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ABSTRACT

Mammalian hair cells develop their mechanosensory
bundles through consecutive phases of stereocilia
elongation, thickening, and retraction of supernu-
merary stereocilia. Many molecules involved in ste-
reocilia elongation have been identified, including
myosin-XVa. Significantly less is known about molec-
ular mechanisms of stereocilia thickening and retrac-
tion. Here, we used scanning electron microscopy
(SEM) to quantify postnatal changes in number and
diameters of the auditory hair cell stereocilia in shaker-
2 mice (Myol5"?) that lack both “long” and “short”
isoforms of myosin-XVa, and in mice lacking only the
“long” myosin-XVa isoform (MyoI5*"). Previously, we
observed large mechanotransduction current in
young postnatal inner (IHC) and outer (OHC) hair
cells of both these strains. Stereocilia counts showed
nearly identical developmental retraction of supernu-
merary stereocilia in control heterozygous, Myol5"*
“h2, and Myo]')'AN/ AN mice, suggesting that this retrac-
tion is largely unaffected by myosin-XVa deficiency.
However, myosin-XVa deficiency does affect stereocil-
ia diameters. In control, the first (tallest) and second
row stereocilia grow in diameter simultaneously.
However, the third row stereocilia in IHCs grow only
until postnatal day 1-2 and then become thinner. In
OHGs, they also grow slower than taller stereocilia,
forming a stereocilia diameter gradation within a hair
bundle. The s22 mutation disrupts this gradation and
makes all stereocilia nearly identical in thickness in
both IHCs and OHCs, with only subtle residual
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diameter differences. All Myol5"%*"? stereocilia grow

postnatally including the third row, which is not a part
of normal development. Serial sections with focused
ion beam (FIB)-SEM confirmed that diameter chang-
es of Myol5"?*"? THC and OHC stereocilia resulted
from corresponding changes of their actin cores. In
contrast to Myol5"%/*"2, Myo15*™*N hair cells develop
prominent stereocilia diameter gradation. Thus, be-
sides building the staircase, the short isoform of
myosin-XVa is essential for controlling the diameter
of the third row stereocilia and formation of the
stereocilia diameter gradation in a hair bundle.

Keywords: non-syndromic congenital deafness
DFNB3, hearing, shaker-2 mouse, development,
mechanotransduction

INTRODUCTION

Mechanosensory bundles of the auditory hair cells
consist of stereocilia that are arranged in rows of
precisely defined heights, precise distances between
the rows, and uniform stereocilia diameters within a
row (Fig. la). It is generally believed that this
characteristic shape of the stereocilia bundle is crucial
for hair cell mechanosensitivity, albeit the exact
relationship between architecture of the hair bundle
and mechanotransduction is yet to be determined.
Likewise, the exact mechanisms of how a cell could
measure and develop such a precise hair bundle
structure are largely unknown (Barr-Gillespie 2015).
Hair cell stereocilia arise from numerous microvilli-
like projections through a series of consecutive
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FIG. 1. Hair bundle development and quantification of stereocilia
number and diameters. a SEM image of a relatively mature inner hair
cell (IHC) bundle at the middle of the cochlea in a control mouse at
postnatal day 10 (P10). Note the well-organized three rows of
stereocilia that form a staircase. Examples of diameter measurements
are illustrated by lines of different colors in the first (red), second

developmental stages that are generally similar in
chick and rodents, even though the shape of stereo-
cilia bundles in these species is quite different (Tilney
and Tilney 1986; Kaltenbach et al. 1994). The most
studied stage is the differential elongation of stereo-
cilia, which results in the characteristic “staircase”
architecture of the hair bundle. Unconventional
myosin-XVa is the first molecule that was identified
as crucial for stereocilia elongation (Probst et al. 1998;
Wang et al. 1998). It is localized to the tips of
stereocilia (Belyantseva et al. 2003; Rzadzinska et al.
2004), the site of stereocilia growth where new
monomers are added to the barbed ends of unidirec-
tionally aligned actin filaments (Tilney et al. 1980;
Schneider et al. 2002). Myosin-XVa interacts with the
scaffold protein whirlin (Belyantseva et al. 2005;
Delprat et al. 2005) and transports it to the tips of
stereocilia (Belyantseva et al. 2005). The actin-
regulatory protein EPS8 and the complex of G
protein signaling modulator 2 (GPSM2) and inhibito-
ry G proteins alpha (GNAI) both interact with myosin-
XVa/whirlin and are also transported to the tips of
stereocilia (Manor et al. 2011; Zampini et al. 2011;
Tadenev et al. 2019). When this macromolecular
complex arrives to the stereocilia tips, it initiates
stereocilia elongation (Belyantseva et al. 2005;
Manor et al. 2011). Another potential component of
this complex, EPSS8L2, may not contribute to stereo-
cilia elongation in development but seems to be
responsible for maintaining the proper stereocilia
heights in mature hair bundles (Furness et al. 2013).
Besides the myosin-XVa-dependent macromolecular
complex, the heights of stereocilia can be regulated
by proteins with actin-capping activity such as
twinfilin-2 (Peng et al. 2009) and the actin-binding
proteins ESPN-1 and ESPNL. The latter proteins

(cyan), and third (green) rows of stereocilia. b, ¢ “Top view” of the
control IHC (b) and an OHC (c) immature stereocilia bundles at PO in
the same mid-cochlear location with all nascent stereocilia
(stereocilia-like projections) marked. Identifiable stereocilia rows
are indicated with markers of different colors. Scale bars 1 um

interact with different isoforms of myosin-III, also
forming macromolecular complexes at the tips of
stereocilia (Schneider et al. 2006; Salles et al. 2009;
Merritt et al. 2012; Ebrahim et al. 2016; Lelli et al.
2016).

In contrast to stereocilia elongation, the mechanisms
of other stages of hair bundle formation are almost
unexplored. An essential step in shaping the hair
bundle is the retraction of supernumerary microvilli
(Tilney et al. 1992; Kaltenbach et al. 1994) (compare
also Fig. la and b). However, to the best of our
knowledge, the mechanisms of this retraction have
never been investigated. Likewise, programmed elonga-
tion of stereocilia is accompanied by their progressive
widening (Tilney and Tilney 1986; Kaltenbach et al.
1994), which must include assembly of additional actin
filaments in the stereocilium core and recruitment of
specific actin-bundling proteins that are essential for
stereocilia widening, such as espin, plastin-1, and fascin
(Sekerkova et al. 2011; Krey et al. 2016). However, the
mechanisms linking stereocilia elongation and their
widening are also unknown.

Here, we show that the myosin-XVa-based complex
is essential not only for stereocilia elongation but also
for determining precise gradation of stereocilia diam-
eters between stereocilia rows within a hair bundle.
This study was inspired by observations that whirlin
deficiency results in increase of stereocilia diameters
(Mogensen et al. 2007) as well as our own qualitative
observations on the diameters of stereocilia in inner
and outer hair cells (IHCs and OHCs) of shaker-2 mice
(Stepanyan and Frolenkov 2009), which lack function-
al myosin-XVa in their stereocilia (Belyantseva et al.
2003). We systematically measured the diameters of
stereocilia in different rows of ITHC and OHC bundles
on scanning electron microscopy (SEM) images at
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different ages during development from postnatal day
0 (PO) until postnatal day 21 (P21). We compared IHC
and OHC stereocilia of control normal-hearing het-
erozygous (Myol57*"?) and mutant homozygous shak-
er-2 (My0]55h2/ 2) mice. Since hair cells express two
different isoforms of myosin-XVa, with or without a
long N-terminus extension (Belyantseva et al. 2003;
Fang et al. 2015), we also quantified IHC and OHC
stereocilia diameters in mice lacking only the “long”
isoform of myosin-XVa (MyoI5**N) (Fang et al.
2015). Our measurements demonstrate that only the
absence of both myosin-XVa isoforms eliminates the
differences in diameters between stereocilia rows in
IHC and OHC bundles. Using focused ion beam
electron microcopy (FIB-SEM), we obtained serial
sections of control and Myol5"%*"*? stereocilia in IHCs
and OHGCs and reconstructed their longitudinal views.
We confirmed that nearly identical diameters of
Myo15"?/*"? stereocilia within a hair bundle are
supported by equally thick actin cores. We concluded
that the “short” but not “long” isoform of myosin-XVa
is a key molecule that is essential not only for
elongation of stereocilia but also for gradation of
their diameters within a hair bundle. Preliminary
reports on this study were presented at ARO meetings
(2017-2019).

METHODS
Mice

We used shaker-2 (My0155h2, stock no. 000109, Jackson
Lab) mice that have a p.C592Y point mutation
inactivating motor domain of myosin-XVa
(Belyantseva et al. 2003; Belyantseva et al. 2005) and
the isoform-specific knockout mice that lack the long
splice isoform of myosin-XVa (Fang et al. 2015). The
latter mice were generated with a p.E1086X mutation
in Myol5 exon 2, equivalent to p.E1105X in humans.
We refer to this allele as Myol5*" for convenience,
and we genotyped these mice by taking advantage of
an Msel site introduced by the mutation (Fang et al.
2015). For genotyping, tail snip samples were extract-
ed from mouse pups and genomic DNA was purified
using the Wizard® SV Genomic DNA Purification
System (Promega, Madison, WI) and eluted in 500 pl.
PCR was performed using Taq DNA polymerase
(Promega). Primers and PCR conditions were de-
scribed previously (Belyantseva et al. 2005; Fang et al.
2015).

Usually, we bred heterozygous/homozygous pairs
that generate Myol57*"? and Myol5"*N controls as
well as Myol5"%/"2 and Myo15**N mutants. Previous
studies demonstrated normal hearing in heterozygous
MyoI57*"? and MyoI5”*" mice (Karolyi et al. 2003;
Fang et al. 2015). Several mice of each genotype were
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euthanized for subsequent organ of Corti dissection
and preparation for electron microscopy at different
postnatal ages, from PO until P21. The day of birth was
designated as PO. By P21, all developmental changes
in both IHC and OHC bundles are largely completed
(Kaltenbach et al. 1994).

All animal procedures were approved by the
University of Kentucky Animal Care and Use Com-
mittee (protocol no. 903M2005).

Tissue Preparation for SEM

Mouse temporal bones were carefully dissected in
cold Leibovitz (L-15) solution to extract the cochleae.
Neonatal cochleae (ages less than P5) were micro-
dissected, and organs of Corti were fixed in 1 mL of
3 % formaldehyde plus 3 % of glutaraldehyde in
0.1 M sodium cacodylate buffer (pH=7.4), supple-
mented with 2 mM of CaCly that was added to fixative
prior to use. The tectorial membrane was removed
prior to fixation using fine forceps. Older cochleae (>
P5) were gently perfused with the above fixative
through the oval window using a fine needle and
then postfixed overnight at 4 °C. This step was
essential to prevent damage of the hair cells in the
basal region of the organ of Corti. After 24 h,
approximately 6 mL of distilled water was added to
dilute the fixative and prevent overfixation of the
tissue. The organs of Corti were micro-dissected in the
following days. All samples were dehydrated with
graded series of ethanol as follows: 5 %,10 %,
20 %,40 %, 60 %, 80 %, and 100 % with at least 20-
min incubation at room temperature after each step
and an overnight incubation in 100 % ethanol after
the final step. The samples were then critical point
dried with liquid COg using Leica EM CPD300
automated critical point dryer. Dried samples were
carefully mounted on 14 mm Hitachi aluminum
holders using double-stick carbon tape (EMS catalog
no. 77825-12) and sputter coated with 5 nm of
platinum (Q150T equipped with film thickness mon-
itor; Quorum Technologies, Guelph, Canada) for
subsequent SEM imaging.

SEM Imaging

We used field-emission scanning electron microscopes
(S-3400 Hitachi or Helios Nanolab 660, FEI,
Hillsboro, OR) to image IHC and OHC bundles
approximately in the middle of the cochlea. We
imaged at least six neighboring IHCs and OHCs in
each sample from control heterozygous and mutant
homozygous mice. To keep a reasonable compromise
between a relatively large field of view and a decent
resolution, magnification was set to include three hair
cells in one image. Proper measurements of stereocil-
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ia heights require an estimate of the angle of sample
surface relative to the electron beam (Velez-Ortega
et al. 2017). Two images of the same bundles, a front
and a top view, were sufficient for this estimation and
subsequent data analysis.

Serial Sectioning with FIB-SEM

After euthanasia, temporal bones from control and
Myo15"%/"2 mice (P8), one animal per genotype, were
carefully dissected in cold Leibovitz (L-15) media.
Cochleae were perfused through the oval window with
3 % formaldehyde plus 3 % of glutaraldehyde in
0.1 M sodium cacodylate buffer (pH=7.4), supple-
mented with 2 mM of CaCl, and 1 % tannic acid
(EMS catalog no. 21710). Perfused cochleae were
stored in 1 mL of fixative for overnight incubation at
room temperature. In the following day, organs of
Corti were micro-dissected and cut into pieces to
obtain the preferable region in the middle of the
cochlea. They were stored for 24 h at 4 °C in distilled
water without removal of tectorial membrane. Sam-
ples were cryoprotected with increasing concentra-
tions of glycerol (EMS cat no. 16550): 5 %, 10 %,
15 %, 20 %, and 25 % for at least 20 min and final
overnight incubation in 30 % glycerol at room
temperature. Next, organ of Corti samples
were frozen in liquid nitrogen using the Leica EM
ICE high-pressure freezer and transferred to 1 %
uranyl acetate in methanol at -90 °C in a Leica EM
AFS2 freeze substitution machine. Methanol was
exchanged for Lowicryl HM-20 resin and polymerized
by UV light. All reagents were obtained from Electron
Microscopy Sciences. The resin blocks were trimmed
on an ultramicrotome (UC6, Leica, Wetzlar, Germa-
ny) to reach a desired sample distance of 20-50 pm
from the upper surface of the block. The samples
were serial sectioned with a focused ion beam at a 20-
nm step size and imaged in “Slice and View” mode
with a backscattered electron detector using the FEI
Helios 660 Nanolab system.

Data Analysis: Stereocilia Number and Diameters

Using Image] software (ver.1.51), we manually count-
ed the total number of stereocilia per bundle in IHCs
and OHGs. Usually, it was easy to recognize the
borders of a hair cell in the “top view” SEM images,
even in the immature hair cells at PO (Fig. 1b, c¢). IHC
stereocilia were well-organized into a bundle at PO,
making their count a relatively simple task (Fig. 1b).
OHC stereocilia seem to be less stiff at this age and,
therefore, they appeared sometime similar to the
microvilli of the neighboring supporting cells (Fig.
1c). In these cases, we used two or three independent
observers to count the number of stereocilia—more
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precisely, stereocilia-like projections—in the same
cell. We have found that independent counts differ
by no more than ten stereocilia. This is about 3 % of
the total number of stereocilia in the OHCs at PO and
significantly less than the cell-to-cell variability
(Fig. 3d). To measure stereocilia diameters, a straight
line was drawn perpendicular to the axis of a
stereocilium (at the thickest region in case of a
second row stereocilium in the IHCs) and the length
between the edges was recorded (Fig. 1a). In devel-
oping IHGCs, stereocilia diameters are relatively uni-
form only in the middle of the hair bundle.
Therefore, we excluded from the analysis at least
three stereocilia at the edges of each stereocilia row.
Even though OHC stereocilia are more uniform
within a row, we have used the same strategy of
selecting stereocilia in the middle of a bundle for
OHGs too. We averaged stereocilia diameters for each
cell first and then used the number of cells rather
than the number of stereocilia for statistical analysis.

The data were plotted and analyzed with
the OriginPro 2020 software, which could handle
missing data in ANOVA analysis. Statistical signifi-
cance was determined either by ¢ test of independent
variables with Welch correction or by two-way ANOVA
with Bonferroni ad hoc test. See figure legends for
specific details. Figures were assembled using Adobe
Mlustrator CC (2017.1.0 Release).

The width of the actin core of stereocilia in shaker-2
IHCs and OHCs was measured in control heterozy-
gous Myol5""? and mutant MyoI5 **#/*" mice at PS.
We chose this age because this is approximately the
middle of developmental maturation of the IHC
bundle and our SEM data showed prominent grada-
tion of stereocilia diameters at this age. We analyzed a
stack of serial FIB-SEM sections with Fiji software
(Image]2 ver.1.52n). Location of a stereocilium within
specific row was confirmed with Fiji’s 5-D orthogonal
viewer. The widths of actin cores of the first, second,
and third row stereocilia were measured at the
stereocilium’s thickest region as in Fig. 1a, with a line
drawn perpendicular to actin filaments.

Data Analysis: Stereocilia Heights

First, serial FIB-SEM sections were registered and
aligned using a custom-written MATLAB script. Then,
the stack was calibrated for correct voxel size (typically
1.5-2 nm in X and Y, and 20 nm in Z). Longitudinal
sections through the stereocilia were reconstructed
from these aligned FIB-SEM stacks. A straight line was
drawn through each stereocilium to generate a
dynamic “re-slice view” of that specific stereocilium.
Position of this line was adjusted by following the
stereocilium in several consecutive slices to confirm
that the resliced view reveals the entire stereocilium
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from the tip to the rootlet. Then, the height of a
stereocilium was determined as a distance from the
cuticular plate surface to the stereocilium tip.

3D Reconstruction of FIB-SEM Stack

After FIB-SEM stack registration and calibration, we
generated a “sub-stack” by selecting consecutive slices
that collectively reveal stereocilia within the different
rows of the hair bundle. Images within this sub-stack
were inverted and median filtered. Maximum intensi-
ty projections were generated by “Z-project” function
of Fiji software.

RESULTS

Myosin-XVa Is Not Essential for Developmental
Retraction of the Supernumerary Stereocilia in the
Auditory Hair Cells

Since nothing is known about the molecules regulat-
ing the developmental retraction of supernumerary
stereocilia in the hair cell bundles, we first explored
whether myosin-XVa is involved in this process.
Therefore, we tracked the changes of the total
number of stereocilia per hair bundle throughout
postnatal development (P0-P21). Our data show that
starting from birth (P0), all control heterozygous and
mutant homozygous Myol5"? and Myol5*N THC
bundles have a large number of stereocilia, ~200-
300 per bundle. Later, this number decreases more
than twofold through the retraction of the supernu-
merary microvilli-like stereocilia over the course of
6 days (P0-P6) (Fig. 2a, d). After P6, the total number
of stereocilia decreases very slowly throughout the
adult age in both control Myol5”*"? and Myo15"%/*"?
IHGs (Fig. 2d, left). Although two-way ANOVA analysis
did not reveal the overall statistical significance
between the number of stereocilia in Myol5"*"? and
My015“h2/“h2 IHCs, fit to the logistic function showed
that the total number of stereocilia plateaued at a
slightly higher value in My0155h2/ 2 THCs (My015+/ sh2,
67.8 + 14.6 stereocilia/cell; Myol5"%*"% 89.1+2.6 ste-
reocilia/cell). This difference was due to delayed
retraction of the residual stereocilia-like projections
at the cuticular plate surface in Myol5"%*"* THCs (Fig.
2a, b, arrows). In contrast to Myol5"**"* THCs,
number of stereocilia per bundle continues to de-
crease in Myol5*™“N THCs after P6 (Fig. 2d, right)
due to selective degeneration of the second and third
row in the adult bundles, which confirms previous
observations (Fang et al. 2015). This degeneration
results in overall statistical significance between the
number of stereocilia in My015+/AN and My0]5AN/AN
IHGCs (two-way ANOVA, P<0.001). Thus, despite
subtle differences from control, the overall pro-
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grammed retraction of supernumerary stereocilia is
not affected in either Myol5"***? or Myol5*V"N
mice. Therefore, we conclude that neither the long
nor the short isoform of myosin-XVa is essential for
the resorption of supernumerary stereocilia in the
IHC bundles during postnatal development.

Similarly, quantification of the total number of
stereocilia per OHC bundle shows a largely identical
retraction of supernumerary stereocilia in control,
Myol5"?/"2 and Myo15*™*N OHCs (Fig. 3). This
reduction in stereocilia number seems to be steeper
in the OHGCs than in IHCs since OHCs have initially
a larger number of nascent stereocilia (compare
Figs. 2d and 3d). Similar to IHGs, logistic fit revealed
that MyoI5"#*"? OHCs maintain a slightly larger
number of stereocilia in the adult postnatal ages
(P16-20) compared to that in the control (Myol5"
sh2. 749 + 999 stereocilia/cell; My015“h2/“h2: 98.9+4.8
stereocilia/cell), also due to delayed retraction of
stereocilia-like projections (Fig. 3b, arrow). Overall,
neither short nor long isoform of myosin-XVa
disrupts the programmed retraction of the supernu-
merary stereocilia in the OHC bundles. Therefore,
we conclude that myosin-XVa is not essential for the
programmed retraction of supernumerary microvilli
within the auditory hair bundles.

Myosin-XVa Is Essential for Stereocilia Diameter
Gradation Between the Rows of the IHC Bundle

Since myosin-XVa is essential for the elongation of
stereocilia (Probst et al. 1998), we were curious
whether it is also needed to determine the mature
thickness of stereocilia. Therefore, we measured the
diameters of stereocilia in all three rows in control,
Myo15"%*"2 and Myo15*™*N THC bundles at PO-P21
(Fig. 4). These measurements show that in order to
achieve the proper wild-type-like architecture, stereo-
cilia of the first (tallest) and second row of control
IHCs continuously increase in thickness, reaching a
maximum diameter of approximately 325-340 nm by
P16. Both first and second row stereocilia show no
significant difference in their diameter growth
throughout postnatal development (Fig. 4d, f, left).
In contrast to the taller rows, diameters of the third
row stereocilia behave differently. There is an initial
increase in stereocilia thickness during the first
postnatal days PO-P1, which then remains steady up
to P4-6, followed by a small continuous reduction in
stereocilia diameters (Fig. 4d, f, left). This develop-
mental arrest of the growth with subsequent thinning
in the row 3 stereocilia is a major contributor to the
diameter gradation within the rows of the IHC
bundle (Fig. 4a).

In contrast to normal IHCs, gradation of stereo-
cilia diameters in Myol5"**"* THC bundles was
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FIG. 2. Myosin-XVa is not essential for developmental retraction of
supernumerary stereocilia in IHCs. a-c¢ SEM images of control
heterozygous (Myo15**'?) (a), mutant Myo15%4h2 (b), and mutant
Myo154N4N (¢) IHC bundles at different postnatal ages, PO-P21.
Scale bars: 1 um. Arrows point to the examples of stereocilia-like
projections remaining at the cuticular plate surface of control and
Myo15%12502 |HCs at P20. d Total number of first, second, and third
row stereocilia plus stereocilia-like projections in the IHC bundles of
Myo15%502 (red, left), Myol154NVN (blue, right), and control
heterozygous mice of the same strains (black). Each data point
represents individual IHC and is artificially plotted with a small offset
relative to the vertical whiskers with a central mark that shows mean

+ standard deviations (SDs). All cells were located in the middle of
the cochlea. Each time point combines the data from two to three
independent biological samples (mice) of each genotype. Asterisks
indicate statistical significance of the differences of stereocilia
numbers between the rows (two-way ANOVA: n.s., non-significant;
*P<0.05; *P<0.01; **P<0.001). Data for My0155h2 strain were
fitted to the logistic function, y = A, + (A1-Ax)/(1 + (x/xo)p), with the
following parameters (+SD): Myo15**h2 |HCs, A, =245 +43,
Ay =67.8+14.6, xo=2.87 +£1.33 days, p =1.65+0.98; Myol5"%
sh2 |HCs, A;=254+13, A, =89.1+2.6, xo=2.12=0.26 days,
p =2.52 £0.43. Unfortunately, we did not have enough data for a
reliable fit to the logistic function for Myo154N strain
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FIG. 3. Myosin-XVa is not essential for developmental retraction of
supernumerary stereocilia in OHCs. a-¢ SEM images of control
heterozygous (My075+/5h2) (a), mutant My0755h2/5h2 (b), and mutant
My015AN/AN (c) OHC bundles at different postnatal ages, PO-P21.
Scale bars: 1 um. Arrow points to an example of stereocilia-like
projection remaining at the cuticular plate surface of Myo15%%4h?
OHCs at P20. d Total number of first, second, and third row
stereocilia plus stereocilia-like projections in the OHC bundles of
Myo1551%5h2 (red, left), Myo154N4N (blue, right), and control

heterozygous mice of the same strains (black). All cells were located
in the middle of the cochlea. Each time point combines the data from
two to four independent biological samples (mice) of each genotype,
except n=1 for control Myo15%*"? OHCs at P3. All other details of
the layout are as in Fig. 2. Coefficients of the fits to the logistic
function in panel d (left): Myo15**"? OHCs, A,=356+45,
Ay=742%299, xo=2.5+1.9 days, p=1.7=1.7; Myol5"%h?
OHCs, A;=318+12, A, =98.9+4.8, x0=3.23+0.32 days,
p =3.07+0.68
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FIG. 4. Gradation of stereocilia diameters is lost in Myo15"%*h? genotypes. Asterisks indicate statistical significance of the differences

but not Myo15V4N |HCs. a—c Magnified SEM images of IHC
stereocilia in control (a), My0155"2/‘h2 (b), and MyoTEAN/AN (c) mice
at different postnatal ages. Scale bars: 0.5 um. d-g Quantification of
stereocilia diameters (D, nm) in the first (circles, dotted lines), second
(squares, dashed lines), and third (triangles, solid lines) stereocilia
rows of the My0155"2/5'72 (different shades of red) and MyoTEAN/AN
(different shades of blue) IHC bundles, as well as in corresponding
heterozygous controls (different shades of gray/black). Panels d-f
show mean values with 25-75 % confidence intervals, while panels
e—g re-plot the data on an expanded Y-scale as mean + standard error
of mean (SE) to highlight differences between stereocilia rows and/or

of stereocilia diameters between the rows (two-way ANOVA with
Bonferroni correction: n.s., non-significant; *P<0.05; **P<0.01;
4P <0.001). To separate confounding issues of stereocilia degen-
eration in mutants, statistical analysis was performed with PO-P16
data, since both Myo15¥%%M? and Myo15NN |HCs show some
signs of stereocilia diameter degradation at P20-21 (see panels e-g).
All cells were from the middle of the cochlea, and all measured
stereocilia were located in the middle of the bundle (excluding at
least three stereocilia at the edges of each stereocilia row). Number
of cells: 4-16 from at least two different mice per age/genotype
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hardly noticeable (Fig. 4b) and, overall, the differ-
ences in the diameters of stereocilia in different rows
of Myol5"%*"? THC bundle were statistically non-
significant at P0-P16 (Fig. 4d, right). Analysis of
developmental changes revealed that this happens
because the third row stereocilia continue to grow
through postnatal development in Myol5"%**? THCs
(Fig. 4d, right). Overall, third row stereocilia in
Myo15”%*"? THC bundles are significantly thicker
than that in control IHC bundles (Fig. 4e). This
abnormality of the third row stereocilia was not
observed in MyoI5*™Y THC bundles (Fig. 4c),
implicating that the short but not the long isoform
of myosin-XVa controls the diameter of the third
row stereocilia in IHCs. In My015AN/AN IHC, first and
second row stereocilia grow in diameter similarly (or
even faster) than that in control at PO-P4 (Fig. 4f,
right; Fig. 4g). From P8-P10 onward, the second row
stereocilia in Myol5*~Y THCs became thinner (Fig.
4f, right). This result is consistent with a previous
report that demonstrated thinning of the second
row stereocilia in the My015AN/AN IHCs that begins
at P8 (Fang et al. 2015). The third row stereocilia
have significantly smaller diameters than the stereo-
cilia of the first and second rows throughout all
studied ages (Fig. 4f, right), indicating that the
normal developmental inhibition of the stereocilia
diameter growth in the third row is maintained in
Myo15*NAN THCs.

Although there is a prominent disruption in the
normal diameter gradation in Myol5"%*"? stereocilia
bundles, we did observe some residual gradation that
becomes significant during a late postnatal period
(P16-P20). Yet, this gradation was very different. In
control bundles, first and second rows had similar
stereocilia diameters, while the third row stereocilia
were significantly thinner (Fig. 4d, f, left). In contrast,
in My0153h’2/‘ sh2 THCs, we observed small but gradual
differences in stereocilia diameters from the first to
the third row (Fig. 4d, right).

Myosin-XVa Regulates the Differences in
Stereocilia Diameters in the OHC Bundles

We imaged and measured the diameters of stereo-
cilia in all three rows of OHC bundles in control,
Myo15"%*"2 and Myo15*N*N mice at PO-P21 (Fig. 5).
In control OHC bundles, stereocilia diameters in all
rows increase throughout postnatal development.
Thickness gradation becomes noticeable from ~P4
and continues through late in development (Fig.
5d, f left). First and second row stereocilia were not
significantly different in thickness, unlike third row
stereocilia which were significantly thinner than the
taller rows (Fig. bd, f, left). As we expected, the
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gradation of stereocilia diameters in different rows
largely disappeared during development (P0-P10) in
Myo15”%*"2 OHCs that lack both long and short
isoforms of myosin-XVa (Fig. 5d, right). At these
ages, third row stereocilia were thicker in My0155h2/
k2 OHCs than in control OHCs, and as thick as the
first and second row in Myol5"**"? OHCs (Fig. be).
Similar to IHCs, we did observe a very subtle
gradient of stereocilia diameters from first to third
row stereocilia in My0155h2/5h2 OHCs (Fig. 5e). After
P10, there was a decline in thickness of stereocilia in
all rows of Myol5"%*"? OHC bundle that may
indicate their degeneration (Fig. 5e). Like in IHGCs,
stereocilia diameter gradation was not affected in
My015AN/AN OHC bundles that lack only long
isoform of myosin-XVa (Fig. bc, f, right). In these
bundles, first and second row stereocilia develop
similarly to the control (albeit, a bit faster), and third
row stereocilia are significantly thinner starting from
PO, forming an evident gradation of diameters within
the bundle. Thus, we conclude that the short
isoform of myosin-XVa, but not the long one,
maintains thickness gradation within the rows in
OHGs.

Actin Core in Myosin-XVa-Deficient Stereocilia

To explore the changes of the actin core associated
with myosin-XVa deficiency, we obtained at least one
3D stack of 20-nm FIB-SEM serial sections in control
Myo157*"? and mutant Myo15"%*"* IHCs (Fig. 6a, b)
and OHCs at P8, in the middle of the developmental
maturation of IHC bundles. Although this FIB-SEM
dataset has a limited number of cells, it is useful for
comparison of stereocilia dimensions within the same
hair bundle. As expected, we observed the loss of
gradation of stereocilia core diameters in My015“h’2/ 2
IHC (Fig. 6¢c) and OHC (Fig. 6d) bundles. In full
correspondence to our previous observations
(Stepanyan and Frolenkov 2009), measurements of
stereocilia core heights in Myol5"%*"? hair cells
revealed no detectable staircase architecture in
Myo15"%*"2 THC bundles (Fig. 6e) and diminished
but still present staircase in Myol5"**"2> OHC bun-
dles (Fig. 6f). Interestingly, all stereocilia within
MyoI5"?/*"2 THC bundle have well-developed root-
lets, including stereocilia of the fourth and fifth rows
(Fig. 6b). However, the rootlets of these stereocilia
often had a “wiggled” appearance. In the control
IHGs, these supernumerary stereocilia are normally
in the retracting phase at this age. It is yet to be
determined whether and how the rootlets may
contribute to the stereocilia retraction program in
postnatal development.
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FIG. 5. Gradation of stereocilia diameters is lost in Myo15"%5h2

but not Myo154¥4N OHCs. a-c Magnified SEM images of stereocilia
in control (@), Myo15¥%M2 (b), and Myo15VN (¢) OHCs at
different postnatal ages. Scale bars: 0.5 um. d-g Quantification of
stereocilia diameters (D, nm) in the first (circles, dotted lines), second
(squares, dashed lines), and third (triangles, solid lines) stereocilia
rows of the Myo15"%*"? (different shades of red) and Myo154VAN
(different shades of blue) OHC bundles, as well as in corresponding

DISCUSSION

This study establishes that the myosin-XVa-based
stereocilia elongation complex affects gradation of

heterozygous controls (different shades of gray/black). Other details
of the layout are as in Fig. 4. Statistical analysis was performed with
PO-P10 data, since both Myo15%%"? and Myo154N4N OHCs show
some signs of stereocilia diameter degradation at P16-21 (see panels
e-g). All cells were from the middle of the cochlea, and stereocilia at
the very edges of the rows were excluded from analysis. Number of
cells: 4-15 from at least two different mice per age/genotype

stereocilia diameters within hair bundles of the
auditory hair cells. Effects of myosin-XVa deficiency
on stereocilia diameters were long suspected based on
qualitative examination of SEM images of IHC
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FIG. 6. Reorganization of stereocilia actin core in Myo15"%5h2

mice. a, b Reconstruction of the longitudinal views of stereocilia
bundles in the IHCs of Myo15**'? (a) and Myo15°"%*? (b) mice from
20-nm-thick FIB-SEM serial sections. Scale bars: 500 nm. c—f
Quantification of stereocilia diameters (c, d) and heights (e, f) from
3D FIB-SEM stacks of images of IHC (c-e) and OHC (d—f) bundles.
Each data point represents one stereocilium in the first, second, or
third stereocilia rows of the bundle (shown in different shades of gray
for Myo15*"? stereocilia or different shades of red for Myo15%%5h2
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stereocilia). All measured stereocilia were located in the middle of
the bundle (excluding at least three stereocilia at the edges of each
stereocilia row). Mean values = SD are also shown. Asterisks indicate
significance of the differences (t test of independent variables: n.s.,
non-significant; *P<0.05; **P<0.01; ***P<0.001). All cells were
located in the middle of the cochlea of P8 mice. Because sample
preparation and serial sectioning with FIB-SEM s still a labor- and
time-consuming procedure, serial sections of only one bundle per
hair cell type/genotype were obtained (except two control IHCs)



132

bundles but have never been systematically investigat-
ed. Our measurements demonstrated that the grada-
tion of stereocilia diameters between the rows in a
hair bundle is formed by the selective inhibition of
the developmental growth of the third row stereocilia
in both IHCs and OHCs. The short isoform of myosin-
XVa seems to be an essential molecule for this
process.

Myosin-XVa Is Not Essential for Programmed
Resorption of Supernumerary Stereocilia

The retraction of supernumerary stereocilia in devel-
opment is accompanied by widespread reduction in
the number and the heights of microvilli in all
neighboring supporting cells (see SEM images on
Fig. 2a—c and Fig. 3a—c). Therefore, auditory hair cells
may have a conserved mechanism that favors systemic
elimination of the supernumerary stereocilia and
protects true stereocilia. The mechanisms that deter-
mine the fates of stereocilia and microvilli are linked
to the differences in their actin dynamics (Gorelik
et al. 2003; Drummond et al. 2015; Narayanan et al.
2015). In contrast to the initial findings postulating
that F-actin in mammalian hair cell stereocilia
“treadmills” and the whole stereocilium core is
replaced within 48 hours (Schneider et al. 2002;
Rzadzinska et al. 2004), recent studies demonstrated
that the auditory hair cell stereocilia are in fact very
stable in normal physiological conditions with the
exception of a limited area at the very tips of
stereocilia (Zhang et al. 2012; Drummond et al.
2015; Narayanan et al. 2015). In the second and third
row stereocilia that harbor mechanotransduction
channels (Beurg et al. 2009), the remarkable stability
of the actin core is maintained by the Ca®" influx
through these channels (Velez-Ortega et al. 2017).
The stability of the tallest row stereocilia, which do
not possess mechanotransduction channels (Beurg
et al. 2009), may be related to the cell signaling
mechanisms that underlie the stability of microvilli
when they become interconnected by fine extracel-
lular links (Gorelik et al. 2003). It is well known that
the postnatal maturation of both IHC and OHC
stereocilia includes formation of the numerous
transient inter-stereocilia links and their transitioning
to well-defined mature links (Goodyear et al. 2005;
Petit and Richardson 2009). The cochlear epithelium
seems to have a global program that reduces during
development any “unneeded” microvilli-like struc-
tures, except for the ones that are “protected” either
by the Ca®" influx or by the extracellular links. This
retraction is not restricted to the hair cells but
extends also to the microvilli in the rim borders of
neighboring supporting cells—see SEM images of
IHC and OHC bundles starting from P10 and beyond
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in Figs. 2 and 3, respectively. According to our data,
this retraction is largely present in Myol5"%*"? and
Myo15°N/AN cochlear epithelia and is therefore
independent of myosin-XVa.

Short Isoform of Myosin-XVa Is Essential for
Stereocilia Thickness Gradation Within the Audi-
tory Hair Cell Bundles

It has been established that myosin-XVa is essential for
the programmed elongation of stereocilia in develop-
ment by delivering its cargo whirlin and other
components of the stereocilia elongation complex to
the tips of the stereocilia (Belyantseva et al. 2005).
However, the role of myosin-XVa in the control of
other features of hair cell architecture, such as the
diameter of stereocilia, has not been yet investigated.
Our study not only demonstrates the effects of
myosin-XVa dysfunction on the thickness of stereocil-
ia in hair cells but also provides quantitative evidence
of diameter regulation within a wild-type hair bundle
during postnatal development. Out of two published
myosin-XVa isoforms, the short isoform is expressed
early in development (as early as E18.5 in the basal
turn of the cochlea (Belyantseva et al. 2003)) and is
necessary and sufficient for the hair bundle growth
(Belyantseva et al. 2005). The long isoform is not
detectable at the stereocilia tips at P1, becomes
prominent there only after P7, and is not essential
for hair bundle formation (Fang et al. 2015). There-
fore, it is not surprising that the current study found
no disruption of stereocilia diameter gradation in
Myo15*N2N hair cells, implying that it is the short
isoform of myosin-XVa that is essential for the control
of stereocilia diameters.

Building the actin core of a stereocilium requires
polymerization of thousands of actin monomers into
parallel actin filaments (Tilney et al. 1983; Krey et al.
2016). To maintain this structure, thousands of actin
cross-linker proteins connect these filaments to keep
the stereocilia stable (Tilney et al. 1983; Krey et al.
2016). In the mammalian auditory hair cells, those
proteins are known to be different isoforms of espin,
plastin, and fascin (Krey et al. 2016). During
development, stereocilia thickness is determined by
three key factors (i) the number of actin filaments
inside the stereocilium, (ii) the number of actin-
associated cross-linker molecules, and (iii) inter-
filament distances that are allowed by these cross-
linker molecules. In fact, mice that lack plastin alone
or together with fascin are deaf and their stereocilia
are thinner due to a decrease in the number of actin
filaments in the stereocilia cores and the modifica-
tions in the packing of these filaments (Krey et al.
2016).
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Immunolabeling experiments have shown that
cross-linker proteins, espin, plastin, and fascin, are
localized only to the shaft of the stereocilia (Krey
et al. 2016). These proteins are replaced with the
unusual actin bundlers, TRIOBP-4 and TRIOBP-5, at
the base of the stereocilia, which allows for flexibility
during life-long sound-induced bundle deflections
(Kitajiri et al. 2010). Interestingly, none of these
proteins localizes to the tips of the stereocilia.
Myosin-XVa is the first molecule essential for the
control of stereocilia diameters that localizes at the
stereocilia tips. It is yet unknown how exactly myosin-
XVa regulates the width of a stereocilium. According
to our data, myosin-XVa controls the developmental
inhibition of the growth of third row stereocilia
(Figs. 4d and 5d). Therefore, it cannot simply bring
some sort of “thickening” molecules to the stereocil-
ia tips. More likely, myosin-XVa interacts with some
yet unknown molecules that are expressed more
prominently at the tips of the third row stereocilia to
control the number of actin filaments. An interest-
ing protein that interacts with the components of
the myosin-XVa-based macromolecular complex
(specifically, with whirlin) is “calcium and integrin-
binding protein 2,” CIB2. CIB2 has been shown to
be essential for hair cell mechanotransduction and
calcium signaling (Riazuddin et al. 2012).
Immunolabeling localized CIB2 to the tips of the
third row stereocilia, while SEM imaging revealed
growth abnormalities such as increased height of
second row stereocilia, occasional degeneration, and
increased diameters of the third row stereocilia in
IHCs of CIB2 mutants (Giese et al. 2017). Note that
we observed a similar thickening of third row
stereocilia in My015“h2/‘§h2 IHCs (Fig. 4e) and OHCs
(Fig. be).

Myosin-XVa Deficiency May Reveal a Primitive,
“Innate” Gradation of Stereocilia Diameters
Within a Bundle

It is worth mentioning that myosin-XVa deficiency
does not completely eliminate the gradation of
stereocilia diameters between stereocilia rows in the
hair bundles of Myol5"?/*"? mice. Instead, the
diameters become “equally spaced” from the first to
the third row in both IHCs and OHCs at the late
developmental stages (Figs. 4e and 5e). Considering
fourth and fifth rows in My015‘h2/ sh2 TH(Cs, this subtle
gradient of diameters becomes even more promi-
nent (Fig. 6b). Similar residual height differences
between stereocilia of different rows are also seen in
Myo]5‘h2/“h2 OHGCs (Fig. 6f). Of course, all these
differences may be caused by degeneration of
stereocilia in the mutant MyoI5"%*"2 hair cells that
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progress radially toward the first row. However, a
more interesting hypothesis postulates that this
gradual morphology of the heights and diameters
of different row stereocilia in Myol5"**"? hair cells
may reflect a gradient of a hypothetical morphogen
that determines the fate of a stereocilium in early
development. Then, the myosin-XVa-based complex
“overrides” these subtle gradients by shaping the
hair bundle to the particular needs of sound
transduction.

Myosin-XVa-Based Complex Is Likely to Be
Involved in the Effects of Mechanotransducer
Current on the Hair Bundle Morphology

Inhibition of the resting current through
mechanotransduction channels disrupts the stability
of stereocilia actin and results in retraction of the
transducing second and third row stereocilia in
mammalian auditory hair cells (Velez-Ortega et al.
2017). Similar retraction of transducing stereocilia
occurs in mutant mice that lack proteins essential for
mechanotransduction (Alagramam et al. 2011;
Caberlotto et al. 2011). Recently, it has been
demonstrated that genetic or pharmacological abla-
tion of mechanotransducer current causes also the
loss of diameter gradation between stereocilia rows
in IHGCs (Krey et al. 2019). This transduction-
dependent loss of stereocilia diameter gradation is
accompanied by re-distribution of various molecular
components of myosin-XVa-based complex between
different stereocilia rows within a hair bundle (Krey
et al. 2019). The unsolved question is whether these
phenomena are unrelated and occur in parallel, or
myosin-XVa-based complex indeed controls the
gradation of stereocilia diameters within a hair
bundle. In this study, we observed the loss of
stereocilia diameter gradation in IHCs and OHCs
of young postnatal auditory hair cells of homozygous
Myol5“h2/“h2 mice, which lack both isoforms of
myosin-XVa in their stereocilia (Belyantseva et al.
2003; Fang et al. 2015). However, these Myol55h2/5h2
hair cells have prominent inter-stereocilia links,
apparently normal resting current through the
mechanotransducer channels in both IHCs and
OHGs, and nearly normal transduction responses
with the exception of the loss of fast adaptation in
IHCs (Stepanyan et al. 2006; Stepanyan and
Frolenkov 2009). Therefore, the abnormalities of
stereocilia diameters in Myol5"**** mice cannot
result from the loss of mechanotransduction and
we have to conclude that myosin-XVa-based complex
is indeed involved in the mechanotransduction-
dependent control of stereocilia diameter gradation
within a hair cell bundle.
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