activity of specialized RNA binding proteins 

that mediate the inclusion or exclusion of alternatively spliced exons based on their 

recruitment to cis acting elements in target transcripts (Chen and Manley, 2009; Fu and 

Ares, 2014). Consequently, mutations that disrupt either the cis or trans regulators of 
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alternative splicing contribute significantly to human disease (Cieply and Carstens, 2015; 

Xiong et al., 2015; Li et al., 2016), as well as hearing loss in mice (Nakano et al., 2012; 

Moayedi et al., 2014).

Epithelial Splicing Regulatory Proteins (Esrp) are a highly conserved family of RNA 

binding proteins that promote alternative splicing exclusively in epithelial tissues (Warzecha 

et al., 2012). Mammals possess two highly homologous Esrp genes, Esrp1 and Esrp2, which 

were originally characterized in a cell-based screen for regulators of an epithelial specific 

Fgfr2 splicing event (Warzecha et al., 2009). Subsequent studies using genome wide 

approaches in epithelial cell lines and mouse knockout models demonstrated that Esrp1 and 

Esrp2 direct an epithelial splicing program essential for mammalian development (Dittmar 

et al., 2012; Bebee et al., 2015; Yang et al., 2016; Bebee et al., 2016).

In the current study, we performed whole exome sequencing in individuals with profound 

bilateral SNHL and identified biallelic pathogenic mutations in ESRP1. Patient derived 

induced pluripotent stem cells (iPSCs) showed alterations in alternative splicing, consistent 

with a loss of ESRP1 function. To understand how mutations in ESRP1 might cause hearing 

loss we evaluated Esrp1−/− mouse embryos and uncovered defects in inner ear 

morphogenesis, auditory hair cell differentiation and cell fate specification along the lateral 

wall of the cochlear epithelium. RNA-seq analysis revealed impaired expression and splicing 

of genes associated with cochlear development and auditory function that explain several 

aspects of the inner ear phenotypes in Esrp1−/− embryos. In particular, aberrant splicing of 

Fgfr2 from the IIIb (epithelial) to IIIc (mesenchymal) isoforms compromised the identity of 

cells along the cochlear lateral wall due to improper Fgf9 ligand usage. Surprisingly, ectopic 

Fgf9/Fgfr2-IIIc signaling also compensated for the loss of Fgfr2-IIIB to promote cochlear 

duct morphogenesis in Esrp1−/− mutants. These findings implicate mutations in ESRP1 as a 

cause of SNHL and demonstrate the complex interplay between alternative splicing, inner 

ear development, and auditory function.

Results

Exome sequencing reveals ESRP1 mutations in a family with SNHL

An eight-year-old female with congenital profound bilateral SNHL, born to healthy non-

consanguineous parents, was evaluated at the Division of Otolaryngology at the Children’s 

Hospital of Philadelphia (Fig. 1A). A temporal bone CT scan of the proband showed no 

abnormalities in cochlear morphology. However, an unusual vestibular dysplasia was 

revealed, consisting of a rudimentary lateral semicircular canal deficient in its central bony 

island that took on a cystic appearance (Fig. S1A–D). A 14-year-old brother was also 

diagnosed with severe to profound bilateral SNHL from birth, and showed the same 

vestibular dysplasia as his sister (Fig. S1E–F). Despite the abnormal vestibular findings, 

neither child presented with balance or movement disorders. Four other healthy siblings, 

including the proband’s twin brother, have normal hearing (Fig. 1A). No other family history 

of hearing loss was reported.

To identify damaging mutations associated with the inner ear phenotypes in this pedigree we 

performed whole exome sequencing on DNA isolated from peripheral blood of the parents, 
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proband, affected brother and unaffected siblings. Coding region and splice site variants that 

segregated in an autosomal recessive inheritance pattern and that occurred with a population 

frequency less than 3% in the 1000 Genomes Project Database and Exome Sequencing 

Project Exome Variant Server were selected for further analysis. No pathogenic mutations in 

known SNHL genes were found using this approach. However, compound heterozygous 

mutations were identified in a novel candidate hearing loss gene, ESRP1, that segregated 

with SNHL in this family (Fig. 1A and Fig. S1G). The two children with SNHL inherited 

different ESRP1 mutations from each parent, while the unaffected siblings had either one or 

no mutations (Fig. 1A, Fig. S1G). The paternal ESRP1 mutation harbors a 19 bp deletion in 

exon 7 (c.665_683 del) that is predicted to cause a frame shift at codon Asp222 resulting in 

premature termination of translation 31 amino acids downstream (p.Asp222Glyfs*32). The 

maternal ESRP1 mutation contains a missense variant in exon 8 (c.775C>G) that results in 

the substitution of leucine for valine (p.Leu259Val) at a highly conserved residue within the 

principle RNA recognition motif (Fig. S1G,H). An additional cohort of 144 probands with 

bilateral SNHL was screened for mutations in ESRP1 and ESRP2 by Sanger sequencing. 

While no homozygous or compound heterozygous variants were identified in these genes, 

rare heterozygous missense substitutions in ESRP1 were found in three samples (Fig. S1I).

To determine the impact of ESRP1 mutations on alternative splicing we derived three 

independent iPSC lines from lymphoblastoid cells obtained from the parents and affected 

children in the pedigree (Fig. 1A). We first assessed the abundance of ESRP1 and found it to 

be reduced by 50% at both the transcript and protein level in the father and affected children, 

compared to the mother (Fig. 1B,D). No differences in ESRP2 expression were observed 

across individuals (Fig. 1B). The ESRP1 mRNA encoded by the mutant paternal allele is 

likely subject to nonsense-mediated decay due to the presence of a premature stop codon, 

accounting for its reduced expression. The paternal ESRP1 mutation is also predicted to be 

non-functional since it would lead to out-of-frame translation prior to the essential RRM 

domains (Fig. 1A).

We interrogated the effects of the paternal ESRP1 (c.665_683 del) allele in iPSCs from the 

proband by genetically repairing the mutation with the CRISPR-Cas9 system. A guide RNA 

specific to the mutant paternal ESRP1 allele was cloned into the pX330 expression vector 

and electroporated into iPSCs from the proband along with a single-stranded 

oligodeoxynucleotide (ssODN) template that was used to correct the paternal mutation by 

homology directed repair (Fig. 1C). Three independent iPSC clones were identified with the 

corrected ESRP1 paternal allele as assessed by Sanger sequencing (Fig. 1C). ESRP1 mRNA 

and protein levels were significantly increased in the genetically repaired iPSCs from the 

proband compared to the uncorrected iPSCs, and were similar to the unaffected mother (Fig. 

1D,E). These results confirm the damaging effect of the paternal ESRP1 (c.665_683 del) 

mutation on its expression in iPSCs.

The alternative splicing patterns of several known ESRP dependent events were evaluated in 

patient derived iPSCs by RT-PCR. The level of exon inclusion, quantified as percent spliced 

in (PSI), was significantly reduced for ENAH, NF2 and RALGPS2 and increased for 

ARHGEF11 in iPSCs from both affected children, compared to either parent (Fig. 1F–I). 

These alterations in alternative splicing were restored in the genetically repaired iPSCs from 
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the proband, indicating their dependency on ESRP1. Not all ESRP dependent exons showed 

significant differences in splicing (e.g. SCRIB, MACF1, GRHL1), implying that some 

events are less sensitive to the loss of ESRP1 than others (data not shown). The presence of 

ESRP2 in iPSCs is likely to explain the partial, and in some cases nonexistent, splicing 

switches in the affected children, consistent with the recent finding in mice that Esrp2 is able 

to compensate for the loss of Esrp1 in the splicing of some, but not all, regulated transcripts 

(Bebee et al., 2015). In support of this premise, we observed similar splicing switches in 

mouse embryonic stem cells with a targeted disruption in Esrp1 compared to iPSCs from the 

affected children (Fig. 1J).

To investigate the nature of the maternal ESRP1 (c.775C>G) mutation, we performed 

retroviral transduction of wild type and mutant cDNAs into the MDA-MB 231 breast cancer 

cell line that does not express endogenous ESRP1 or ESRP2. Inclusion of the epithelial 

ENAH exon and skipping of the OSBPL3 exon was significantly increased in the presence 

of wild type ESRP1 compared to the maternal missense allele (Fig. 1K,L). These findings 

further support the hypomorphic nature of the ESRP1 (c.775C>G) mutation.

Defects in inner ear morphogenesis and auditory hair cell differentiation in Esrp1−/− mouse 
mutants

Our finding that human mutations in ESRP1 segregate with congenital hearing loss 

prompted us to investigate the role of Esrp1 during mouse inner ear development. Esrp1 is 

broadly expressed throughout the epithelium of the otic vesicle (E10.5) and is notably absent 

from the surrounding mesenchyme (Fig. S2A). Esrp1 continues to show unrestricted 

expression in sensory and nonsensory epithelial progenitors during cochlear and vestibular 

morphogenesis, although the level is weaker at later stages of inner ear development (Fig. 

S2B–E).

We evaluated Esrp1−/− embryos for defects in inner ear morphology using the paint fill 

technique. Alterations in the formation of cochlear and vestibular structures were observed 

in Esrp1−/− embryos compared to control littermates at E14.5, including a significant 

shortening and widening of the cochlear duct, as well as dysgenesis of the lateral 

semicircular canal and common crus due to incomplete resorption of the vestibular 

epithelium (Fig. 2A–D). This vestibular defect is similar to that described in children with 

ESRP1 mutations (Fig. S1A–F). A more severe inner ear phenotype consisting of fluid filled 

cysts with no vestibular or cochlear outgrowth was also observed at low penetrance in 

Esrp1−/− embryos (16%, 23/138) and will be discussed further below (Fig. S7A,B).

We next determined whether the loss of Esrp1 affects sensory development within the inner 

ear. The cochlear sensory epithelium was isolated from Esrp1−/− and control embryos at 

E18.5 and co-stained by whole mount for actin (phalloidin) to visualize stereocilliary 

bundles, and Myosin VIIa (Myo7a), a hair cell marker. Esrp1−/− embryos displayed a 25% 

decrease in total hair cell number that was primarily accounted for by a near complete 

absence of hair cells at the apex of the cochlear duct (Fig. 2E–M and Fig. S3A,B,E–G). 

Prosensory progenitors marked by Sox2 were present in the requisite number at the apex of 

the cochlear duct of Esrp1−/− embryos at E18.5, indicating that the missing hair cells in this 

region are not explained by an absence of sensory progenitors (Fig. S4A–C).
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Hair cells at the base and middle turn of Esrp1−/− embryos showed an immature morphology 

compared to control littermates as seen by the reduced complexity of stereociliary bundles 

(Fig. 2E–H). Support cells marked by Sox2 and Prox1 revealed a normal compliment of 

pillar and Dieter cells at the basal turn of Esrp1−/− embryos (Fig. S4D–I). Moreover, 

vestibular sensory structures (maculae and cristae) were less affected by the loss of Esrp1 

with only slight alterations in size, organization and innervation at E18.5 (Fig. S4J,K). These 

data reveal an intriguing cochlear phenotype in Esrp1−/− mutants consisting of a truncated 

cochlear duct with immature or absent hair cells.

We evaluated Esrp1−/− embryos one day later at postnatal day 0 (P0) to determine whether 

the hair cell phenotype was due to an arrest or delay in sensory development (Fig. 2N–V and 

Fig. S3C,D). Hair cell morphology at the base and middle turns of Esrp1−/− mutants 

appeared more advanced at P0 than at E18.5, with a notable improvement in stereocilia 

bundle morphology that was comparable to control pups at this stage (Fig. 2N–Q). Whereas 

the total number of hair cells was reduced in Esrp1−/− compared to control embryos after 

normalizing for cochlear duct length at E18.5, this difference was no longer apparent at P0 

(Fig. S3H). This finding may be explained by the continued differentiation of Myosin VIIa 

positive hair cells at the apex of the cochlear duct of Esrp1−/− mutants between E18.5 and P0 

(Fig. 3I,J,M,R,S,V), which occurred in the absence of further elongation of the cochlear duct 

(Fig. S3C–H). Unfortunately, Esrp1−/− mutants die soon after birth due to complications 

from cleft lip and palate defects, preventing their analysis at later postnatal ages (Bebee et 

al., 2015). These data suggest that the sensory phenotype in Esrp1−/− mutants is due, in part, 

to a temporal delay in auditory hair cell development.

Esrp1 regulates the timing of hair cell differentiation

To identify gene expression networks that are disrupted in Esrp1−/− mutants we performed 

RNA-seq from purified cochlear epithelium at E16.5. Three biological replicates from 

Esrp1−/− and control littermates were sequenced to a depth of 40–60 million reads and 

mapped to the mouse genome. Our analysis revealed 751 genes (341 upregulated, 410 

downregulated) that were differentially expressed between control and Esrp1−/− mutants 

(fold change ≥0.4, p<0.05, Fig. 3A). Gene ontology terms associated with inner ear 

morphogenesis, ion transport, sensory perception of sound, and auditory receptor cell 

differentiation showed a significant enrichment of differentially expressed genes as revealed 

by the DAVID 6.8 analysis tool (Fig. 3B; Huang et al., 2009).

We further grouped the list of differentially expressed genes into sensory and nonsensory 

categories based on their published expression patterns (Fig. 3C). Two of the sensory genes 

that were downregulated in Esrp1−/− embryos, Atoh1 and Pou4f3, stood out because of their 

essential roles in regulating hair cell differentiation and maturation (Bermingham et al., 

1999; Erkman et al., 1996; Xiang et al., 1997). Atoh1 transcription initiated properly at the 

base and mid-base levels of the cochlea in Esrp1−/− embryos, but was delayed by 

approximately 48 hours at the apex (Fig. 4A–F; Fig. S5A–X; Table S2). On the other hand, 

Pou4f3 expression was delayed at all levels of the cochlear duct in Esrp1−/− embryos by 

approximately 24 hours (Fig. 4G–L; Fig. S5Y-AP; and Table S2). No differences were 

observed in the expression of Sox2 or P27kip1 in prosensory progenitors along the cochlear 
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duct of Esrp1−/− and control embryos, suggesting that the delay in hair cell differentiation 

was not associated with alterations in the specification or cell-cycle exit of sensory 

progenitors at earlier stages (Fig. S4L–O).

A previous study implicated the Hey family of bHLH transcription factors as negative 

regulators of Atoh1 (Benito-Gonzalez and Doetzlhofer, 2014). We examined Hey1 and Hey2 
in sensory progenitors by in situ hybridization and observed a consistent upregulation in 

Hey2 at the mid and apex regions of the cochlear duct of Esrp1−/− embryos at E16.5, a stage 

when Hey2 transcription is typically downregulated (Fig. 4M–R). No obvious change in 

Hey1 expression was detected (Fig. S5AQ and data not shown). Attempts to validate these 

results by qRT-PCR revealed a trend for increased expression of Hey2 that did not reach 

statistical significance (Fig. S5AQ, Table S2). The discrepancy in these results might be 

explained by the dynamic and graded nature of Hey2 expression along the developing 

cochlear duct at this stage. Hey2 has also been shown to be modulated by Shh signaling 

(Benito-Gonzalez and Doetzlhofer, 2014). However, we found no changes in Gli1 
expression between Esrp1−/− and control embryos by in situ hybridization or qRT-PCR at 

E14.5 or E16.5, suggesting that elevated Shh signaling is unlikely to account for the increase 

in Hey2 expression in Esrp1−/− embryos (Fig. S5AQ, Table S2, and data not shown).

We also observed a failure to downregulate Sox2 in Esrp1−/− hair cells at P0 (Fig. 4S–X), 

which is known to be associated with delays in sensory maturation (Puligilla and Kelley, 

2016). These data suggest that an imbalance in the expression of negative regulators of 

sensory development (Hey2 and Sox2) may underlie the delay in hair cell differentiation in 

Esrp1−/− embryos (Fig. 4Y). Although, the possibility also exists that the upregulation of 

Sox2 and Hey2 is a consequence rather than a cause of the sensory delay.

Esrp1 regulates the fate of nonsensory cells along the lateral cochlear wall

Genes in the nonsensory category displayed greater fold changes in expression between 

Esrp1−/− and control embryos than did the sensory genes (Fig. 3C). The most downregulated 

transcripts in the cochlea of Esrp1−/− mutants encode for ion channel subunits (Bsnd, 

Kcnq1) and the Estrogen related receptor beta (Nr3b2/Esrrβ) transcription factor that 

regulates their expression (Fig. 3C and Table S2). Each of these genes is expressed in 

marginal cells of the stria vascularis and cause hearing loss when mutated in humans and 

mice due to altered ion homeostasis in the endolymph (Neyroud et al., 1997; Lee et al., 

2000; Schlingmann et al., 2004; Chen and Nathans, 2007; Rickheit et al., 2008; Collin et al., 

2008). Of note, hearing loss genes were significantly enriched in the overall set of 

differentially expressed transcripts between Esrp1−/− and control embryos (Fig. 3D). These 

findings prompted us to investigate the integrity of the stria vascularis in Esrp1−/− embryos.

We stained the lateral wall of the cochlear epithelium with E-cadherin and observed a 

pronounced expansion of cells with a flattened epithelial morphology characteristic of 

Reissner’s membrane, and a complete absence of cuboidal shaped marginal cells in Esrp1−/− 

compared to control embryos at E16.5 (Fig. 5A,D). Consistent with this change in epithelial 

morphology, we observed a three-fold increase in the number of cells expressing Otx2, a 

marker of Reissner’s membrane, and a dramatic reduction of Nr3b2 positive marginal cells 

in Esrp1−/− compared to control embryos (Fig. 5B,C,E–G). This phenotype resulted in a 
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two-fold net gain in the number of cells within the lateral wall of the cochlear epithelium 

and likely explains the widened cochlear duct in Esrp1−/− embryos.

At E18.5, the lateral cochlear epithelium of Esrp1−/− embryos was highly dysmorphic 

compared to controls with an expanded and partially collapsed Reissner’s membrane and no 

morphological evidence of marginal cells (Fig. 5H,O). Several key proteins marking distinct 

cell layers of the stria vascularis, including marginal cells (Kcnq1, Barttin), intermediate 

cells (Atp1a1, CD44), basal cells and fibrocytes (Atp1a1, Claudin-11, Connexin-26/GJB2) 

were reduced or absent in Esrp1−/− embryos (Fig. 5I–N,P–V). Taken together, these data 

suggest that the identity of cells along the lateral wall of the cochlear epithelium has been 

altered in Esrp1−/− mutants resulting in a gain in Reissner’s membrane at the expense of 

marginal cells.

Altered splicing of Fgfr2 is responsible for the lateral cochlear wall defects in Esrp1 
mutants

To define and quantify the differential splicing events between Esrp1−/− and control embryos 

that might explain unique aspects of the cochlear phenotype we analyzed the RNA-seq 

dataset from E16.5 cochlear epithelium using the MAJIQ algorithm (Vaquero-Garcia et al., 

2016). This analysis uncovered 518 splicing alterations in mRNA transcripts from 490 

different genes with a change in percent spliced in (ΔPSI) value of at least 10% (Fig. 6A and 

Table S1). Several of the genes that are dependent on Esrp1 for proper splicing have known 

roles in inner ear development and in some cases cause hearing loss in humans when 

mutated (Fig. 6B,C).

A switch in the epithelial to mesenchymal splicing pattern was confirmed by semi-

quantitative RT-PCR analysis for 20 of these altered transcripts, consistent with the premise 

that Esrp1 regulates an epithelial specific splicing program (Fig. 6D,E). Fgfr2 exhibited the 

most dramatic change in PSI from 78% in control embryos to 7% in Esrp1−/− mutants 

(ΔPSI=71, Fig. 6B,C,F). Instead of expressing the Fgfr2-IIIb isoform typical of control 

cochlear epithelial cells, Esrp1 mutants inappropriately expressed the mesenchymal Fgfr2-

IIIc isoform. This aberrant splicing switch in Fgfr2 is predicted to alter its binding 

specificity to Fgf ligands (Zhang et al., 2006).

The formation of Reissner’s membrane is dependent on Fgf10, which normally signals 

through Fgfr2-IIIb (Urness et al., 2015). This raises the question of how Reissner’s 

membrane might be expanded in Esrp1−/− mutants given the near complete replacement of 

Fgfr2-IIIb with Fgfr2-IIIc, an isoform that does not respond to Fgf10 (Zhang et al., 2006). It 

is unlikely that another Fgfr is compensating for the loss of Fgfr2-IIIb, since Fgfr1 and Fgfr3 

predominantly express the IIIc isoform in the cochlear epithelium of wild type and Esrp1−/− 

embryos (Fig. 6F). Instead, we propose that ectopic signaling through a different Fgf ligand 

with affinity for Fgfr2-IIIc is mediating the expansion of Reissner’s membrane and 

subsequent loss of the stria vascularis in Esrp1−/− mutants. Fgf9 is an excellent candidate to 

be fulfilling this role given its expression in lateral cochlear wall progenitors and its ability 

to signal through Fgfr2-IIIc in the periotic mesenchyme (Fig. S6A,B,E,F; Pirvola et al., 

2004; Zhang et al., 2006). In support of this model, ectopic expression of Fgf signaling 

effectors, Etv4 and Etv5, was observed along the lateral cochlear epithelium in Esrp1−/− 
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embryos, concomitant with the expansion of Otx2 positive Reissner’s membrane (Fig. S6C–

N).

To test the hypothesis that aberrant expression of Fgfr2-IIIc in Esrp1−/− embryos causes a 

gain in Fgf9 signaling within the lateral cochlear epithelium, we generated Esrp1−/−; Fgf9+/− 

compound mutants and observed a significant retraction of Reissner’s membrane (Otx2) and 

recovery of marginal (Nr3b2, Kcnq1, Barttin), intermediate (Cd44) and basal (Atp1a1) cell 

identities at E18.5 (Fig. 7A–V). Esrp1−/−; Fgf9+/− compound mutants also showed a 

reduction in the ectopic expression of Etv4 and Etv5 (Fig. S6O–T). These results support 

our model that ectopic Fgf9 signaling through an aberrantly spliced Fgfr2-IIIc isoform is 

responsible for the cell fate switch between Reissner’s membrane and marginal cells in 

Esrp1−/− mutants (Fig. 7W).

Ectopic Fgf9/Fgfr2-IIIc signaling compensates for the loss of Fgfr2-IIIb to promote cochlear 
morphogenesis in Esrp1−/− mutants

Surprisingly, 46% (6/13) of Esrp1−/−; Fgf9+/− embryos also exhibited a cystic inner ear with 

no obvious vestibular or cochlear outgrowth (Fig. S7C). This phenotype is remarkably 

similar to that observed in 16% of Esrp1−/− mutants, as well as mouse embryos that 

specifically lack the Fgfr2-IIIb (epithelial) isoform (Fig. S7A–C; Pirvola et al., 2000). An 

important distinction between the Fgfr2-IIIb deletion line (De Moerlooze et al., 2000; 

Pirvola et al 2000) and Esrp1−/− mutants is that Fgfr2 expression is altogether absent in the 

otic epithelium of Fgfr2-IIIb mutants, but is present in the otic epithelium of Esrp1−/− 

embryos, albeit as the Fgfr2-IIIc (mesenchymal) isoform. This finding raises the intriguing 

possibility that Fgf9/Fgfr2-IIIc signaling is also compensating for other Fgfr2-IIIb 

dependent functions at earlier stages of inner ear morphogenesis. Consistent with this 

premise, all Esrp1−/−; Fgf9−/− double mutants examined (n=3) displayed cystic inner ears 

(Fig. S7D). Given that Fgf9 is normally dispensable for cochlear duct outgrowth (Pirvola et 

al., 2004), we attribute the fully penetrant cystic inner ear phenotype in Esrp1−/−; Fgf9−/− 

mutants to the loss of ectopic Fgf9/Fgfr2-IIIc signaling at early stages of inner ear 

development.

Discussion

We performed whole exome sequencing and identified mutations in ESRP1 that segregate 

with SNHL in a human pedigree. Our analysis of inner ear phenotypes in Esrp1−/− mouse 

embryos revealed possible pathogenic mechanisms for hearing loss, including defects in 

cochlear duct morphogenesis, auditory hair cell differentiation and marginal cell fate 

specification. However, the phenotypes observed in Esrp1−/− mouse embryos may not all 

occur with the same severity in affected children from the pedigree given that one of their 

mutant ESRP1 alleles (p.Leu259Val) is hypomorphic, as indicated by its reduced, but not 

absent, alternative splicing activity in patient derived iPSCs and other cell based assays. This 

residual ESRP1 function may have protected the affected children from cleft-lip and palate, 

which occurs in all Esrp1−/− newborn pups (Bebee et al., 2015). We therefore recommend 

that cases of congenital SNHL that are co-morbid with cleft-lip and palate be screened for 

mutations in ESRP1.
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The most pronounced changes in gene expression within the cochlear duct of Esrp1−/− and 

control embryos were detected in nonsensory cells of the lateral cochlear epithelium. The 

expanded expression of Otx2 within Reissner’s membrane, and the absence of Nr3b2 

expression in marginal cells of the stria vascularis suggested that the identity of these cells 

had been severely compromised in Esrp1−/− embryos. Nr3b2 is required for the expression 

of many ion channels and transporters that generate the high concentration of potassium ions 

in the endolymph, which is critical for hair cell mechanotransduction (Chen and Nathans, 

2007). Several of these Nr3b2 dependent genes cause hearing loss when mutated and are 

downregulated in Esrp1−/− embryos. Thus, the reduced expression of Nr3b2, or any one of 

its essential transcriptional targets, is expected to cause severe hearing impairment in 

humans with mutations in ESRP1.

Alterations in marginal cell identity may also explain some of the non-cell autonomous 

phenotypes observed in Esrp1 mutants. Release of the Hepatocyte growth factor (Hgf) signal 

from marginal cells to its c-Met receptor on neural crest cell derived melanocytes is required 

for their recruitment to the intermediate cell layer of the stria vascularis (Shibata et al., 

2016). Consequently, the loss of Hgf expression in Esrp1−/− embryos is likely responsible 

for the reduced number of intermediate cells.

Marginal cells are more severely affected in Esrp1−/− compared to Nr3b2−/− mutants, 

suggesting that other important determinants of their identity must also be misregulated in 

Esrp1−/− mutants. The expansion of Otx2 into the presumptive marginal cell territory in 

Esrp1−/− embryos represents the best explanation for why these cells failed to form. In wild 

type embryos, Otx2 is initially broadly expressed along the lateral wall of the cochlear duct 

at E13.5, including precursors of marginal cells and Reissner’s membrane. Otx2 expression 

is then downregulated from the marginal cell territory by E15.5, coincident with the onset of 

Nr3b2, but continues to be expressed in Reissner’s membrane. We propose that Otx2 

regulates the timing of marginal cell development through a de-repression mechanism, 

whereby Otx2 expression must be extinguished from marginal cell progenitors in order for 

their development to proceed. In agreement with this model, a recent study demonstrated 

that mice lacking Otx2 in the inner ear showed ectopic expression of marginal cell markers 

along the entire lateral wall of the cochlear duct (Vendrell et al. 2015). Moreover, reduction 

of ectopic Otx2 expression in the marginal cell territory of Esrp1−/−;Fgf9+/− embryos 

coincided with the recovery of the stria vascularis. These data indicate that the dynamic 

expression of Otx2 along the cochlear lateral wall is important for regulating the 

developmental fates of marginal cells and Reissner’s membrane.

Reissner’s membrane does not form in Fgf10−/− embryos (Urness et al. 2015). A similar 

phenotype might have been expected in Esrp1−/− mutants given the aberrant splicing of 

Fgfr2, which reduces the abundance of Fgfr2-IIIb, the high affinity Fgf10 receptor (Zhang et 

al., 2006). Surprisingly, Reissner’s membrane still developed in Esrp1−/− embryos, albeit 

through an alternative signaling mechanism that benefitted from the ectopic expression of 

Fgfr2-IIIc in the cochlear epithelium and Fgf9, a ligand that normally signals to the otic 

mesenchyme and is mostly dispensable for cochlear but not vestibular development (Pirvola 

et al., 2004). However, a major consequence of utilizing Fgf9/Fgfr2-IIIc to compensate for 

Fgf10/Fgfr2-IIIb is the gain in signaling strength that results in expansion of Reissner’s 
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membrane at the expense of marginal cells. Our study adds to the list of genetic disorders 

(e.g. Apert syndrome, Muenke syndrome) caused by a gain in Fgf signaling that results from 

alterations in Fgfr ligand-binding interactions (Yu et al., 2000; Mansour et al., 2013).

Fgfr2-IIIb is also required at early stages of inner ear morphogenesis as evidenced by the 

cystic inner ear phenotype displayed by embryos in which the Fgfr2-IIIb isoform was 

selectively deleted (Pirvola et al., 2000). Fgf3 and Fgf10 are the ligands that signal 

predominantly through Fgfr2-IIIb to promote early aspects of inner ear development 

(Alvarez et al., 2003; Wright and Mansour, 2003). One might expect cystic inner ears to be 

more prevalent in Esrp1−/− mutants given the depletion of Fgfr2-IIIb, however, only 16% of 

these embryos showed this phenotype. This observation raised the possibility that Fgf9/

Fgfr2-IIIc signaling is also compensating for other Fgfr2-IIIb dependent functions at earlier 

stages of inner ear development in Esrp1 mutants. In support of this hypothesis, the removal 

of an allele of Fgf9 from the Esrp1−/− background (Esrp1−/−; Fgf9+/−) increased the 

penetrance of the cystic inner ear phenotype to almost 50%, whereas, 100% of Esrp1−/−; 
Fgf9−/− double mutants displayed cystic inner ears. These results indicate that dose 

dependent signaling through Fgf9/Fgfr2-IIIc is able to compensate for the loss of Fgfr2-IIIb 

to promote inner ear morphogenesis in Esrp1−/− mutants. This remarkable example of 

genetic compensation highlights the tremendous flexibility in Fgf signaling activity brought 

about by alternative splicing of receptor isoforms and the numerous genetically encoded 

ligands that bind to them.

Esrp1−/− embryos also displayed a marked decrease in the number of differentiated hair cells 

at the apex of the cochlear duct. This phenotype was attributed to a 48-hour delay in the 

onset of Atoh1 at the apical turn. Hair cell maturation was also delayed at the base and mid-

base levels of the cochlear duct of Esrp1−/− embryos, but at a step downstream of Atoh1, as 

indicated by the 24-hour lag in Pou4f3 expression.

Sensory progenitors depend on the input of multiple signaling pathways to coordinate the 

expression of a set of transcriptional activators and repressors, the balance of which dictates 

the timing of Atoh1 transcription along the cochlear duct (Okano et al., 2011; Neves et al., 

2012; Cai and Groves, 2015). The prevailing model stipulates that Sox2 functions through 

an incoherent feed forward loop to both directly activate Atoh1 transcription but also to 

promote the expression of Atoh1 repressors, including Hey1, Hey2 and Id1-3 (Neves et al., 

2013; Benito-Gonzalez and Doetzlhofer, 2014). Once Atoh1 accumulates to a point where it 

can maintain its own expression, Sox2 is downregulated, so that its blockade on Atoh1 and 

other downstream components of the hair cell differentiation program can be released 

(Dabdoub et al., 2008; Ahmed et al., 2012; Neves et al., 2013; Puligilla and Kelley, 2016). 

Based on this model (Fig. 4Y), it is likely that the upregulation in Hey2 mRNA and Sox2 

protein that we observed in sensory progenitors and hair cells, respectively, impedes Atoh1 

expression and transcriptional activity, causing the delay in hair cell differentiation in 

Esrp1−/− embryos. Alternatively, the altered expression of Hey2 and Sox2 may be a 

secondary consequence of the delayed sensory development in Esrp1−/− embryos.

The aberrant splicing of one or more transcripts expressed within the sensory epithelium of 

the cochlear duct may contribute to the misregulation of Hey2 and Sox2 in Esrp1−/− 
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embryos, although the identity of these transcripts remains to be determined. Esrp1 has also 

been shown to antagonize Sox2 translation by limiting the available pool of Sox2 transcripts 

for loading onto polysomes (Fagoonee et al., 2013). Future experiments will determine the 

precise mechanism responsible for the delay in hair cell differentiation in Esrp1−/− embryos 

and the consequence that this phenotype has on auditory function.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

For all reagent requests contact Douglas J. Epstein, Ph.D. (epsteind@mail.med.upenn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Generation of Esrp1+/− mutant mice was described previously (Bebee et. al. 2015). 

Fgf9 mutant mice were procured from Jackson Laboratories (0224362; B6N(Cg)-

Fgf9tm1b(KOMP)Wtsi/J; presented in text as Fgf9+/−). For all experiments control littermates 

have at least one wild-type allele of Esrp1. Pregnant dames were euthanized by carbon 

dioxide, and embryos were isolated and euthanized by decapitation in 4°C PBS. All animal 

procedures and experiments were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Pennsylvania.

Human Subjects—All human subjects involved in this study were enrolled under an IRB-

approved protocol of informed consent (protocol number: IRB 00-002059) at the Children’s 

Hospital of Philadelphia.

METHOD DETAILS

Exome sequencing—Family members were enrolled under an IRB approved protocol of 

informed consent at the Children’s Hospital of Philadelphia (CHOP). Blood was obtained 

from all eight family members and genomic DNA was extracted from whole blood using 

standard procedures. Exomes were captured using Agilent SureSelect V4 and sequenced at 

100X coverage using Illumina HiSeq 2000. Only coding regions and splice site variants at 

>4x coverage were analyzed, and the results were further filtered using a population 

frequency <3% in the 1000 Genomes and Exome Sequencing Project servers. Mutations that 

did not segregate in an autosomal recessive inheritance pattern were then filtered out. All 

putative causative mutations were validated with Sanger sequencing.

ESRP1 mutation screening—An additional cohort of 144 pediatric probands with 

bilateral SNHL of unknown molecular etiology was screened for mutations in ESRP1 and in 

the closely related gene ESRP2. These patients were all enrolled under an IRB approved 

protocol of informed consent at CHOP. PCR primers were designed for specific intronic 

sequences in ESRP1 and ESRP2 (Supplemental Table S2). DNA sequence analysis was 

performed using an ABI 3730XL automated DNA sequencer.

Generation of iPSCs—Peripheral blood mononuclear cells (PBMCs) were isolated from 

family members, transduced with EBV and transformed to lymphoblastoid cell lines (LCLs). 

The LCLs were maintained in RPMI media supplemented with 10% FBS, 1X Penn/Strep, 
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1X glutatmine in a 5% CO2 incubator. For iPSC generation, 2 million LCLs from the 

mother, father and 2 affected probands were transfected with nonintegrating, 

nontransmissible episomal plasmids expressing OCT4, SOX2, KLF4, MYCL, LIN28A, a 

p53 short hairpin (sh)RNA, and a green fluorescent protein (eGFP) via a single 

nucleofection (Hubbard et al., 2014). Transfected cells are then cultured in human 

embryonic stem cell (HES) media (DMEM/F12, 15% KOSR, 1X NEAA, 1X P/S, 1X 

glutamine, 2ME, 20ng/mL bFGF) in not adherent conditions for 6 days. Cells were then 

plated onto irradiated mouse embryonic fibroblasts (iMEFs) on day 6 in HES with the 

addition of 0.5mM sodium butyrate, and media was changed daily for a 14–17 days post-

plating. iPSC-like colonies appeared between day 21–28 after nucleofection, colonies were 

isolated (~10/patient), and expanded on iMEFs using standard ES/IPSC culture conditions 

(Mills et al., 2014; Sullivan et al., 2013).

Repair of ESRP1 (c.665_683 del) allele in patient derived iPSCs—Patient derived 

iPSCs were maintained in feeder-free Geltrex (Life Technologies)-coated plastics and 

mTesr1 media (Stem Cell Technologies). For transfection, cells were dispersed with 

Accutase (Life Technologies) and re-suspended in P4 solution (Lonza) containing an ESRP1 
sgRNA-expressing pX330-mCherry plasmid and the cognate repair ssODN (see Key 

Resources table), and electroporated using a 4D Nucleofector (Lonza). The repair template 

included a silent Cla I site which was used to test for integration (described below). Three 

days post-transfection, mCherry positive cells were recovered using a BD FACSJazz cell 

sorter and seeded onto a Geltrex-coated 10cm dish. One week post-seeding, colonies were 

manually picked for clonal expansion and genotyping. The site of potential repair was 

amplified and incubated with Cla I (see Key Resources table). Unmodified DNA was 

refractory to Cla I whilst repaired DNA was cleaved, yielding 235bp and 231bp fragments. 

Positive clones were expanded and Sanger sequenced to confirm repair of the paternal allele 

and absence of indel mutations on the maternal allele.

Viral expression of ESRP1 mutation in human cell culture—Human ESRP1 full-

length cDNA was cloned from the ORFeome Collection (RBP clone #290) using 

GATEWAY into a pIBX-cFFB-Emerald vector. The c.775C>G mutation was introduced into 

the ESRP1 cDNA by site directed mutagenesis. Wild type (WT) and mutant ESRP1 cDNAs 

were PCR amplified and cloned into pCRBlunt. The pMXs-cFF-B (IRESpuro) retroviral 

vector was cut with EcoRI, end-filled using Phusion, then cut with NotI. Wild type and 

mutant ESRP1 cDNAs were then subcloned from pCRBlunt using EcoRV and NotI. The 

resulting constructs include a Kozak, ESRP1 WT or c.775C>G mutant cDNA fused to a 2x 

FLAG tag at the carboxy terminus. Murine leukemia virus was generated using the viral 

packaging N16 cells were grown in DMEM, 10% FBS and transfected with the viral pMXs 

plasmids encoding WT or mutant ESRP1 in combination with VSV-G for pMXs EGFP, 

pMXs-cFF-B ESRP1 WT, and pMXs-cFF-B ESRP1 C>G (patient mutation). Virus was 

collected and applied in the indicated ratio with polybrene to triplicate wells of MDA-

MB-231 cells grown in DMEM, 10% FBS, and Pennicillin/Streptomycin. Cells were 

collected into Trizol (Invitrogen) three days after infection. Total RNA was extracted for RT-

PCR evaluation of endogenous ESRP splicing targets. Expression levels of WT and mutant 

ESRP1 C>G were confirmed by Western blot.

Rohacek et al. Page 14

Dev Cell. Author manuscript; available in PMC 2018 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RT-PCR—Total RNA was extracted from purified cochlear epithelium and cultured cells 

(iPSCs, MDA-MB-231, mESCs) using Trizol-LS (Invitrogen), precipitated in the presence 

of glycogen and resuspended in 10mM Tris pH 8.0. For CRISPR corrected iPSCs and 

control lines, total RNA was extracted using an RNeasy mini kit (Qiagen). For synthesis of 

cDNA, 100ng of total RNA from cochlear epithelium or 1ug of total RNA from cell culture 

was used for random hexamer primed M-MLV reverse transcriptase (Promega) or Oligo(dT) 

primed Omniscript reverse transcriptase (Qiagen). Analysis of gene expression was 

performed using SYBR green master mix (AppliedBiosystems) and primer sequences listed 

in Table S4. Real-time RT-PCR analysis was performed using a 7500 Fast Realtime machine 

(AppliedBiosystems).

Semi-quantitative radioactive RT-PCR products were separated on 5% PAGE gels, dried and 

exposed on phosphor screens, scanned on a Typhoon FLA 9500, and quantified using 

ImageQuant TL, version 7.0. Splicing ratios are represented as Percent Spliced In (PSI) of 

the alternative exon for cassette exons and were normalized to RT-PCR product sizes. 

Quantification of exon IIIb and IIIc for Fgfr1, Fgfr2, and Fgfr3 required restriction enzyme 

digestion to discriminate the two isoforms. Fgfr2 PCR products were digested with AvaI 

(IIIb) or HincII (IIIc). Fgfr1 products were digested with BstXI (IIIb) and HincII (IIIc). 

Fgfr3 products were digested with StuI (IIIb) and PstI (IIIc) (all restriction digestions were 

performed according to NEB guidelines at 5U/digestion). Primer sequences are listed (Table 

S4).

Inner ear paint fill—Paint fills were performed essentially as described (Martin and 

Swanson, 1993) with the use of White-Out Plus (Bic, Milford, CT, USA) as the contrast 

medium. Cochlear length and width measurements were made using ImageJ.

In situ hybridization—Embryos were collected from timed pregnant females (vaginal 

plug = E0.5). The inner ears were dissected from the head and fixed for 2 hours in 4% 

paraformaldehyde at 4°C, then washed in PBS. Inner ears were cryoprotec ted overnight in 

30% sucrose/PBS then snap frozen in OCT embedding compound (Sakura Finetek Torrence, 

CA). Inner ears were serially sectioned along the transverse plane from anterior to posterior. 

The position of a given section through the cochlear duct was calculated based on its 

distance (μm) from the first and last section (#sections x thickness = position within cochlear 

duct along anterior-posterior axis). Mid-modiolar sections containing all three turns of the 

cochlear duct (base, mid-base, apex) were confirmed using the above calculation to ensure 

comparison of equivalent sections through control and mutant embryos. Sections were 

hybridized with digoxigenin-UTP-labeled riboprobes as previously described (Nissim et al., 

2007).

Whole mount cochlear preparations—Inner ears were dissected and fixed in 4% 

paraformaldehyde for 2 hours at 4°C, then washed in PBS. Cochleae were microdissected in 

0.1% PBST to expose the sensory epithelium, and incubated with a rabbit polyclonal anti-

Myosin VIIa antibody (1:500; Proteus Biosciences Inc, 25-6790) and a Phalloidin 

conjugated Alexa488 probe (1:50; Molecular Probes, A12379), followed by a donkey anti-

rabbit IgG secondary antibody conjugated to Alexa594 (1:200). Hair cells were counted 
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along the entire length of the cochlear duct, as well as per unit area (150μm) at base, mid 

and apical regions.

Immunohistochemistry—Inner ears were processed for immunohistochemistry in the 

same fashion as for in situ hybridization. Inner ear sections were stained with DAPI and 

antibodies found in Key Resources.

Western Blot—Total protein was extracted from patient derived and CRISPR corrected 

iPSCs in RIPA buffer. Lysate was separated on a Bis-Tris 4–12% gradient SDS-PAGE gel 

and transferred to nitrocellulose membrane. Membranes were blocked in 5% Non-fat Milk 

in 0.1% PBST then incubated overnight at 4°C in primary antibody and loading control 

(anti-Beta Actin M2; 1:10,000). Membranes were incubated in secondary Sheep anti-

mIgG:HRP (1:2500; GE Healthcare) for one hour and protein detection was performed with 

ECL detection (Invitrogen) by chemiluminescence.

RNA-seq analysis—Cochlear epithelium from control and Esrp1−/− mouse embryos (n=3 

pairs of biological replicates) were isolated at E16.5 exposed to collagenase P (0.1mg/ml) at 

37°C for 15 min to remove surrounding mesenchyme, and snap frozen in Trizol-LS 

(Invitrogen). RNA was extracted and precipitated in the presence of glycogen and 

resuspended in 10mM Tris pH 8.0. Total RNA (200ng) was used for poly A selected RNA-

seq library preparation using the NEBNext® Ultra™ Directional RNA Library Prep Kit from 

Illumina® (mRNA) (New England Biolabs) (products: NEBNext® Poly(A) mRNA 

Magnetic Isolation Module (E7490S) and NEBNext® Ultra™ Directional RNA Library Prep 

Kit for Illumina® (E7420S). Biological replicates were individually barcoded, pooled, and 

sequenced on two lanes of a HiSeq 2000 platform for 100x2 bp paired-end RNA-seq at the 

Penn Next Generation Sequencing Core (NGSC) Facility. Alignment and expression values 

were determined using RUM (Grant et al. 2011).

Characterization of alternative splicing switches—RNA-Seq reads were mapped to 

the reference mouse genome (mm10) using STAR with the option --alignSJoverhangMin 8 

(Dobin et al., 2013). Alternative splicing events were analyzed using MAJIQ and VOILA 

with the default parameters (Vaquero-Garcia et al., 2016). Briefly, uniquely mapped, 

junction-spanning reads were used by MAJIQ to construct splice graphs for transcripts by 

using the Ensembl transcriptome annotation (release 82) supplemented with de-novo 

detected junctions. Here, de-novo refers to junctions that were not in the Ensembl 

transcriptome database, but had sufficient evidence in the RNA-Seq data (default: at least 

three reads mapping to at least two different start positions). The resulting gene splice 

graphs were analyzed for all identified local splice variations (LSVs), defined as splits in a 

splice graph to or from a given exon. Redundant LSVs were removed and each junction in 

the remaining LSVs was quantified for its expected percent spliced in (PSI) value in control 

and Esrp1−/− samples and expected change in PSI (ΔPSI) between WT and Esrp1−/− 

samples. PSI and ΔPSI correspond to the percent of isoforms and change in percent of 

isoforms, respectively, that use a specific junction compared to the other junctions in the 

given LSV. LSVs comprised of one or more junctions with an expected ΔPSI of at least 10% 
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were then utilized by VOILA to produce gene and LSV splice graphs as well as violin plots 

representing PSI and ΔPSI quantifications (Table S1).

Quantification and Statistical Analysis—Statistical analysis of cell counts and 

splicing assays were performed using GraphPad Prism 7 software. Relevant information for 

each experiment including n-values, statistical tests and reported p-values are found in the 

legend corresponding to each figure. In all cases P<0.05 is considered statistically 

significant.

Cell counts were performed from equivalent sections through the cochlear duct using the cell 

counter feature in ImageJ. Cochlear length was measured from E14.5 paint fills and E18.5 

and P0 cochlear epithelium preparations from the most basal to most apical turn of the 

cochlear duct using ImageJ.

RNA-seq results were processed using edgeR (Robinson et al., 2010) to detect differentially 

expressed transcripts with fold change >0.4 (P<0.05).

Data and Software Availability—RNA sequencing data is accessible at NCBI Gene 

Expression Omnibus under accession number: GSE90821

Interactive HTML output files for visualizing splicing variations between WT and Esrp1−/− 

samples are accessible at: http://majiq.biociphers.org/rohacek_2016/ and Table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• ESRP1 mutations segregate with sensorineural hearing loss

• ESRP1 mutations disrupt alternative splicing in patient-derived iPSCs

• FGFR2 alternative splicing is impaired in cochlear epithelium of Esrp1−/− 

embryos

• Ectopic Fgf signaling via misspliced FGFR2 alters cell fate in Esrp1−/− 

cochleae
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Figure 1. ESRP1 mutations segregate with SNHL and disrupt alternative splicing
(A) Pedigree with SNHL showing segregation of maternal (blue) and paternal (red) ESRP1 
mutations to affected (compound heterozygous) and unaffected offspring. The position of 

the ESRP1 frameshift (p.Asp222Glyfs*32) and missense (p.Leu259Val) mutations is 

indicated. (B) Quantitative RT-PCR of ESRP1 and ESRP2 mRNAs from iPSCs derived from 

parents and affected children. (C) Schematic and sequencing tracks for CRISPR-Cas9 gene 

editing strategy to repair the paternal ESRP1 (c.665_683 del) mutation. (D) Bar graph and 

gel image of western blot for ESRP1 from patient derived iPSCs and corrected proband (cP). 

(E) Quantitative RT-PCR of ESRP1 mRNA from iPSCs comparing corrected to uncorrected 

proband and mother. (F–I) Bar graphs and gel images of radioactive RT-PCR results 

showing PSI values for ESRP1 dependent alternative splicing events in patient-derived 

iPSCs and corrected proband. (J) Graph of RT-PCR dependent alternative splicing events in 

mouse ESCs (Bar represents average for two independent clones). (K,L) Bar graphs and gel 

images of radioactive RT-PCR results showing PSI values for ESRP1 dependent splicing 

events in MDA-MB-231 cells transduced with ESRP1 wild type (WT), ESRP1 mutant 

(p.Leu259Val) and EGFP cDNAs at three different titers. Abbreviations: Mother (M), Father 

(F), Proband (P), Affected brother (AB), CRISPR-Cas9 corrected Proband (cP), Percent 

Spliced In (PSI), epi (epithelial isoform), mes (mesenchymal isoform), ns (not significant). 

Graphs for B and E represent mean ± SE, D and F–I,K,L represent mean ± SD (* P<0.05, 

**P<0.001; ***P<0.0001, (B,D–I) one-way ANOVA with Tukey’s test, (K,L) 2-way 

ANOVA with Dunnet’s test; n=3). See also Figure S1.

Rohacek et al. Page 23

Dev Cell. Author manuscript; available in PMC 2018 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Inner ear morphogenesis and auditory hair cell differentiation are disrupted in 
Esrp1−/− mouse embryos
(A–B) Inner ear paint fills of control and Esrp1−/− embryos at E14.5. The lateral 

semicircular canal and apex of the cochlear duct are magnified in adjacent panels to reveal 

their dysmorphic features. Scale bar = 100μm. (C–D) Quantification of cochlear length and 

width from control and Esrp1−/− mutant embryos represented as mean ± SD (***P<0.001, 

unpaired t-test; n=8). (E–J, N–S) Whole mount preparations of control and Esrp1−/− 

cochlear sensory epithelium stained with markers of hair cells (Myosin VIIa) and actin/

stereocilia (Phalloidin) at E18.5 (E–J) and P0 (N–S) at defined regions (base, mid and apex) 

of the cochlear duct. Scale bar = 10μm. (K–M, T–V) Quantification of inner and outer hair 

cells in control and Esrp1−/− embryos at E18.5 (K–M) and P0 (T–V) within a 150μm area 

from defined regions (base, mid and apex) of the cochlear duct represented as mean ± SD 

(*P<0.0001, one-way ANOVA with Tukey’s test; n=10). Abbreviations: anterior, posterior 

and lateral semicircular canals (asc, psc, lsc, respectively), cochlear duct (cd), common crus 

(cc), endolymphatic duct (ed), inner hair cell (ihc), outer hair cell (ohc), saccule (s), utricle 

(u). See also Figures S3 and S4.
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Figure 3. Sensory and nonsensory gene expression profiles are disrupted in the cochlear 
epithelium of Esrp1−/− embryos
(A) Plot of differentially expressed genes between wild type and Esrp1−/− cochlear 

epithelium at E16.5 with a fold change (FC) > 0.4 (n=3 replicates, P<0.05). (B) Gene 

Ontology term enrichment for differentially expressed genes between wild type and Esrp1−/− 

cochlear epithelium. (C) Heatmap of differentially expressed genes separated into sensory 

and nonsensory categories. (D) Hearing loss genes are significantly enriched in the set of 

differentially expressed transcripts between control and Esrp1−/− mutants. Genes expressed 

in the stria vascularis are marked with an asterisk.
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Figure 4. Hair cell differentiation is delayed in Esrp1−/− embryos
(A–X) Transverse sections through defined regions of the cochlear duct (Base, Mid, Apex) 

from control and Esrp1−/− embryos stained for Atoh1 mRNA (A–F), Pou4F3 protein (G–L) 

and Hey2 mRNA (M–R) at E16.5 (n=5 or 6). Staining in prosensory domain is marked with 

a bracket. Weak Atoh1 expression at the apex of the cochlear duct in control embryos (C) is 

consistently absent in Esrp1−/− embryos at this stage. (S–X) Transverse sections through the 

organ of Corti of control and Esrp1−/− newborn pups (P0) stained for MyoVIIa and Sox2. 

Sox2 staining persists in hair cell nuclei of Esrp1−/− embryos (arrow heads in W). Scale bar 

= 100μm (A–F, M–R), 10μm (G–L) and 5μm (S–X). (Y) Schematic of the gene regulatory 

network controlling hair cell differentiation. Abbreviations: inner hair cell (ihc), outer hair 

cells (ohc), medial (M), lateral (L). See also Figures S4 and S5 and Table S2.
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Figure 5. Esrp1 regulates the identity of nonsensory cells along the lateral cochlear wall
(A–F) Transverse sections through the cochlear duct of control (n=8) and Esrp1−/− (n=6) 

embryos at E16.5 immunostained for E-cadherin (A,D), Otx2 (B,E) and Nr3b2 (C,F). (G) 

Quantification of cells expressing Otx2, Nr3b2, as well as the total number of cells in the 

lateral cochlear epithelium represented as mean ± SD (***P<0.0001, Student’s t-test). (H–

U) Transverse sections through the cochlear duct of control (n=5) and Esrp1−/− (n=5) 

embryos at E18.5 immunostained for E-cadherin (H,O), and indicated cell type specific 

markers of the stria vascularis (I–N, P–U). Scale bar = 50μm (A–F, H,O) and 25μm (I–N, P–

U). (V) Schematic of the stria vascularis displaying cell types and markers analyzed in (H–

U). Abbreviations: blood vessel (bv), outer hair cells (ohc), outer sulcus (os), Reissner’s 

membrane (Rm) and stria vascularis (sv). See also Figure S6 and Table S2.
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Figure 6. Alternative splicing is impaired in the cochlear epithelium of Esrp1−/− embryos
(A) Number and type of alternative splicing switches identified by MAJIQ between Esrp1−/− 

and control embryos in the cochlear epithelium at E16.5 (ΔPSI > 10%). (B) PSI (percent 

spliced in) values for selected genes with significant splicing differences between Esrp1−/− 

and control embryos determined by MAJIQ and subsequently validated by RT-PCR. The 

highlighted genes have known roles in inner ear development and/or auditory function. (C) 

Voila views (Vaquero-Garcia et al., 2016) of Esrp1 dependent alternative splicing events for 

four genes associated with hearing loss showing examples of mutually exclusive (Fgfr2, 
Eya4), complex (Col11a2) and single (Scrib) exon cassettes. Numbered exons for each gene 

are represented as rectangles. Numbers above splicing events indicate RNA-seq read counts. 

Violin plots represent PSI estimates. (D) Correlation plot of alternative splicing switches 

predicted by MAJIQ and validated by RT-PCR. The Pearson’s product-moment correlation 

and the line of best fit (least squares polynomial) were computed in R (P<0.0001). (E) 

Radioactive RT-PCR validation of differential splicing events in the cochlear epithelium of 

Esrp1−/− and control littermates at E16.5. (F) Comparison of PSI values for Fgfr1-3, exon 

III-b (epithelial) and exon III-c (mesenchymal) in cochlear epithelium from Esrp1−/− and 

control embryos as determined by RT-PCR (multiple t-test comparison, P<0.0001). See also 

Table S1.
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Figure 7. Ectopic signaling through Fgf9/Fgfr2-IIIc is responsible for the lateral cochlear wall 
defects in Esrp1 mutants
(A–U) Transverse sections through the cochlear duct of control (n=15), Esrp1−/− (n=7) and 

Esrp1−/−;Fgf9+/− (n=6) embryos at E18.5 immunostained for E-cadherin (A,H,O), Otx2 

(B,I,P) and cell type specific markers of the stria vascularis (C–G, J–N, Q–U). Scale bars = 

50μm. (V) Quantification of cells expressing Otx2 and Nr3b2 represented as mean ± SD 

(***P<0.0001, ANOVA with Tukey’s test). (W) Schematic representation of the lateral 

cochlear wall phenotypes manifesting from altered Fgf signaling in Fgf10−/− and Esrp1−/− 

mutants compared to a control embryo. See also Figure S6.
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