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Abstract

Usher syndrome (USH) is the leading cause of inherited combined vision and hearing loss. 

However, mutations in most USH causative genes lead to other diseases, such as hearing loss only 

or vision loss only. The molecular mechanisms underlying the variable disease manifestations 

associated with USH gene mutations are unclear. This review focuses on an USH type 2 (USH2) 

gene encoding whirlin (WHRN; previously known as DFNB31), mutations in which have been 

found to cause either USH2 subtype USH2D or autosomal recessive non-syndromic deafness type 

31 (DFNB31). This review summarizes the current knowledge about different whirlin isoforms 

encoded by WHRN orthologs in animal models, the interactions of different whirlin isoforms with 

their partners, and the function of whirlin isoforms in different cellular and subcellular locations. 

The recent findings regarding the function of whirlin isoforms suggest that disruption of different 

isoforms may be one of the mechanisms underlying the variable disease manifestations caused by 

USH gene mutations. This review also presents recent findings about the vestibular defects in 

Whrn mutant mouse models, which suggests that previous assumptions about the normal 

vestibular function of USH2 patients need to be re-evaluated. Finally, this review describes recent 

progress in developing therapeutics for diseases caused by WHRN mutations.
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Introduction:

Usher syndrome (USH) is an incurable autosomal recessive genetic disease characterized by 

combined vision and hearing loss. USH is the major cause of inherited deaf-blindness, with 

a prevalence of 1.6–4.4 per 10,000 individuals worldwide (Boughman et al., 1983; 

Kimberling et al., 2010). Based on the severity of the phenotypes, USH is subdivided into 

three categories. USH1 is the most severe, wherein patients have congenital profound 

hearing loss, early-onset retinal degeneration, and vestibular disorder. USH2 is the most 

prevalent, characterized by congenital moderate hearing loss, retinal degeneration starting as 

early as adolescence, and no obvious balance problems. USH3 patients have progressive 

hearing loss, retinal degeneration with variable onset times, and variable vestibular 

dysfunction. Thus far, 10 genes have been identified as causative in USH, and more remain 

to be identified (Vozzi et al., 2011). Among the 10 genes, 6 are USH1 genes; 3 are USH2 

genes; and 1 is an USH3 gene.

Sensorineural hearing loss and vestibular dysfunction in USH patients are caused by 

defective hair cells in the inner ear. In the cochlea, the coil-shaped organ of Corti is 

positioned on the top of the basilar membrane, which resonates in response to vibrations 

induced by sound waves. The organ of Corti has three rows of outer hair cells (OHCs) and 

one row of inner hair cells (IHCs). Each of the OHCs and IHCs contains a hair bundle 

composed of actin-based stereocilia and a transient microtubule-based kinocilium at its apex. 

OHC tallest stereociliary tips are embedded into the overlying tectorial membrane. 

Therefore, vibration of the basilar membrane develops a shearing force between OHC 

stereocilia and tectorial membrane, which deflects OHC stereocilia and stimulates 

mechanotransduction at stereociliary tips. The resulting mechanotransduction response 

induces longitudinal oscillation of the OHC cell body, thereby amplifying the vibration of 

the basilar membrane. The amplified vibration signals deflect the hair bundle and 

subsequently induce mechanotransduction in IHCs that synapse with afferent spiral ganglion 

auditory nerve fibers. Stereocilia in the vestibular hair cells (VHCs) sense movement of the 

head and function in a similar manner to those of cochlear hair cells. Therefore, the 

organization and dimension of stereocilia in the cochlea and vestibular system are crucial for 

normal hearing and balance, respectively.

In the hair bundle, there are various proteinaceous links among the kinocilium and 

stereocilia, such as tip links, kinociliary links, lateral links, horizontal top connectors, and 

ankle links (Fig. 1A). Tip links in mature hair cells connect the tip of shorter stereocilia to 

the lateral wall of their neighboring taller stereocilia and are essential for ion channel 

opening during mechanotransduction. Kinociliary links connect the kinocilium with its 

neighboring stereocilia, while lateral links and horizontal top connectors connect adjacent 

stereocilia to each other. The kinociliary links, lateral links, and horizontal top connectors 

are thought to play a role in cohesion among kinocilium and stereocilia during hair bundle 

development (Goodyear et al., 2005). Ankle links are present at the stereociliary base 

transiently in OHCs and IHCs (e.g., mouse postnatal day [P] 2 – 12) and permanently in 

VHCs (Grati et al., 2012; Jeffries et al., 1986; McGee et al., 2006). Ankle links are required 

for stereociliary organization in a cochlear hair cell bundle during development (McGee et 

al., 2006; Michalski et al., 2007; Zou et al., 2015). USH1 proteins mainly localize to the 

Mathur and Yang Page 2

Hear Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



kinociliary links and lateral links during development and to the tip links and tip link 

densities in adulthood; USH2 proteins are components of ankle links and ankle link 

complex; and USH3 protein is present in the hair bundle. Therefore, USH proteins in 

different regions of hair cell bundles are required directly or indirectly for receiving and 

processing sound and balance inputs.

Retinal degeneration in USH patients occurs in the form of retinitis pigmentosa (RP), with 

night-blindness and tunnel vision as typical phenotypes. These phenotypes arise as a result 

of rod photoreceptor degeneration. In the advanced RP stage, cone photoreceptors 

degenerate, which leads to complete or legal blindness. Photoreceptors are light-sensitive 

neurons (Fig. 1B). Photons are detected by rhodopsin present on the discs of the 

photoreceptor outer segment. The outer segment lacks protein synthesis machinery and 

relies on the inner segment for supply of proteins. The periciliary membrane complex 

(PMC) is located at the apex of the inner segment surrounding the connecting cilium and 

was thought to be involved in transporting protein cargos from the inner to the outer segment 

(Yang et al., 2010). The calyceal processes containing actin bundles project from the apex of 

the inner segment and tightly wrap around the base of the outer segment (Mathur et al., 

2015a; Sahly et al., 2012). The calyceal processes are thought to maintain the integrity of the 

connection between the inner and outer segments, probably in response to mechanical stress. 

While USH2 proteins assemble into the PMC, most USH1 proteins are localized to the 

calyceal processes (Sahly et al., 2012; Yang et al., 2010). These USH proteins are required 

for photoreceptor maintenance and function.

For most USH genes, different mutations of the same genes can cause USH or phenotypes 

that are characterized as diseases other than USH (see Table 2 in Mathur et al., 2015a). For 

example, mutations in USH1 gene MYO7A may lead to USH1B subtype (Weil et al., 1995), 

non-syndromic autosomal recessive deafness (DFNB) DFNB2 subtype, non-syndromic 

autosomal dominant deafness DFNA11 subtype, or atypical USH (Liu et al., 1997a; Liu et 

al., 1997b; Liu et al., 1998; Riazuddin et al., 2008; Weil et al., 1997). Understanding the 

molecular mechanisms underlying these variable disease manifestations is essential not only 

for early and accurate diagnosis but also for development of therapies. Recent findings with 

regard to an USH2 gene WHRN, which encodes the whirlin protein, provide novel insights 

into a potential mechanism underlying the variable disease manifestations caused by USH 

gene mutations.

The WHRN/Whrn gene yields various mRNA transcripts in humans and mice, because the 

gene has two predicted promoter regions and undergoes alternative splicing (Belyantseva et 

al., 2005; Ebrahim et al., 2016; Mburu et al., 2003; Wright et al., 2012). WHRN/Whrn 
mRNA transcripts are predicted to encode full-length (FL)-, N-, and C-terminal whirlin 

proteins. The FL-whirlin protein isoform has two harmonin N-like (HNL) domains, three 

PDZ domains, a proline-rich (PR) region, and a PDZ-binding motif (PBM) (Fig. 2). The 

transcripts encoding C-whirlin have start sites in either exon 1 or exon 6 and are expected to 

yield similar C-whirlin protein isoforms with HNL2, PR, PDZ3, and PBM domains 

(Belyantseva et al., 2005; Mburu et al., 2003; Yang et al., 2010). The transcripts encoding N-

whirlin yield isoforms that contain either PDZ1, PDZ2, or both PDZ1 and PDZ2 domains 

(Ebrahim et al., 2016; Wright et al., 2012). In this review, we will summarize the recent 
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studies on WHRN orthologs in the cochlea, vestibular organs, retina, and other nerve 

systems in animal models as well as recent exploratory therapeutic studies aiming to treat 

retinal and inner ear defects caused by Whrn mutations in mice.

Mutations in WHRN cause variable disease manifestations:

Mutations in WHRN lead to either USH2D subtype or DFNB31 subtype. USH2D patients 

have moderate sensorineural hearing loss and RP, while DFNB31 patients have profound 

sensorineural hearing loss and normal vision. The first WHRN mutation identified in 

DFNB31 patients is a cysteine to threonine substitution in exon 10, which changes the 

arginine codon to a stop codon (R778X) (Mburu et al., 2003). Another WHRN mutation in 

exon 11 (G808DfsX11) was later found to lead to profound deafness (Tlili et al., 2005). On 

the other hand, patients with compound heterozygous nonsense (G103X) and splice site 

(A207_K279del) mutations in the 1st and 2nd exons of WHRN, respectively, have USH2D, 

with congenital moderate hearing loss and RP that begins by age 20 (Ebermann et al., 2007). 

Patients with either a homozygous one base-pair deletion (P246HfsX13) or compound 

heterozygous mutations (P246HfsX13;Y228fsX38) in WHRN also show USH2D 

phenotypes (Audo et al., 2011; Besnard et al., 2012). Recently, a patient with a nonsense 

mutation (Q54X) in WHRN exon 1 developed relatively late-onset RP, but was unavailable 

for hearing tests (Nishiguchi et al., 2013). None of these aforementioned patients self-

reported any vestibular deficits. Taken together, clinical reports suggest that mutations in the 

5′-region of WHRN, corresponding to the N-terminal region of the protein, lead to USH2D, 

while mutations toward the 3′ end, corresponding to the protein C-terminal region, cause 

DFNB31 (Fig. 2).

Whrn mouse models recapitulate USH2D and DFNB31 diseases:

The existence of a naturally occurring Whrn mutant mouse model and the generation of 

other Whrn mutant mouse models provide a variety of excellent tools to study Whrn 
expression and function in the inner ear and retina, and to understand the pathogenesis of 

USH2D and DFNB31. The Whrnwi mouse (MGI:1857090) has a spontaneous 592-bp 

deletion between exons 6–10 in the transcript (Fig. 3A and B). This deletion creates a 

frameshift leading to a premature translation termination. The Whrnwi mouse is profoundly 

deaf and shows no retinal degeneration (Holme et al., 2002; Mburu et al., 2003; Yang et al., 

2010). Therefore, the Whrnwi mutation reflects the 3′-region mutations found in DFNB31 

patients. The Whrntm1Tili mouse (MGI:4462398, hereafter referred to as Whrnneo) was 

generated by replacing the 5′-region of Whrn exon 1 with a Neor cassette (Yang et al., 2010) 

(Fig. 3C). This mouse shows moderate hearing loss and progressive retinal degeneration 

similar to that observed in USH2D patients. The Whrntm1a(EUCOMM)wtsi mouse (MGI:

4432119, referred to as Whrntm1a hereafter) carries a gene trap containing a selection 

cassette between exon 3 and exon 4 (Fig. 3D). By crossing the Whrntm1a mouse with a 

whole-body Cre mouse line HprtTg(CMV-Cre)Brd, the Whrntm1b mouse was generated with a 

deletion of exon 4 (Fig. 3E) (Ebrahim et al., 2016). Therefore, both Whrntm1a and Whrntm1b 

mice have mutations at the 5′ region of Whrn. Furthermore, the Whrnwi+BAC transgenic 

mouse was generated by inserting a Bacterial Artificial Chromosome (BAC) containing 

Whrn gDNA from exons 4–13 into the genome of the Whrnwi mouse (Fig. 3F) (Mburu et al., 
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2003). All Whrntm1a, Whrntm1b, and Whrnwi+BAC mice exhibit moderate hearing loss, 

similar to the Whrnneo mouse (Ebrahim et al., 2016; Mathur et al., 2015b). Because the 

mutations in the currently available Whrn mutant mice mimic human WHRN mutations that 

lead to USH2D and DFNB31, these mouse models have been used to understand the 

genotype-phenotype correlation found in WHRN-deficient patients.

Whirlin has different spatiotemporal expression patterns in the inner ear 

and retina:

We identified and compared the Whrn mRNA transcripts expressed in the organ of Corti, 

vestibular, and retinal tissues of wildtype, Whrnneo, and Whrnwi mice (Mathur et al., 2015b; 

Mathur et al., 2015c). Our results indicate that wild-type mice have transcripts predicted to 

encode FL-, N-, and C-whirlin proteins in the retina, but only transcripts predicted to encode 

FL- and C-whirlin proteins in the inner ear (Table 1, Fig. 3A). We also found that the C-

whirlin-encoding transcript has a start site only in exon 6 but not in exon 1 (Mathur et al., 

2015b). Whrnneo mice lack all Whrn transcripts except the transcript encoding C-whirlin 

protein in the inner ear (Table 1, Fig. 3C). Whrnwi mice have truncated FL- and C-whirlin 

mRNA transcripts in the inner ear and retina (Table 1; Fig. 3B). However, a recent study 

reported several N-whirlin-encoding transcripts in the wild-type, Whrntm1b, and Whrnwi 

mouse inner ear, and a C-whirlin-encoding transcript starting in exon 1 in the wild-type 

mouse inner ear (Ebrahim et al., 2016). The discrepancy between our results and that report 

may be due to the different mouse genetic backgrounds and ages examined as well as the 

different PCR primers and experimental conditions used. Notably, some Whrn transcripts 

may not be robustly translated into proteins in the retina or in the inner ear.

Studies on whirlin localization in hair cells and photoreceptors have been extensively 

conducted for more than one decade, although the findings are not exactly consistent. For 

example, in one study, whirlin was shown to localize only to the stereociliary tip of hair cells 

(Kikkawa et al., 2005). Another study reported the presence of whirlin at the stereociliary tip 

and base (Delprat et al., 2005). A third study found whirlin in the OHC synaptic region (van 

Wijk et al., 2006). We generated antibodies that specifically detect the N- and C-terminal 

regions of whirlin and utilized Whrn mutant mice as controls for comparison to wild-type 

mice. In the inner ear of wild-type mice at P4, we found that both FL- and C-whirlin 

isoforms localize to the IHC and VHC stereociliary tips, whereas only C-whirlin is present 

at the OHC stereociliary tip. FL-whirlin is the only whirlin isoform at the stereociliary base 

in all hair cell types (Fig. 4A, B) (Mathur et al., 2015b; Mathur et al., 2015c). In Whrnneo 

mice, the FL-whirlin isoform at the stereociliary base and tip is missing, but the C-whirlin 

isoform remains localized to the stereociliary tip of OHCs, IHCs, and VHCs. (Fig. 4E, F) 

(Mathur et al., 2015b; Mathur et al., 2015c). Localization of whirlin isoforms in Whrntm1a 

hair cells and a fraction of Whrnwi+BAC hair cells (96% for IHCs and 33% for OHCs) is 

similar to that of Whrnneo hair cells (Fig. 4E, F and M–O) (Mathur et al., 2015b). Whrnwi 

mice do not show any whirlin isoforms, either at the stereociliary tip or at the stereociliary 

base of their inner ear hair cells (Fig. 4I, J) (Mathur et al., 2015b; Mathur et al., 2015c), 

suggesting that the truncated FL- and C-terminal whirlin transcripts in Whrnwi hair cells are 

probably degraded by nonsense-mediated mRNA decay. The localization of whirlin isoforms 
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remains unchanged at the stereociliary tip in adult mouse IHCs, while whirlin isoforms are 

abolished in other regions of adult mouse IHCs and OHCs (Fig. 4C, G and K) (Mathur et al., 

2015b).

Our findings in the mouse cochlea during development are generally consistent with those of 

a recent report on wild-type, Whrntm1b, and Whrnwi mice by Ebrahim et al. (Ebrahim et al., 

2016), except the following differences. First, although the whirlin immunofluorescent 

confocal signal pattern in cochlear hair cells is similar between our study and the study by 

Ebrahim et al., the latter used structured illumination microscopy and high-resolution 

spinning disc confocal microscopy to localize whirlin to the neighboring shorter stereocilia 

close to the stereociliary tip (Ebrahim et al., 2016). In our study, we concluded that whirlin 

is present at the stereociliary base, because whirlin colocalizes with ADGRV1 in that region 

(Grati et al., 2012; Zou et al., 2011) and ADGRV1 is a major component of ankle links at the 

stereociliary base (McGee et al., 2006). It is possible that ankle links end close to the tip at 

the shorter stereocilia and close to the base at the longer stereocilia (McGee et al., 2006). To 

resolve this discrepancy, it will be crucial to examine whirlin subcellular localization in hair 

bundles using immunoelectron microscopy. Second, Ebrahim et al. did not detect FL-whirlin 

at the stereociliary tip in IHCs (Ebrahim et al., 2016), likely because they used an antibody 

and sample treatment procedure different from ours. In general, both our study and the study 

from Ebrahim et al. showed that the 5′-region mutations in Whrnneo, Whrntm1a, and 

Whrntm1b mice retain the C-whirlin isoform, which is located at the stereociliary tip, while 

the 3′-region mutation in Whrnwi mice leads to loss of both FL- and C-whirlin isoforms in 

the inner ear hair cells (Fig. 3 and Fig. 4).

Whirlin was previously found at the PMC in photoreceptors (Yang et al., 2010); however, 

whirlin isoform-specific information at the PMC was unknown. We found that FL- and 

likely N-whirlin isoforms are expressed and localize to the PMC in wild-type photoreceptors 

(Fig. 4D), while no whirlin isoforms are expressed in Whrnneo photoreceptors (Fig. 4H) 

(Mathur et al., 2015b). This result indicates that, despite the existence of C-whirlin 

transcript, the C-whirlin protein isoform is not expressed in photoreceptors. In Whrnwi mice, 

the truncated FL-whirlin mRNA transcript (Fig. 3B) is translated into a truncated N-whirlin 

protein fragment, although its expression level is low (Mathur et al., 2015b). The truncated 

N-whirlin protein localizes normally to the PMC (Fig. 4L). Together, these findings 

demonstrate that whirlin isoforms have distinct spatiotemporal expression patterns in the 

inner ear and retina.

Whirlin forms different multiprotein complexes in the inner ear and retina:

Whirlin is a scaffold protein with multiple protein-protein interaction domains, such as HNL 

domains, PDZ domains, a PR region, and PBM. Whirlin thus is thought to aid in assembling 

large multiprotein complexes. Whirlin isoforms likely form different complexes at the 

stereociliary tip and base in inner ear hair cells and at the PMC in photoreceptors. To 

understand the function of whirlin isoforms at different subcellular and cellular locations and 

the mechanisms underlying the different phenotypes observed in Whrn mutants, it is 

important to identify the proteins that interact with whirlin and to determine how whirlin 

isoforms mediate these interactions.
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Proteins interacting with whirlin at the stereociliary tip in hair cells:

Actin regulatory protein EPS8, actin motor protein myosin XVa, and MAGUK scaffold 

proteins p55 and CASK bind to and co-localize with whirlin at the stereociliary tip (Fig. 5A) 

(Manor et al., 2011; Mburu et al., 2006). Loss of EPS8, myosin XVa, and whirlin leads to 

short stereociliary length, as observed in Eps8 knockout (Eps8−/−), shaker2 (Myo15ash2), 

Whrnwi, and Whrnneo mice (Holme et al., 2002; Mathur et al., 2015b; Mustapha et al., 2007; 

Zampini et al., 2011), indicating that the multiprotein complex containing these three 

proteins plays a role in maintaining stereocilia length. The N-terminal region of EPS8 binds 

to the PDZ1, PDZ2, and PR domains of whirlin, while its C-terminal region binds to myosin 

XVa (Manor et al., 2011). The C-terminal PBM of myosin XVa interacts with the PDZ3 

domain of whirlin and delivers whirlin to the tip of stereocilia (Belyantseva et al., 2005). By 

contrast, another study showed that the SH3-MyTH4 domain of myosin XVa binds to 

whirlin PDZ3 domain, and that the MyTH4-FERM domain of myosin XVa also interacts 

with whirlin PDZ1 and PDZ2 domains (Delprat et al., 2005). However, our findings suggest 

that only the C-terminal half of whirlin is required for the interaction between myosin XVa 

and whirlin, and that both the whirlin N- and C-terminal halves are involved in the 

interaction between EPS8 and whirlin (Mathur et al., 2015b). The GUK domain of p55 

interacts with whirlin PDZ3 (Mburu et al., 2006; Mburu et al., 2010), and the GUK domain 

of CASK interacts with the whirlin C-terminal region including PDZ3 (Yap et al., 2003). In 

addition, p55 and CASK were shown to localize to the OHC stereociliary tip. The 

localization of P55 is sporadic at the OHC stereociliary tip on embryonic day 17.5 (E17.5), 

and its signal is completely missing in Whrnwi mice at P5 (Mburu et al., 2006). Because 

only C-whirlin is localized to the stereociliary tip of OHCs (Mathur et al., 2015b), it is 

highly likely that p55 and CASK interact with the PDZ3 domain of C-whirlin in vivo. 

However, the exact function of interactions of whirlin with P55 and CASK in hair cells 

remains unknown.

Proteins interacting with whirlin at the stereociliary base in hair cells:

Three USH2-associated proteins, ADGRV1, usherin, and PDZD7, bind to one another as 

well as to whirlin to form the ankle link complex (ALC) at the stereociliary base (Fig. 5B). 

This complex is required for hair bundle organization. Several studies have confirmed the 

existence and function of this USH2 protein complex in vivo (Grati et al., 2012; Michalski et 

al., 2007; van Wijk et al., 2006; Yang et al., 2010; Zou et al., 2015). The PDZ1 domain of 

whirlin binds to the PDZ2 domain of PDZD7 and the cytoplasmic C-termini of usherin and 

ADGRV1. The whirlin PDZ2 domain also binds to the C-terminus of usherin, but not 

ADGRV1 (Chen et al., 2014). We found that loss of whirlin at the stereociliary base leads to 

partial mislocalization of ADGRV1 to the stereociliary tip, while usherin and PDZD7 

remain relatively unaffected (Zou et al., 2015). ADGRV1, probably together with other 

proteins, constitutes and stabilizes ankle links of developing hair cell stereocilia (McGee et 

al., 2006). Ankle links are essential for the typical ‘V’-shaped stereociliary organization of 

the OHC hair bundle (McGee et al., 2006; Michalski et al., 2007). These findings suggest 

that loss of whirlin at the stereociliary base causes partial destabilization of ankle links. 

ADGRV1 is also implicated in G protein-coupled receptor (GPCR) signaling pathways (Hu 

et al., 2014; Weston et al., 2004). Therefore, it is likely that formation of the ALC is required 
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for efficient and proper GPCR signaling. Whether or not loss of whirlin from the ALC 

affects GPCR signaling remains to be studied.

Proteins interacting with whirlin at the PMC in photoreceptors:

ADGRV1 and usherin are co-localized with whirlin at the PMC in photoreceptors (Yang et 

al., 2010) (Fig. 5C). Our in vitro studies demonstrated that the formation of a stable USH2 

complex inside cells requires PDZD7 protein, apart from whirlin, usherin, and ADGRV1 

(Chen et al., 2014). Interestingly, the absence of PDZD7 protein in the retina (Zou et al., 

2014) suggests that usherin and ADGRV1 may interact along their extracellular regions. The 

role of this USH2 protein complex at the PMC in photoreceptors is currently unknown, 

although it was originally proposed to be involved in protein trafficking from the inner 

segment to the outer segment (Yang et al., 2010). Additionally, it was reported that the 

Retinitis Pigmentosa GTPase Regulator RPGRorf15 isoform and USH1-associated scaffold 

protein SANS co-localize and interact with whirlin at the connecting cilium but not the PMC 

in photoreceptors (Sorusch et al., 2017; Wright et al., 2012). Specifically, PDZ1 and PDZ2 

domains of whirlin interact with the C-terminal region of RPGRorf15 (Wright et al., 2012) 

and the PBM of SANS (Sorusch et al., 2017). The functional significance of the interactions 

of whirlin with RPGRorf15 or SANS has not been explored.

Correlation of genotypes with phenotypes reveals the function of different 

whirlin isoforms:

Phenotypes caused by the absence of whirlin isoforms at a specific subcellular location in 

the retina or the inner ear provide insights into the function of whirlin isoforms. For 

example, whirlin isoforms are completely missing in Whrnneo mouse photoreceptors, which 

causes mislocalization of ADGRV1 and usherin and subsequent retinal degeneration (Yang 

et al., 2010). In contrast, Whrnwi retinas retain a truncated N-terminal whirlin fragment 

containing PDZ1 and PDZ2 domains, which partially rescues the normal localization of 

ADGRV1 and usherin to the PMC (Mathur et al., 2015b). This partial rescue of the USH2 

complex at the PMC is sufficient to prevent or delay retinal degeneration in Whrnwi mice 

(Yang et al., 2010). Therefore, the whirlin isoforms containing the N-terminal two PDZ 

domains are critical for USH2 complex formation at the PMC in photoreceptors. 

Additionally, a 2014 study reported that Whrnwi mice showed a delay in transducin 

translocation from the outer segment to the inner segment upon light stimulation and that 

light exposure could induce photoreceptor degeneration (Tian et al.,2014), suggesting a 

potential role of whirlin in protein translocation in response to light in photoreceptors. 

However, this study did not include Whrnneo or other Whrn mutant mice. It would be 

interesting to see whether other Whrn mutant mice have a similar or more severe transducin 

translocation phenotype and photoreceptor degeneration upon light stimulation, compared 

with Whrnwi mice.

In the cochlea, localization of both FL- and C-whirlin to the IHC stereociliary tip is essential 

for stereociliary elongation, whereas C-whirlin at the OHC stereociliary tip, which is the 

only whirlin isoform at this position, is required for the same stereociliary function. 

Whrnneo, Whrntm1a, Whrntm1b, and Whrnwi+BAC mice harbor C-whirlin isoforms or 
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fragments at their hair cell stereociliary tips (Fig. 4E, G, M–O) (Ebrahim et al., 2016; 

Mathur et al., 2015b). In Whrnneo mice and perhaps also in Whrntm1a, Whrntm1b and Whrnwi

+BAC mice, loss of FL-whirlin, but not C-whirlin, at the IHC stereociliary tip leads to 

relatively short stereocilia in adult IHCs, while C-whirlin at the OHC stereociliary tip 

maintains a normal stereocilia length in adult OHCs (Fig. 4E and G) (Mathur et al., 2015b). 

Whrnwi mice lack both FL- and C-whirlin at their IHC and OHC stereociliary tips and have 

significantly shorter IHC and OHC stereocilia compared with those in Whrnneo and wild-

type mice (Fig. 4I and K) (Ebrahim et al., 2016; Mathur et al., 2015b). As a result, Whrnwi 

mice have a more severe hearing loss than Whrnneo, Whrntm1a, Whrntm1b, and Whrnwi+BAC 

mice. At the ALC of the stereociliary base, Whrnneo, Whrntm1a, Whrntm1b, Whrnwi+BAC, 

and Whrnwi mice all lack the FL-whirlin isoform, and their phenotype of OHC stereociliary 

disorganization is similar. These mice have similar reductions of distortion product 

otoacoustic emission (DPOAE) responses, indicating similar dysfunction of OHCs (Ebrahim 

et al., 2016; Mathur et al., 2015b). Considering the transient existence of the ALC in the 

developing cochlea, these observations suggest that FL-whirlin is required at the OHC ALC 

for hair bundle organization during development.

In the vestibular organs, the subcellular localization of whirlin isoforms is similar to that in 

IHCs. The function of FL- and C-whirlin in stereociliary elongation at the stereociliary tip is 

also similar to that in the cochlea. Whrnneo stereocilia are taller than Whrnwi stereocilia, but 

shorter than wild-type stereocilia (Fig. 4F and J) (Mathur et al., 2015c). Consistently, 

Whrnwi mice have overt abnormal vestibular behaviors (Holme et al., 2002), whereas 

Whrnneo mice do not (Mathur et al., 2015c). However, both Whrnneo and Whrnwi mice show 

similar severe to profound loss of linear vestibular evoked potential (VsEP) responses. One 

reason for the similar reduction in the linear VsEP response between Whrnneo and Whrnwi 

mice could be that tall VHC stereocilia are present in the peripheral region of Whrnneo 

cristae and linear VsEP only tests otolith organs. Another possibility could be that some 

uncharacterized functional role of C-whirlin in the central nervous system (CNS) 

compensates in Whrnneo mice.

Whirlin isoforms have potential functions outside the inner ear and retina:

Several recent studies have reported the expression and role of whirlin in the nervous 

system. Loss of whirlin disrupts the axonal domain organization and causes paranodal 

abnormalities in both mouse central and peripheral nervous systems during development 

(Green et al., 2013). Another study revealed that Whrntm1a mice have elevated nociceptive 

thresholds (White et al., 2013). Subsequently, it was found that whirlin is selectively 

expressed in mouse proprioceptive sensory neurons, where it functions in afferent firing in 

response to static muscle stretch (de Nooij et al., 2015). Recently, both FL- and C-whirlin 

isoforms were found to associate with TRPV1, a thermosensory channel, and increase 

TRPV1 stability and clustering at the cell membrane of rodent nociceptive neurons (Ciardo 

et al., 2016). dysc (dyschronic), the closest homolog of whirlin in Drosophila, is required for 

locomotor behavior and circadian rhythm (Jepson et al., 2012). dysc is expressed at the 

presynaptic region of larval neuromuscular junctions and is essential in synaptic 

development and output. dysc mutants show increased evoked and spontaneous synaptic 

transmission (Jepson et al., 2014).
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Together, these findings suggest that whirlin isoforms have multiple functions in the nervous 

system beyond the inner ear and retina. Expression and function of whirlin in the murine and 

Drosophila nervous systems suggest that patients with WHRN mutations might have 

abnormalities, to some extent, in the nervous system.

Attempts to rescue Whrn mutant phenotypes have been partially 

successful:

Gene therapy is a promising therapeutic approach to treat inherited diseases. To test its 

feasibility for WHRN-deficient patients, several attempts have been made to rescue the 

phenotypes of Whrn mutant mice using a gene replacement approach. Adeno-Associated 

Virus (AAV) carrying FL-whirlin cDNA successfully restores the USH2 complex at the 

PMC in Whrnneo retinas (Zou et al., 2011). However, because of the very late onset and 

weak features of retinal degeneration in this mutant mouse, the rescue effect of AAV-FL-

whirlin on retinal degeneration in the Whrnneo mouse has not been evaluated. The N-

terminal truncated whirlin in Whrnwi retinas is able to stabilize and maintain the normal 

localization of a sufficient amount of usherin and ADGRV1 (Mathur et al., 2015b), 

suggesting that AAV carrying an N-terminal whirlin fragment may potentially prevent 

retinal degeneration in the Whrnneo mouse and WHRN-deficient patients.

Whrn restoration in the inner ear (Belyantseva et al., 2005; Chien et al., 2015; Isgrig et al., 

2017; Mburu et al., 2003) has been explored in several studies; however, only partial rescue 

of hair bundle morphology, hearing, and vestibular function has been achieved. The Whrnwi

+BAC mouse, which carries a mouse genome fragment containing Whrn exons 4–12, does 

not circle and has longer stereocilia and better hearing compared with the Whrnwi mouse 

(Mburu et al., 2003). However, the Whrnwi+BAC mouse still has an abnormal ‘U’-shaped 

OHC stereociliary arrangement and impaired hearing function comparable to that seen in the 

Whrnneo mouse (Mathur et al., 2015b). This phenotype probably results from the absence of 

FL-whirlin, which is required for ALC stabilization and IHC stereociliary elongation.

Gene gun transfection of VHCs with GFP-tagged FL-whirlin cDNA is able to elongate 

stereocilia and rescue the missing staircase pattern of the hair bundle to some extent in 

Whrnwi mice (Belyantseva et al., 2005). However, whether the rescued hair cells have a 

stereociliary length similar to that of wild-type hair cells has not been reported. Our studies 

showed that C-whirlin is sufficient to partially restore the missing staircase pattern and 

increase the stereociliary length in Whrnneo VHCs and that both FL- and C-whirlin are 

required for VHC stereociliary elongation (Mathur et al., 2015c). Therefore, it is possible 

that replacement of both FL- and C-whirlin in Whrnwi mice is necessary to fully restore 

VHC stereociliary staircase pattern and length.

FL-whirlin cDNA has also been packaged into an AAV8 vector and delivered into the inner 

ear of Whrnwi mice through two different routes (Chien et al., 2015; Isgrig et al., 2017). The 

cochlear round window delivery partially increases the stereocilia length in IHCs but not 

OHCs, and hearing loss in Whrnwi mice is not restored (Chien et al., 2015). On the other 

hand, the posterior semicircular canal delivery enables AAV-FL-whirlin to infect VHCs as 

well as cochlear hair cells (Isgrig et al., 2017). The infection efficiency of cochlear hair cells 
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through posterior semicircular canal injection is significantly higher than that through 

cochlear round window injection (~36% vs ~15%, respectively). Posterior semicircular canal 

delivery of AAV-FL-whirlin was found to increase the stereociliary length in utricular hair 

cells as well as cochlear inner hair cells, and partially improve both the vestibular and 

auditory function of Whrnwi mice (Isgrig et al., 2017). The partial functional rescue in that 

study is probably due to an uncertain infection efficiency of AAV-FL-whirlin into OHCs 

(which needs to be examined during postnatal development), abnormal FL-whirlin 

expression in mature OHCs, and the absence of C-whirlin at the VHC and IHC stereociliary 

tips.

Conclusions and future perspectives:

The high similarity between human and mouse gene sequences supports the notion that the 

findings regarding Whrn gene transcripts, isoforms, protein localization, and protein-protein 

interactions in mice may translate to human WHRN. Analysis of human WHRN cDNA 

sequences (AB040959, AL11028, AK022854, AL110228, and etc.) predicts that human 

WHRN can be expressed as FL-, N-, and C-terminal protein isoforms, although the 

information about the promoter regions that lead to expression of multiple WHRN/Whrn 
variants is still missing. With 88% amino acid sequence identity between human and mouse 

whirlin proteins, which rises to 94.4% in the PDZ domains (Mburu et al., 2003), it is likely 

that the function of whirlin isoforms in humans and mice is similar. Therefore, our findings 

in mice provide valuable information that can be applied to the early differential diagnosis of 

USH2D and DFNB31, genetic counselling of patients and their families, and educational 

planning of the disabilities occurring at a late age. This is important because retinal 

degeneration in USH2D patients does not occur until about age 20, and early diagnosis, 

before the onset of retinal degeneration, will allow ample time for early intervention and 

perhaps cure. Furthermore, eight out of eleven currently known USH causative genes, not 

including WHRN, show variable disease manifestations when mutated (Mathur et al., 

2015a). Similar to WHRN, these USH genes express multiple splicing variants. Therefore, 

disruption of different protein isoforms by mutations in these USH genes may be one of the 

mechanisms underlying the variable disease manifestations, which can be investigated and 

verified in future studies.

Abnormal vestibular responses in the Whrnneo mouse (Mathur et al., 2015c), which is an 

animal model for USH2D patients, suggest that USH2 patients may have an occult 

vestibular dysfunction. Whether USH2 patients have abnormal vestibular phenotypes is 

currently under debate. One study reported defective vestibular responses in eight out of 

eleven USH2 patients examined (Magliulo et al., 2015). However, the lack of a clear genetic 

diagnosis of the patients in that study weakened the authors’ conclusion (Hartel et al., 2016). 

Therefore, vestibular tests of other USH2 mouse models and USH2 patients in clinics are 

imperative. The role of other USH2 proteins in VHCs and the role of the ALC in vestibular 

function need to be further investigated. In addition, because of the localization of whirlin to 

the nervous system other than the retina and inner ear, studies on whirlin and perhaps other 

USH2 proteins in the nervous system are warranted. Finally, experimental designs that test 

the therapeutic efficacy of specific whirlin isoforms in various Whrn mutant mouse models 
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at different time points including postnatal development period are needed in order to move 

the field toward treatment of WHRN-deficient diseases.
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Highlights

• Whirlin isoforms have different spatiotemporal expression patterns in the 

inner ear and retina.

• Whirlin isoforms form specific multiprotein complexes at different 

subcellular and cellular positions in the inner ear and retina.

• Disruption of different whirlin isoform expression causes different 

phenotypes in mice and is the potential mechanism underlying variable 

disease manifestation in WHRN-deficient patients.

• Whirlin has a function in the nervous systems other than the inner ear and 

retina.

• Understanding whirlin isoform expression and function is critical for 

designing effective treatments for WHRN-associated diseases.

Mathur and Yang Page 16

Hear Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Structure of an inner ear hair cell and a retinal photoreceptor. (A) A developing cochlear hair 

cell (e.g., mouse P2–P12) has ankle links (highlighted in blue) located at the base of 

stereocilia. Lateral links and horizontal top connectors are also present. Tip links connect the 

tip of short stereocilia to the shaft of longer stereocilia in the adjacent row and are required 

for mechanotransduction. (B) A rod photoreceptor has an outer segment with discs that 

contain rhodopsin. Rhodopsin detects light in the form of photons. The photoreceptor inner 

segment contains mainly organelles required for energy metabolism and protein synthesis. 

The periciliary membrane complex (highlighted in blue) is located at the apical region of 

inner segment, surrounding the connecting cilium (highlighted in orange). In order to 

illustrate the periciliary membrane complex and the connecting cilium, the calyceal 

processes, which are located outside the two subcellular structures, are not shown. The cell 

body contains the nucleus, while the synaptic region contains ribbon synapses.
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Figure 2: 
Location and disease manifestation of human WHRN mutations. FL-whirlin mRNA 

(untranslated region-light blue; coding sequence region-green) is translated into a protein 

with two harmonin N-like (HNL) domains, three PDZ domains, a proline-rich (PR) region, 

and a PDZ-binding motif (PBM). Arabic numerals in the coding sequence region denote 

exon numbers. The asterisks and short line in red denote mutations in the N-terminal region 

that cause USH2D, except p.Q54X. The patient with p.Q54X mutation has not been tested 

for hearing. The asterisks in blue denote C-terminal mutations that cause DFNB31.
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Figure 3: 
Whrn genomic DNA and mRNA variants in wild-type and Whrn mutant mice. (A) FL-, N-, 

and C-terminal whirlin mRNA variants found in the wild-type mice. For simplicity, only one 

representative N-whirlin mRNA variant is shown, although several N-whirlin mRNA 

variants have been reported (Belyantseva et al., 2005; Ebrahim et al., 2016; Mathur et al., 

2015b; Wright et al., 2012). In addition, the C-whirlin variants starting from exon 1 are not 

shown. (B) A deletion from exon 6 to exon 10 (red box) truncates both FL-whirlin mRNA 

and C-whirlin mRNA variants in Whrnwi mice. A vertical yellow bar indicates a premature 

stop in truncated Whrnwi mRNA fragments. N-whirlin mRNA variants were not found in our 

study, although they were found in the Whrnwi inner ear by Ebrahim et al. (Ebrahim et al., 

2016; Mathur et al., 2015b; Mathur et al., 2015c). (C) Only a C-terminal whirlin variant is 

present in Whrnneo mice, which has a Neor cassette (orange box) in the 5′ region of exon 1. 

(D) A targeting cassette (light blue box) in intron 3 of Whrntm1a genomic DNA (gDNA) 
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disrupts the FL-whirlin variant. However, it is expected that the C-terminal whirlin mRNA 

variant remains unaffected. L, loxP site. (E) Exon 4 and a part of the targeting cassette (light 

blue box) in Whrntm1a gDNA are deleted in Whrntm1b mice, which disrupts the FL-whirlin 

variant. The C-terminal whirlin mRNA variant is expected to be unaffected. (F) Whrnwi

+BAC mice are expected to express C-terminal whirlin mRNA variant from the transgenic 

BAC DNA, in addition to the variants expressed in Whrnwi mice. Brown and light grey in 

the Whrn gDNA and BAC DNA denote the exons and introns, respectively, with exon 

numbers in Arabic numerals. White color denotes 5′ and 3′-untranslated regions, and green 

color denotes the coding sequence region of whirlin mRNA variants.
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Figure 4: 
Localization of whirlin isoforms in the wild-type and Whrn mutant inner ear and retina. (A) 

In the developing wild-type organ of Corti (e.g., during mouse P2–P12), FL-whirlin is 

localized to the stereociliary base of IHCs and OHCs. Additionally, IHC stereociliary tips 

contain FL- and C-whirlin, while OHC stereociliary tips contain only C-whirlin. (B) 

Localization of whirlin isoforms in wild-type VHCs is similar to that of developing IHCs as 

shown in A. (C) FL- and C-whirlin isoforms remain at the stereociliary tip of mature wild-

type IHCs, but no whirlin isoforms are present in mature wild-type OHCs. (D) FL-whirlin 

and likely N-whirlin are localized to the PMC in wild-type photoreceptor cells. (E-G) C-

whirlin is localized to the stereociliary tip of OHCs, IHCs, and VHCs in Whrnneo mice. This 

localization of C-whirlin in OHCs occurs only during development but not in adulthood. No 

whirlin isoforms are present at the stereociliary base in any Whrnneo hair cells at any time 

point. (H) No whirlin isoforms are detected in Whrnneo photoreceptors. (I-K) Whrnwi inner 
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ear hair cells do not show any whirlin expression at any time point. (L) The truncated N-

whirlin fragment in Whrnwi retinas localizes to the PMC. (M-N) 96% of IHCs and 33% of 

OHCs in Whrnwi+BAC mice show localization of C-whirlin to their stereociliary tips during 

development. (O) Similar to Whrnneo mouse, Whrntm1a and Whrntm1b mice show 

localization of only C-whirlin to their IHC and OHC stereociliary tips during development. 

In this figure, the short and thick stereocilia phenotypes in Whrnneo and Whrnwi hair cells 

are shown.
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Figure 5: 
Interacting partners of whirlin at various subcellular locations in the inner ear and retina. (A) 

Whirlin interacts with EPS8, MYO15A, p55, and CASK proteins at the stereociliary tip of 

inner ear hair cells, where MYO15A and EPS8 also interact with each other. (B) Whirlin 

interacts with ADGRV1, usherin, and PDZD7 at the stereociliary base in inner ear hair cells, 

where the four proteins interact among one another and form the ALC. (C) Whirlin interacts 

with ADGRV1 and usherin at the PMC and with SANS and RPGRorf15 at the connecting 

cilium in photoreceptors.
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Table 1:

Different Whrn mRNA variants present in the retina and inner ear of WT, Whrnneo, Whrntm1b, and Whrnwi 

mice (Ebrahim et al., 2016; Mathur et al., 2015b).

Mouse model Retina Cochlea Vestibular organs

WT FL-whirlin FL-whirlin FL-whirlin

C-whirlin C-whirlin C-whirlin

N-whirlin N-whirlin? N-whirlin?

Whrnneo None C-whirlin C-whirlin

Whrnwi truncated FL-whirlin truncated FL-whirlin truncated FL-whirlin

truncated C-whirlin truncated C-whirlin truncated C-whirlin

Whrntm1b Not determined C-whirlin

N-whirlin

?
: N-whirlin variants in wild-type inner ear were detected only by Ebrahim et al. (Ebrahim et al., 2016), but not by our laboratory.
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