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Abstract

Stereocilia are actin-based projections of hair cells that are arranged in a step like

array, in rows of increasing height, and that constitute the mechanosensory organelle

used for the senses of hearing and balance. In order to function properly, stereocilia

must attain precise sizes in different hair cell types and must coordinately form dis-

tinct rows with varying lengths. Espins are actin-bundling proteins that have a well-

characterized role in stereocilia formation; loss of function mutations in Espin result

in shorter stereocilia and deafness in the jerker mouse. Here we describe the genera-

tion of an Espin overexpressing transgenic mouse line that results in longer first row

stereocilia and discoordination of second-row stereocilia length. Furthermore, Espin

overexpression results in the misregulation of other stereocilia factors including

GNAI3, GPSM2, EPS8, WHRN, and MYO15A, revealing that GNAI3 and GPSM2 are

dispensable for stereocilia overgrowth. Finally, using an in vitro actin polymerization

assay we show that espin provides an anti-capping function that requires both the G-

actin binding WH2 domain as well as either the C-terminal F-actin binding domain or

the internal xAB actin-binding domain. Our results provide a novel function for

Espins at the barbed ends of actin filaments distinct from its previous known function

of actin bundling that may account for their effects on stereocilia growth.
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1 | INTRODUCTION

Staircase-like arrays of stereocilia on inner ear hair cells serve as

detectors for our hearing and our vestibular sense. An estimated

37.5 million Americans have hearing impairment (Blackwell, Lucas, &

Clarke, 2014), and an estimated 35% of Americans have experienced

a vestibular disorder (Agrawal, Carey, Della Santina, Schubert, &

Minor, 2009). Genetic mutations (Drummond, 2012; Richardson, de

Monvel, & Petit, 2011) and proteomics (Shin et al., 2013) have helped

to identify molecules involved in stereocilia morphogenesis and

function.

Sensing by inner-ear hair cells relies on staircase-like arrays of

finger-like projections known as stereocilia. The deflection of

stereocilia caused by sound and movement initiates a type of

mechanosensation that depends on precise variations in stereoci-

lium length. Stereocilia range in size according to hair cell location

within the cochlea or vestibular epithelia, and in each hair cell

according to the row they occupy within the bundle (Richardson# Deceased

Received: 20 May 2022 Revised: 1 July 2022 Accepted: 12 July 2022

DOI: 10.1002/cm.21719

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Cytoskeleton published by Wiley Periodicals LLC.

64 Cytoskeleton. 2022;79:64–74.wileyonlinelibrary.com/journal/cm

mailto:j-bartles@northwestern.edu
mailto:brian-mitchell@northwestern.edu
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/cm


et al., 2011; Schwander, Kachar, & Müller, 2010; Vollrath, Kwan, &

Corey, 2007).

At their core, stereocilia contain a parallel actin bundle, which is

thought to act as a scaffold that determines their location, dimensions

and mechanical properties. Hair cell stereocilia grow to precise dimen-

sions from microvillus-like precursors in coordination with their paral-

lel actin bundle scaffold (Tilney & DeRosier, 1986). Parallel actin

bundles are then held together by actin-bundling proteins

(Bartles, 2000). Stereocilia contain three classes of actin-bundling pro-

tein: espins, fascins, and fimbrin/plastins (Krey et al., 2016; Perrin

et al., 2013; Sekerková et al., 2004). We originally discovered espin as

a novel �100 kDa actin-binding protein enriched in the actin bundle-

rich plaque of Sertoli cell junctions (Bartles, Wierda, & Zheng, 1996).

The espin gene encodes multiple size variant isoforms and a small

espin isoform of �30 kDa was enriched in the brush border microvilli

of intestine and kidney (Bartles, Zheng, Li, Wierda, & Chen, 1998).

Espins are enriched in hair cell stereocilia and are the target of

the jerker mutation in mice (Zheng et al., 2000). Jerker is a spontane-

ous recessive mutation that causes deafness and vestibular dysfunc-

tion (circling) in mice (Bock & Steel, 1983; Grüneberg, Burnett, &

Snell, 1941). The jerker mutation is a single nucleotide deletion, which

causes a frameshift mutation in all espin isoforms and blocks the accu-

mulation of espin proteins in homozygous jerker mice (Zheng

et al., 2000). Revised estimates of espin stoichiometry obtained by

targeted proteomics are �15,000 molecules per utricular stereocilium,

similar to the levels of fascin 2 cross-linker (Krey et al., 2016). The lack

of espin proteins in homozygous jerker mice results in stereocilia that

are abnormally short, thin, and unstable (Sekerková, Richter, &

Bartles, 2011). These stereocilia defects are more severe than those

caused by inactivation of fascin 2 by the R109H mutation (Krey

et al., 2016; Perrin et al., 2013) or by knockout of plastin 1 (Krey

et al., 2016).

Here we examine the effect of espin over-expression on hair cell

stereocilia morphogenesis. We find that an approximately two-fold

increase in espin levels leads to enlarged row 1 stereocilia on hair cells

in the cochlea, utricle and cristae. Along with these changes in stereo-

cilia morphology, we also find that several proteins involved in stereo-

cilia function are mislocalized, which suggests that two proteins that

are normally required for stereocilia growth (GPSM2 and GNAI3) are

actually dispensable in espin overexpressing hair cells. Finally, in vitro

actin polymerization experiments reveal a novel anti-capping activity

for espins in stereocilia that is consistent with, and can explain, their

enlargement due to excess levels of espin.

2 | RESULTS

Here, we examine what happens when espins are over-expressed in

mice. Espin BAC- transgenic mice were prepared by pronuclear micro-

injection of BAC RP23-284C20 at the Northwestern University

Transgenic and Targeted Mutagenesis Laboratory. The BAC, which

carries an 81,620-bp fragment of mouse chromosome 4 in the

pBACe3.6 vector (GenBank Accession number AL772240.7), was

purchased from the BACPAC Resource Center (BACPAC Genomics,

Richmond, CA). The BAC contains the entire 32,040 bp mouse espin

gene (Espn) and includes �38 kb of upstream flanking sequence.

Also included in the fragment are two smaller genes, Hes2 and

Tnfrsf25, the 30 half of Plekhg5 and 242 bp at the 50 end of Acot7.

Hes2 encodes a basic helix–loop–helix transcriptional repressor in the

Hes family of mammalian hairy and enhancer of split orthologs. On

Northern blots, Hes2 mRNA was detected in multiple tissues of late-

embryonic and adult rats (Kageyama, Shimojo, & Imayoshi, 2015).

Although different Hes family members have been shown to maintain

stem cell populations and establish tissue boundaries (Kageyama

et al., 2015), the function of Hes2 is currently unknown. Tnfrsf25, also

known as death receptor 3, is expressed in subsets of T and B lym-

phocytes (Schreiber & Podack, 2013; Schreiber, Wolf, Bodero, Gonza-

lez, & Podack, 2012). Although Tnfrsf25 can mediate apoptosis, it

most often responds to its TNF-like protein 1A ligand to promote

gene activation leading to enhanced cell survival and inflammation

(Collins et al., 2015; Fang et al., 2015). HES2 and TNFRSF25 have not

been reported to affect hair cells, neither protein has been detected in

hair bundle preparations (Krey, Wilmarth, David, & Barr-

Gillespie, 2017), and neither gene expresses its mRNA in hair cells at

detectable or physiologically-relevant levels (Orvis et al., 2021; Schef-

fer, Shen, Corey, & Chen, 2015; Wiwatpanit et al., 2018). Hence, any

effects of this BAC transgene on hair cells are most likely due to over-

expression of espins.

Mice positive for the transgene were identified by PCR using

primers for the chloramphenicol acetyltransferase gene in the

pBACe3.6 vector. From two rounds of microinjection, we obtained

5 positive founder mice, but only one gave stable expression of the

transgene over two subsequent generations. To minimize the effects

of difference in genetic background and age-related hearing loss, we

backcrossed that line into the CBA/CaJ inbred strain for 26 genera-

tions, so it is now considered CBA/CaJ congenic: CBACa.Cg-Tg

(RP23-284C20)/Jbart. In the experiments that follow, the espin-BAC

transgenic mice are heterozygous for the transgene.

Taqman Copy Number qPCR assays showed that in both males

and females there were �3.8 copies of the Espn gene in the genomic

DNA of our espin-BAC transgenic mice relative to 2.0 copies in the

wild-type (Figure 1a). The espin-BAC transgenic mice displayed no

overt behavioral phenotype. However, they did show over-expression

of the expected espin isoform(s) in multiple mouse tissues. There are

4 prominent isoforms of espin (Figure 1b) and we have previously

characterized their tissue distribution and found a �91 kDa isoform in

testis (espin 1), �55 and �65 kDa in the cerebellum (espins 2A and

2B) and �28 kDa triplet in kidneys (espin 4). Estimates of espin iso-

form levels from western blot comparisons of postnatal day 60 (P60)

mice showed that the espin-BAC transgenic mice contain 1.7–2.0

times wild-type levels for each of these tissues/isofroms (Figure 1c-d).

We will therefore now refer to these mice as espin overexpres-

sing (OE).

The espin-OE mice did not show gross anatomical alterations in

their inner ears, but they did show a striking enlargement of stereoci-

lia. At P60, enlarged stereocilia were detected on hair cells in the
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cochlea, utricle and cristae. The elongation of stereocilia was easy to

see in 3D confocal reconstructions (Figure 2a,b). For example, at mid-

cochlea, the length of the tallest-row stereocilia on inner hair cells

increased �1.5-fold in length, from 4.8 ± 0.6 μm to 7.1 ± 0.8 μm

(mean ± SD; n = 140 stereocilia; t-test, p < 0.0001) (Figure 2c-e). Simi-

larly, the length of tallest row stereocilia from outer hair cells

increased from 1.9 ± 0.4 μm to 3.6 ± 0.6 μm (mean SD; n = 120

stereocilia; t-test, p < 0.0001) (Figure 2f-h).

Similar to the cochlea we found that first row stereocilia of the

extrastriolar region of the utricle increased �1.6-fold, from �13 μm to

�20 μm (Figure 3a,b). This result was confirmed using scanning elec-

tron microscopy (Figure 3c,d). Furthermore, in contrast to the first

row stereocilia, the additional rows all appear considerably stunted

(Figure 3c,d). Interestingly, first row stereocilia in the espin-OE mice

were not only longer; they were also wider. We used structured illu-

mination microscopy (SIM) to measure the width of isolated utricular

stereocilia at sub-diffraction resolution (Figure 3e-g). Utricules were

plated with stereocilia pointing down on poly-lysine-coated coverslips,

fixed, washed with 0.5% Triton X-100 and labeled with Texas Red-

phalloidin to stain actin filaments. SIM analysis showed that the width

in the middle of the stereocilia increased from 191 ± 26 nm in wild-

type mice to 257 ± 27 nm in espin-OE mice whereas at the tip the

width increased from 229 ± 27 nm to 321 ± 32 nm (Figure 3g;

n = 109 stereocilia; t-test, p < 0.0001).

Stereocilia size is known to be modulated by a number of factors.

The G protein signaling modulator p2-inhibitory G protein alpha

(GPSM2-GNAI3) pathway affects the shape and polarity of the array

and involves the participation of myosin 15A (MYO15A), the actin

regulator capping protein EPS8, and the PDZ containing scaffold pro-

tein whirlin (WHRN) in the hair cell (Fang et al., 2015; Mathur

et al., 2015; Mauriac et al., 2017; Tadenev et al., 2019). We therefore

determined if espin-OE had an effect on any of these key regulators.

In WT animals antibody staining of GPSM2 and GNAI3 reveals strong

localization to the tips of row 1 stereocilia at P10 (Tadenev

et al., 2019) (Figure 4a,b). In striking contrast, espin-OE animals had a

near complete loss of these proteins from the stereocilia. This result is

somewhat paradoxical as genetic depletion of GPSM2 or GNAI3 has

previously been shown to result in short stunted stereocilia rather

than the elongated ones observed with espin-OE. This result sug-

gested that other factors may be altered underlying the observed phe-

notypes. We next visualized the capping protein EPS8 and found that

in P10 WT animals EPS8 is primarily localized to the tips of row

1 stereocilia, whereas in espin-OE animals it is often observed not

(a)

(b)

(c)

(d)

F IGURE 1 Validation of Espin over-expression. (a) TaqMan real-
time PCR based copy number assay for wild type (WT) and espin OE

(OE). Data is presented as both male (n of 4 WT and 4 OE), female
(n of 4 WT and 7OE) and combined. (b) Domain architecture for the
4 main isoforms of the espin gene. (c) Western blot analysis of espin
protein levels in the testes (Espin 1, 2 representative animals), in the
cerebellum (espin 2, 2 representative animals), and in the kidney
(espin 4, 2 representative animals). (d) Normalized quantification of
espin levels (n = 6; error bars represent S.D., t-test *p < 0.05)

66 ZHENG ET AL.



(a) (b)

(j) (k)

(g)

(f)

(h)

(c) (d)

(i)

(e)

(l)

F IGURE 2 Espin-OE alters cochlear stereocilia length. (a-b) Antibody staining of espin (green) together with phalloidin (red) of wild type
(a) and espin-OE (b) cochlea depicting a grossly normal organization of outer hair cells and a mild disorganization of inner hair cells. (c-g) Top and
side projection of wild type (c, e) and espin-OE (d, f) inner hair cells together with the quantification of tallest row stereocilia length (g, n = 140
stereocilia from ≤8 cochlea per condition). (h-l) Tilted projection and side projection of wild type (h, J) and espin OE (I, K), together with
quantification of tallest row stereocilia length (l, n = 120 stereocilia from ≤9 cochlea per condition). Statistics performed were Students t-test and
*** represents a p value <0.0001. Scale bars are 5 μm
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only at the tips of row 1 stereocilia but also at the tips of the other

shorter rows of stereocilia. (Figure 4c). Similarly, the scaffold protein

WHRN localization is also expanded beyond the tips of row 1 and

could be found sporadically at tips in other rows. Finally, MYO15A is

known to be important for trafficking other proteins in stereocilia and

has well-characterized functional significance. There are two isoforms

of MYO15A, a shorter version that is essential for proper stereocilia

formation and a longer version that is expressed later and is essential

for stereocilia maintenance (Fang, Adkins, Deyev, & Podack, 2008).

The MYO15A antibody, PB888 only recognizes the longer isoform

and at P10 is primarily localized to the tips of shorter (non-row 1)

stereocilia (Figure 4e). While the localization of MYO15A appears

quite similar in the espin-OE mice, the concentration appears substan-

tially increased (Figure 4e). In contrast, the MYO15A antibody PB48

recognizes both the long and short isoforms and is enriched at the tips

of first row stereocilia, even in animals deficient for the shorter iso-

form, indicating that it is primarily recognizing the long isoform. Inter-

estingly, in espin-OE animals stained with PB48 we see an enrichment

at the tips of non-row 1 stereocilia (Figure 4f) and, taken together

with the results from PB888, suggests that the long MYO15A is dra-

matically altered in espin-OE mice.

While espins are well characterized for their role in actin bundling,

our previous work has suggested that they may have a distinct and

independent function at the tips of stereocilia. First, using a pan-espin

antibody, we have shown localization along the entire length of

stereocilia, whereas using an antibody specific for the longer isoforms

(espin1 and 2) we see enrichment at the distal tips (Zheng, Beeler, &

Bartles, 2014). The longer isoforms of espin contain a second F-actin

(a) (b)

(c) (d)

(e)

(f)

(g)

F IGURE 3 Espin-OE alters utricle
stereocilia length. (a-b) Antibody staining
of espin (green) together with phalloidin
(red) of wild type (a) and espin-OE
(b) utricle hair cells. (c-d) TEM
micrographs of wild type (c) and espin-OE
(d) utricle hair cells. (e-g) Structured
illumination microscopy of isolated utricle
stereocilia from wild type (e) and espin-

OE (f) cells. (g) Quantification of
stereocilia width measured at both in the
middle and at the tip of the isolated
stereocilia (n = 105 stereocilia each
condition). Scale bar is 5 μm in a-b and
1 μm in c-f
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binding domain (xAB; Fig 1b) which can be autoinhibited by the

ankyrin repeats found in espin 1 but not espin 2. Importantly, in espin

2B-induced elongated microvilli we have shown that there is no

recovery (of GFP) after photo-bleaching with the wild-type protein

fused to GFP, but that there is significant recovery from the barbed

end in cells expressing an espin 2B with a mutated, actin binding defi-

cient, xAB (L145A). This result suggested to us that espin has a dis-

tinct barbed end-specific function that is regulated via the xAB

domain. To address this possibility, we turned to an in vitro pyrene-

actin polymerization assay (Zheng et al., 2014). Using GST purified

proteins, we found that the polymerization of actin is slightly

decreased in the presence of espin 2B likely due to its bundling capac-

ity (Figure 5a). In contrast actin polymerization is essentially elimi-

nated in the presence of Capping Protein (CP), a known negative

regulator of actin polymerization. Importantly, the effect of CP on

actin polymerization is blocked by the addition of espin 2B in a dose

dependent manner (Figure 5a) suggesting that espin has an anti-

capping function distinct from its actin bundling function. As only the

long isoforms of espin specifically localize to the tips of stereocilia, we

set out to determine the domain requirements for the anti-capping

function. We have identified critical residues that modulate the func-

tion of distinct domains within espin. For example, we previously pub-

lished the xAB domain mutation L145A leads to a loss of F-actin

binding and nuclear actin bundling (Zheng et al., 2014). Similarly, the

116 AA C-terminal actin binding motif (ABM) contains 3, 12 AA Tryp-

tophan (W) containing pseudo-repeats ( Figure S1a). Mutation of

these W's to Alanines (3 W) leads to a considerable loss of F-actin

binding, actin bundling and the ability to generate ectopic microvilli

(Figure S1b-d). Finally, WH2 domains are known modulators of actin

function. We have previously shown that the WH2 domain of espin

binds monomeric G-actin and inhibits the actin polymerization rate in

a dose dependent manner (Zheng et al., 2014). Furthermore, the WH2

domain facilitates actin bundling and mutations of the 3 WH2 core

leucine's into alanine's (3LA) block its bundling function (Loomis

et al., 2006).

We used these 3 mutants to assess the ability of espin 2B to

block CP function. Espin 2B-3LA caused a slight increase in actin

polymerization over WT espin 2B consistent with its loss of bundling

function (Figure 5c). However, in contrast to WT protein the espin

2B-3LA failed to considerably block the CP inhibition of actin poly-

merization suggesting that the WH2 domain is important for this

function (Figure 5c). Next, we addressed the function of the xAB

domain. Interestingly, the espin 2B-L145A mutant maintained its

potent anti-CP function, completely blocking CP inhibition of poly-

merization (Figure 5d). Similarly, mutations to the ABM domain

espin2B-3 W also completely block CP inhibition (Figure 5e). Muta-

tions of both the ABM and WH2 (espin2B-3LA-3 W) lost the ability

to block CP function confirming the importance of the WH2 domain

(Figure 5e). Finally, mutations of the xAB and the ABM lost the abil-

ity to efficiently block CP inhibition. This result indicates that in

addition to the G-actin binding WH2 domain, there is a requirement

for F-actin binding that can be provided by either the xAB or

the ABM.

3 | DISCUSSION

The present work, together with previous work utilizing both homozy-

gote and heterozygote loss of function mutations in the mouse espn

gene (Jerker mouse) indicates that gene dosage/protein levels of Espn

represent a critical aspect of regulating stereocilia growth (Sekerková

et al., 2011). Specifically, homozygous Jerker mice have the shortest

and thinnest stereocilia, whereas heterozygous Jerker mice have inter-

mediate length and width followed by wild type and ultimately our

overexpression mice result in larger and wider stereocilia. Because

gene copy number in these animals was estimated close to four (the

wild type having the expected two alleles) and the levels of ESPN pro-

tein in overexpressing heterozygotes nearly doubles that of wild

types, we conclude that two copies of the espin transgene were

inserted, doubling the gene dosage of wild types. These results reveal

that espin gene dosage and controlled expression levels are critical for

achieving the precise size of stereocilia. This has implications for gene

F IGURE 4 Espin-OE drives mis-localization of stereocilia
proteins. (a-f) Antibody staining of P10 cochlea from wild type
animals on the left and espin-OE animals on the right stained with
phalloidin (red) and antibodies to GNAI3 (a), GPSM2 (b), EPS8 (c),
WHRN (d), MYO15A-L (e), and MYO15A-L + S (f) in green. Images
are representative of n > 3 animals. Scale bar is 5 μm
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therapy approaches to treat human deafness caused by mutations in

espin, many of which are inherited in a recessive manner (DFNB36

[Boulouiz et al., 2008; Naz et al., 2004]), although some missense

mutations display dominant inheritance (Donaudy et al., 2006). In gen-

eral, the favored strategy for restoring hearing caused by recessive,

loss-of-function mutations is simply to express a copy of the gene

under a generic promoter, something that is becoming feasible with

AAV vectors targeting hair cells. However, in the case of Espn,

transgene expression is likely to exceed the wild-type levels and result

in an opposite but still harmful defect in hair cells. Instead, the recom-

mended approach for DFNB36 patients would be gene editing to cor-

rect the mutations in the endogenous Espn alleles.

The staircase arrangement of hair cell stereociliary bundles begins

to develop as stereocilia from the first row grow above those of the

other rows. This elongation is accompanied by an accumulation of

several proteins at the tips of row one stereocilia: a short isoform of

(b)(a)

(d)(c)

(f)(e)

F IGURE 5 Espin has anti-capping function. (a) Spectrofluorimetric pyrene-Actin polymerization assay examining the block of polymerization
with the addition of capping protein (CP) and an increasing anti-capping effect with increasing amounts (μg) of wild type espin2B (E2B).
(b) Graphical representation of espin2B Actin binding domains as well as the mutations that disrupt each domain, with the E2B-L145A mutation
disrupting the xAb site, the E2B-3LA disrupting the WH2 site and E2B-3 W disrupting the ABM site (See text and Figure S1). (c-f)
Spectrofluorimetric pyrene-Actin polymerization assessing the ability of E2B-3LA (c), E2B-L145A (d), E2B-3 W and E2B-3 W + 3LA (e), and E2B-
3 W + L145A (f) to provide anti-capping effect against CP
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MYO15A, the actin regulator capping protein EPS8, and the PDZ con-

taining scaffold protein WHRN, which form a protein complex to

which GPSM2 and GNAI3 are incorporated (Mauriac et al., 2017;

Tadenev et al., 2019). These five proteins seem to be required for the

elongation of row 1 stereocilia, as in mutants for each of them all

stereocilia remain short (Holme, Kiernan, Brown, & Steel, 2002;

Mauriac et al., 2017; Probst et al., 1998; Tadenev et al., 2019; Zampini

et al., 2011). In the espin-OE mice, row 1 stereocilia grow excessively,

and indeed we find that their tips contain the short isoform of

MYO15A, EPS8, and WHRN. However, and unexpectedly, the tips of

these overgrowing row 1 stereocilia lack (at least at the usual detect-

able levels) both GPSM2 and GNAI3. Hence, although the G protein

signaling modulator p2-inhibitory G protein alpha pathway may be

normally involved in stereocilia elongation, it does not appear to be

essential for it to occur. Elucidating the mechanisms by which GPSM2

and GNAI3 promote row 1 stereocilia elongation must take into con-

sideration that both proteins appear to be dispensable. Whatever

their function is, it seems that it can be bypassed by a doubling in the

levels of espin.

Our study reveals a potential mechanism by which excess espin

protein may lead to stereocilia overgrowth, which is their newly found

anti-capping activity at the barb ends of actin filaments. Espins are

known as actin-bundling proteins, and their localization along the

actin-rich stereocilia is consistent with such a role. However, the lon-

ger isoforms of espin (1 and 2B) localize at the tips of stereocilia

(Zheng et al., 2014), and as we have seen one of these isoforms (espin

2B) does overcome the capping of actin filaments, permitting their

continued polymerization, in a concentration-dependent manner. This

anti-capping activity would explain why doubling the amount of espin

would promote excess actin-bundle polymerization and hence stereo-

cilia growth. Why this happens only in row 1 stereocilia remains to be

explained.

4 | MATERIALS AND METHODS

All animal work was performed ethically according to US National

Research Council's Guide for the Care and Use of Laboratory Animals

using protocols approved by the Northwestern IACUC.

4.1 | Confocal microscopy

Dissected cochlear were fixed with 2% (w/v) paraformaldehyde in

PBS pH 7.4 for 1HR then processed in the same buffer containing

0.01% (w/v) saponin. Samples were quenched with 0.25% (w/v)

ammonium chloride/saponin/PBS for 5 min, two times. Permeabi-

lized for 5 min with ice-cold 0.4% (v/v) Triton X-100/PBS, and

quenched 3–5 min. Samples were blocked in 5% (v/v) goat serum in

saponin/PBS for 15 min before the overnight incubation with pri-

mary antibody at 40C. The second day, the samples were washed

three times with saponin/PBS, then incubated for 2.5 hr in second-

ary antibodies at room temperature. Samples were imaged in the

Northwestern CAM facility on a Nikon A1R microscope using a

100X objective (N.A. 1.45). Confocal stacks were generated and

quantifications were performed on 3D reconstructions using Nikon

NIS software.

Antibodies used:

1. Anti-GPSM2 (Sigma Cat No: HPA007327) 1:50, Goat anti-rabbit

488 1:100 (Jackson ImmunoReseach Cat #; 111–545-144)

2. Anti-GNAI3 (Sigma Cat No:G4040) 1:400; Donkey anti-rabbit

488 1:100 (Jackson ImmunoReseach Cat #: 711–546-152)

3. Anti-EPS8 (BD biosciences) 1:180; Donkey anti-mouse 488 1:100

(Jackson ImmunoReseach Cat #: 715–546-151)

4. Anti-WHRN 1:500 (from Jun Yang,[Mathur et al., 2015]); Goat

anti-rabbit 488 1:100 (Jackson ImmunoReseach Cat #: 111–

545-144)

5. Anti MYO15A-S (PB888; from Jonathan Bird, [Fang et al., 2015])

1:250; Donkey anti-rabbit 488 1:100 (Cat #: 711–546-152)

6. Anti MYO15A-L (PB48; from Jonathan Bird, [Fang et al., 2015])

1:200; Donkey anti-rabbit 488 1:100 (Jackson ImmunoReseach

Cat #: 711–546-152)

In addition to the secondary antibodies, we add Texas Red-

phalloidin (Invitrogen Cat No T7471) 1:80.

4.2 | Structured illumination microscopy

Utricles were dissected and placed with stereocilia pointing down on

poly-lysine-coated coverslips and fixed in 4% paraformaldehyde in

PBS for 1 hr at room temperature. Unreacted formaldehyde was

quenched with 0.25% NH4CL/PBS for 5 min with one buffer change.

The coverslips were then incubated for 4 mins in ice cold 0.5%Triton

X-100 in PBS and blocked in 0.4% BSA/PBS for 10–15 mins at room

temperature. Texas Red-phalloidin was diluted in 5% non-immune

goat serum in PBS and incubated with the coverslips 15 min 37�C.

The coverslips were then washed three times with PBS. Imaging was

performed on a Nikon N-SIM super resolution microscope with a

100X (N.A. 1.35) Objective.

4.3 | Scanning electron microscopy

Tissues for SEM were prepared as described in (Sekerková

et al., 2011) Dissected tissues were fixed with 2.5% glutaraldehyde in

the presence of 2 mM CaCl2, processed using osmium-thiocarbohy-

drazide, critical-point dried, and examined without additional coating

in the Hitachi S-4800 field-emission scanning electron microscope in

the EPIC Facility at the NUANCE Center.

4.4 | Reagents

All chemicals were from Sigma-Aldrich (St Louis, MO).
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Recombinant protein expression and purification.

Recombinant protein expression was carried out essentially as

described in (Zheng, Anderson, Miller, Cheatham, & Dallos, 2009).

Briefly, recombinant rat espin 2B, formerly known as rat Purkinje cell

isoform 1 (GenBank Accession Number AAO50330), was produced in

Escherichia coli BL21 Star (DE3) (Life Technologies, Grand Island, NY).

Mutations were introduced by PCR or restriction enzyme digestion

and checked by DNA sequence analysis. GST fusion proteins were

expressed using the pGEX-4 T-2 vector and purified using

glutathione-Sepharose 4B (GE Healthcare, Piscataway, NJ) in

phosphate-buffered saline, 1 mM dithiothreitol, 1 mM NaN3, pH 7.4,

with elution by 10 mM glutathione. Espin constructs with an N-

terminal His-tag were expressed using the ProEX HTa or HTb vector

(Life Technologies) and purified using Ni-NTA agarose beads (Qiagen,

Valencia, CA) under non-denaturing conditions. Briefly, bacterial

extracts prepared in 50 mM Tris–HCl, 10% (v/v) glycerol, 10 mM

2-mercaptoethanol, pH 8.5, were clarified by centrifugation for

30 min at 150,000g. Bead washes contained 20 mM Tris–HCl, 0.1 M

KCl, 20 mM imidazole, 12.5 mM 2-mercaptoethanol, 10% (v/v) glyc-

erol, pH 8.5. For His-tagged espins, one intermediate wash step

included 1.5 M NaCl, and another included 0.1% (v/v) Triton X-100.

For His-tagged human ankyrin repeat domain, 1.0 M KCl was

substituted for the 1.5 M NaCl wash, and the Triton X-100 wash was

excluded. Elution buffer included 200 mM imidazole. Freshly isolated

recombinant proteins were dialyzed overnight into assay buffer and

clarified by centrifugation at 150,000 g for 60 min at 4�C before use.

4.5 | Actin filament binding

Purified GST fusion proteins were incubated with preformed filaments

of rabbit skeletal muscle actin (AKL99; >99% pure, Cytoskeleton,

Denver, CO) (0.4 mg/ml actin) for 60 min at 37�C in 10 mM HEPES,

0.1 M KCl, 1 mM dithiothreitol, 0.5 mM ATP, 1 mM MgCl2, 1 mM

NaN3, pH 7.4. Pellet and supernatant fractions obtained from centri-

fugation at 150,000 g for 60 min at 4�C were analyzed in Coomassie-

Blue-stained SDS gels.

4.6 | Actin polymerization

Actin polymerization was assayed at 22�C by fluorescence using 5 μM

actin with 4% pyrene-actin (Cytoskeleton) (365 nm excitation,

407 nm emission). The inhibition of actin polymerization by GST

fusion proteins was examined in the wells of FLUOTRAC 200 96-well,

flat-bottom, medium-binding polystyrene microplates (Greiner Bio-

One, Monroe, NC) using a Safire2 plate reader (Tecan, Männedorf,

Switzerland) (Neidt, Skau, & Kovar, 2008). Monomeric actin (10 μM) in

5 mM Tris–HCl, 0.2 mM CaCl2, 0.2 mM ATP, 0.5 mM dithiothreitol,

pH 8.0, was converted to the Mg2+ form by adding one-tenth volume

of 2 mM EGTA, 0.5 mM MgCl2, 5 mM Tris–HCl, pH 7.4. After 2 min,

an equal volume of purified GST construct was added in 10 mM

imidazole-HCl, 0.1 M KCl, 1.6 mM EGTA, 0.5 mM dithiothreitol,

pH 7.4. The slope of the curve from 50 to 200 s was used to compare

polymerization rates. Reactions examining His-tagged espin con-

structs substituted HEPES for imidazole and were performed in a

quartz microcuvette in a PC1 spectrofluorimeter (ISS, Champaign, IL).

4.7 | Actin bundling

Actin (1 mg) and 40 μg of rhodamine-rabbit skeletal muscle actin

(Cytoskeleton) were hydrated together in 5 mM Tris–HCl, 0.2 mM

CaCl2 0.2 mM ATP, 0.5 mM dithiothreitol, pH 8.0, overnight and cen-

trifuged at 150,000 g for 20 min at 4�C. In rapid succession, superna-

tant was diluted to an actin concentration of 5 μM in 10 mM HEPES,

0.1 M KCl, 1 mM dithiothreitol, 3 mM NaN3, pH 7.4, containing 2 mM

MgCl2 and 1 mM ATP, and an equal volume of 0.25 μM purified His-

tagged espin construct in the same buffer minus ATP and MgCl2 was

added. Samples were mixed and incubated for 60 min at 37�C with

gentle agitation at intervals of 15 min. Aliquots (�6 μL) were delivered

onto microscope slides using a pipet tip, trimmed to increase the

opening diameter to �1.5-mm, and imaged using the X100 objective

on the LSM510 META laser scanning confocal microscope (Carl Zeiss,

Thornwood, NY). Z-stacks are shown.
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