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SUMMARY

Stereocilia, the mechanosensory organelles on the apical surface of hair cells, are necessary to detect sound
and carry out mechano-electrical transduction. An electron-dense matrix is located at the distal tips of ster-
eocilia and plays crucial roles in the regulation of stereocilia morphology. Mutations of the components in this
tip complex density (TCD) have been associated with profound deafness. However, the mechanism under-
lying the formation of the TCD is largely unknown. Here, we discover that the specific multivalent interactions
among the Whirlin-myosin 15 (Myo15)-Eps8 complex lead to the formation of the TCD-like condensates
through liquid-liquid phase separation. The reconstituted TCD-like condensates effectively promote actin
bundling. A deafness-associated mutation of Myo15 interferes with the condensates formation and conse-
quently impairs actin bundling. Therefore, our study not only suggests that the TCD in hair cell stereocilia
may form via phase separation but it also provides important clues for the possible mechanism underlying

hearing loss.

INTRODUCTION

Usher syndrome (USH) is an autosomal recessive genetic dis-
ease characterized by deafness and vision impairment (Bough-
man et al.,, 1983; Keats and Corey, 1999; Mathur and Yang,
2019). A lot of USH causative genes have been identified during
the last several decades (Michalski and Petit, 2019; Petit and Ri-
chardson, 2009). These genetic data reveal that the abnormal
development of hair cells may underlie the pathogenesis of the
syndrome (Barr-Gillespie, 2015). Hair cells are specialized mech-
anoreceptor cells that detect sound and then carry out me-
chano-electrical transduction (MET). The mechanosensory or-
ganelles of hair cells are hair bundles or stereocilia, a cluster of
actin-rich protrusions located at the apical surface of polarized
hair cells (Barr-Gillespie, 2015; Gillespie and Muller, 2009; Fig-
ure 1A). Stereocilia are organized into rows of graded heights
forming precisely uniform staircase patterns, which are intercon-
nected by various extracellular hair bundle links, such as tip links
(Gillespie and Muller, 2009; Kachar et al., 2000; Richardson and
Petit, 2019; Sakaguchi et al., 2009; Figure 1A). Electron micro-
scopy (EM) analysis has revealed that the lower and upper inser-
tion sites of tip links are electron-dense areas that are referred to
as lower tip link density (LTLD) and upper tip link density (UTLD),

respectively (Furness and Hackney, 1985; Gillespie and Muller,
2009; Sahin et al., 2005; Figure 1A).

Proper development and maintenance of stereocilia are
essential for normal hair cell functions (Barr-Gillespie, 2015; Ri-
chardson and Petit, 2019). It is not fully understood, however,
how stereocilia length is controlled. Intriguingly, several proteins
encoded by USH causative genes have been involved in the
regulation of actin cytoskeleton dynamics in stereocilia (Drum-
mond et al., 2012). Deafness-associated mutations of these
actin cytoskeleton regulatory proteins perturb stereocilia growth
and consequently lead to hearing loss (Sahin et al., 2005). Spe-
cifically, a set of protein complexes located at the distal tips of
the tallest stereocilia (also known as “tip complex”), which in-
cludes Whirlin, myosin 15 (Myo15), Eps8, LGN, and Guai, plays
crucial roles in promoting actin polymerization and bundling (Be-
lyantseva et al., 2003, 2005; Mauriac et al., 2017; Sahin et al.,
2005; Zampini et al., 2011; Figure 1A).

Myo15, an unconventional myosin expressed in cochlear hair
cells, is thought to transport protein cargos within developing
stereocilia (Belyantseva et al., 2005; Delprat et al., 2005). Muta-
tions of Myo15 cause profound deafness both in humans and
mice (Probst et al., 1998; Wang et al., 1998). Mice deficient in
Myo15 (shaker-2 mice) displayed very short stereocilia without
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Figure 1. Characterization of interactions between Whirlin, Myo15, and Eps8

(A) A schematic diagram illustrating the organization of hair cell stereocilia.

(B) Domain organizations of key components of the tip complex in stereocilia. FERM, 4.1/ezrin/radixin/moesin; HHD, Harmonin homology domain; Myth4, myosin
tail homology 4; NTD, N-terminal domain; PDZ, PSD-95/Discs-large/Z0-1 homology; PBM, PDZ binding motif; PR, proline-rich region; PTB, phosphotyrosine
binding; SAM, sterile alpha motif; SH3, Src homology 3; WBD, Whirlin binding domain.

(C and D) GST-pull down assays showing that the WBD domain of Eps8 (C) and the HHD1 domain of Whirlin (D) were essential for Whirlin-Eps8 interaction. PD,

pull down.

(Eand F) GST-pull-down assays showing that the PTB domain of Eps8 (E) and the CMF-PBM domain of Myo15 (F) were essential for Myo15-Eps8 interaction.
(G) Fluorescence polarization-based assays showing the binding affinities of Myo15 PBM to Whirlin PDZ3 and Whirlin PDZ3-PBM. The sequence of Myo15 PBM
is also shown here with completely conserved residues colored in red and less conserved residues colored in green. All of the binding assays were repeated 3

times (N = 3). Representative experiments are shown.
See also Figure S1.

tip links (Probst et al., 1998). Whirlin (encoded by WHRN gene) is
a USH protein that sequentially consists of N-terminal harmonin
homology domain 1 (HHD1), a tandem of PDZ domains (PDZ1-
2), HHD2, and the PDZ3 domain directly followed by a C-terminal
PDZ-binding motif (PBM) (Mburu et al., 2003; Figure 1B). Whirlin
acts as an organizer of the tip complex that control the coordi-
nated actin dynamics of stereocilia (Kikkawa et al., 2005). Muta-
tions of WHRN have been found in patients with either non-syn-
dromic deafness (DFNB31) (Mburu et al., 2003) or USH of type 2
(USH2D) (van Wijk et al., 2006). Mice deficient in Whirlin (whirler
mice) were profoundly deaf and showed short stereocilia (Mburu
et al., 2003). Eps8 (epidermal growth factor receptor pathway
substrate 8) is an evolutionarily conserved regulator of actin dy-
namics and can control actin-based motility by capping the
barbed ends of actin filaments and promoting actin bundling
(Disanza et al., 2004, 2006). In addition, Eps8 can directly interact
with monomeric actin (Hertzog et al., 2010). Like shaker-2 and
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whirler mice, Eps8 knockout mice also exhibit similar stereocilia
stunting and severe hearing loss (Zampini et al., 2011), indicating
a strong genetic interaction between these three deafness-asso-
ciated genes (Behlouli et al., 2014). Physically, Myo15 interacts
with both Whirlin and Eps8 (Manor et al., 2011). These interac-
tions are required for Myo15-mediated trafficking of Whirlin
and Eps8 to the very tips of stereocilia (Belyantseva et al.,
2003, 2005). Whirlin was also found to interact with Eps8 in the
tip complex (Manor et al., 2011). Expression of both Eps8 and
Myo15 at stereocilia tips was reduced in Whirlin-deficient mice
(Manor et al., 2011), suggesting a critical scaffolding role of Whir-
lin in the assembly of the stable Whirlin-Myo15-Eps8 tip
complex.

Most notably, transmission EM (TEM) images have shown that
an electron-dense structure is located at the distal tips of stereo-
cilia and covers the barbed ends of the actin protrusions (Eng-
strom and Engstrdm, 1978; Furness and Hackney, 1985;
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Hackney and Furness, 2013; Mogensen et al., 2007; Rzadzinska
et al., 2004; Figure 1A). This dense structure exhibits properties
reminiscent of the postsynaptic density (PSD) in neurons (Palay,
1956). PSD contains various proteins and forms a densely
packed structure to regulate actin cytoskeleton dynamics in
accordance with distinct neuronal stimuli (Zhu et al., 2016). Simi-
larly, the components of the tip complex may act as key molec-
ular organizers of this tip complex density (TCD) (Gillespie and
Mdller, 2009; Sahin et al., 2005). For example, the tallest stereo-
cilia showed very strong Myo15 staining covering their oblate
tips, whereas the shaker-2 mice exhibited a rounded tip without
the characteristic TCD and displayed bundle defects (Rzadzin-
ska et al., 2004). The electron density at the tips of stereocilia
was markedly patchy and irregular in the whirler mice (Mogensen
et al., 2007). Intriguingly, the electron-dense material-free areas
appeared to coincide with a lack of actin filament at the tip (Mo-
gensen et al., 2007). These observations also suggest a tight cor-
relation between the TCD formation and stereocilia growth.
Despite the crucial roles of the tip complex-mediated formation
of TCD in orchestrating the architecture and function of hair cell
stereocilia, several key questions remain to be answered. What
is the molecular basis underlying the assembly of the tip com-
plex? How could the tip complex contribute to form electron-
dense TCD assembly? What is the relationship between TCD for-
mation and the pathogenesis of USH?

In this study, we characterize the interactions between Whirlin,
Myo15, and Eps8 in detail and provide the high-resolution struc-
ture of the Whirlin-Myo15 complex. Importantly, we demonstrate
that the formation of the Whirlin-Myo15-Eps8 complex leads to
autonomous condensation of the complex both in vitro and in
cells via liquid-liquid phase separation (LLPS). Our biochemical
reconstitution experiments suggest that the key components
of the tip complex are sufficient to form the densely packed
TCD-like condensates. We further demonstrate that the recon-
stituted TCD-like condensates effectively promote actin
bundling. A deafness-associated mutation of Myo15 impairs
the formation of the condensates and thus leads to defects in
actin bundling.

RESULTS

Characterization of the interactions between Whirlin,
Myo15, and Eps8

We wanted to dissect the interactions among Whirlin, Myo15,
and Eps8. A previous study reported that Whirlin binds to the
N-terminal region (amino acids [aa] 1-535) of Eps8 (Manor
et al,, 2011). We verified this interaction by showing that
glutathione S-transferase (GST)-Eps8'°%°, but not GST-
Eps8°%°82'  bound robustly to GFP-tagged Whirlin in the
GST-pull down assays (Figure 1C). We further found that
Eps8297~464 (referred to as Whirlin-binding domain [WBD]) also
bound effectively to Whirlin, whereas Eps8 phosphotyrosine
binding (PTB) (aa 33-207) did not (Figure 1C). In line with our
biochemical data, both RFP-Eps8'?° and RFP-Eps8 WBD
could colocalize with GFP-Whirlin into the cytoplasmic puncta-
like structures in cells, whereas red fluorescent protein (RFP)-
Eps8 PTB could not (Figure S1A). Next, we wanted to dissect
which domain or domains of Whirlin are required for Eps8 bind-
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ing. Various deletion forms of Whirlin were introduced to test
their binding to Eps8 WBD. We found that deletion of the
HHD1 domain, but not other domains, completely eliminated
the Whirlin-Eps8 WBD interaction (Figure 1D). These data sug-
gested that the WBD of Eps8 and the HHD1 domain of Whirlin
are essentially required for Whirlin-Eps8 interaction.

Consistent with an earlier study (Manor et al., 2011), we
showed that both GST-Eps8'2° and GST-Eps8°3°-82" pound
to Myo15 tail (Myo152062-3:51") "although Eps8'~°2° displayed a
much stronger binding than Eps8°3°®2" did (Figure 1E). Myo15
tail includes the N-terminal Myth4-FERM domain (NMF), the
SH3 domain, and the C-terminal Myth4-FERM domain (CMF),
followed by a PBM (Figure 1B). Further truncation-based assays
demonstrated that the PTB domain of Eps8 and CMF-PBM of
Myo15 were the major binding sites for Myo15-Eps8 interaction
(Figures 1E and 1F). Myo15 accumulates at filopodia tips when
overexpressed in heterologous cells (Belyantseva et al., 20083).
In line with our biochemical data, both RFP-Eps8'®2° and
RFP-Eps8 PTB could colocalize with GFP-Myo15 at the very
tips of filopodia in cells, whereas RFP-Eps8 WBD could not
(Figure S1B).

Myo15 was shown to bind to the third PDZ domain of Whirlin
via its C-terminal evolutionarily conserved type | PBM (Belyant-
seva et al.,, 2005). We found that the interaction between
Myo15 PBM and Whirlin PDZ3 was required for trafficking of
Whirlin to filopodia tips via Myo15 (Figure S1C), an observation
that is similar to the previous studies (Belyantseva et al., 2005;
Mauriac et al., 2017). Fluorescence polarization-based assays
showed that Myo15 PBM bound directly to Whirlin PDZ3 (aa
815-904) and Whirlin PDZ3-PBM (aa 815-907) with dissociation
constants (Kp) of ~3.2 and ~2.3 uM, respectively (Figure 1G). The
above data indicate that Whirlin, Myo15, and Eps8 can interact
directly with one another, thus forming the stable tip complex
(Figure S1D).

Structural basis of the Whirlin-Myo15 interaction
To investigate the molecular basis governing the Myo15-Whirlin
interaction, we tried to crystallize Myo15 PBM with Whirlin PDZ3
or Whirlin PDZ3-PBM. We were able to obtain crystals of Whirlin
PDZ3-PBM in complex with a synthetic Myo15 PBM peptide. We
determined the complex structure at 1.7 A resolution by the mo-
lecular replacement method (Table S1). Each asymmetric unit
contains one copy of the complex. In the complex structure,
Whirlin PDZ3 adopts a canonical PDZ domain architecture
composed of five B strands (BA-E) and two helices (2A and aB)
(Figure 2A). Myo15 PBM occupies the groove formed by «B
and BB of Whirlin PDZ3 (Figure 2A). Interestingly, Myo15 PBM,
in addition to forming anti-parallel B sheet pairs with B of Whirlin
PDZ3, forms parallel B sheets with the PBM of Whirlin in the
neighboring asymmetric unit, indicating the tendency of oligo-
merization of the complex in the crystal (Figure S2A). However,
the Whirlin PDZ3-PBM/Myo15 PBM complex existed as a mono-
mer in solution according to the static light-scattering assays
(Figure S2B), suggesting that the parallel  sheet binding mode
observed in the crystal may be due to crystal packing artifacts.
In detail, Whirlin PDZ3 interacts with Myo15 PBM in a typical
PBM-PDZ binding mode (Zhang and Wang, 2003). The side
chain of L(0) of Myo15 PBM inserts into the hydrophobic pocket
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Figure 2. Crystal structure of Whirlin-Myo15 complex

(A) Overall structure of the Whirlin PDZ3-PBM-Myo15 PBM complex.

(B) Detailed interface between Whirlin PDZ3-PBM and Myo15 PBM. Residues
involved in protein interaction are shown with the stick model. Hydrogen bonds
are shown as black dashed lines.

See also Figure S2 and Table S1.

formed by L826, 1828, 1830, and 1884 from Whirlin PDZ3. The
carboxyl group of L(0) of Myo15 PBM forms hydrogen bonds
with the backbone amides of L826, G827, and 1828 (the
“GLGF” motif of PDZ domain) of Whirlin PDZ3. The side chain
of T(—2) of Myo15 PBM interacts with the imidazole ring of
H877 at the oB helix of Whirlin PDZ3 (Figure 2B).

Whirlin undergoes phase separation in vitro and in living
cells

An interesting observation during our cellular imaging study
was that GFP-Whirlin formed bright puncta in cytosol when
expressed in cells (Figure 3A). A fluorescence recovery after
photobleaching (FRAP) experiment showed that GFP-Whirlin
signals could be recovered after photobleaching over a
short period of time (Figures 3A and 3B), suggesting that
GFP-Whirlin could exchange between the puncta and the
surrounding cytoplasm. These data indicated that the
puncta were reversible liquid droplets. We purified the re-
combinant full-length Whirlin protein and found that Whirlin
protein became turbid at room temperature when the con-
centration was >20 puM and turned clear again after being
cooled on ice. Under differential interference contrast (DIC)
microscopy, the turbid solution formed many spherical liquid
droplets (Figure 3C). Moreover, Cy3-labeled Whirlin protein
forms bright droplets in solution in a concentration-depen-
dent manner under fluorescence microscopy (Figure 3C).
These droplets could fuse with one another into larger
spherical droplets over time (Figure 3D). The FRAP experi-
ment showed that the recombinant the Cy3 signals could
recover after photobleaching as well, suggesting that Whirlin
could exchange between the droplets and the surrounding
solution (Figure 3E). We further tested the ability of Whirlin
to form liquid droplets in buffers with different salt concen-
trations. Significantly, both the size and number of the drop-
lets were reduced when the NaCl concentration was
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elevated (Figure 3F). The above biophysical features of
Whirlin are reminiscent of biomolecular condensates formed
via LLPS (Banani et al., 2017; Hyman et al., 2014; Shin and
Brangwynne, 2017), suggesting that Whirlin can autono-
mously undergo phase separation in vitro and in living cells.
Previous reports demonstrated that Whirlin can form oligo-
mers (Chen et al., 2014; Delprat et al., 2005). More specif-
ically, HHD1-PDZ1 was found to bind to itself as well as
to PDZ2, and PDZ3 was also found to bind to itself (Chen
et al.,, 2014). One would thus expect that these multivalent
intermolecular interactions in Whirlin may contribute to its
phase separation. In line with this hypothesis, a short iso-
form of Whirlin (Whirlins"°™), which lacks the HHD1, PDZ1,
and PDZ2 domains, could not form phase separation
(Figure S4).

Formation of Whirlin-Myo15-Eps8 complex leads to
TCD-like condensates

The fact that Whirlin, Eps8, and Myo15 interact specifically with
one another may allow Whirlin-Myo15-Eps8 complex to form
open oligomers (see below), thus promoting the formation of
the liquid-like condensates. To verify this hypothesis, we
decided to reconstitute the Whirlin-Myo15-Eps8 complex
in vitro. We tried to purify recombinant full-length Myo15 and
Eps8. However, we failed to obtain soluble full-length Myo15
protein. Alternatively, we successfully purified a truncated
Myo15 protein (Myo15 CMF-PBM), which includes both binding
sites for Whirlin and Eps8 (Figure 3A). Although we could purify
full-length Eps8 protein, the amount was relatively limited, which
is not suitable for extensive phase separation study. Instead, we
were able to obtain large amounts of a truncated Eps8 (Eps8
PTB-WBD), which includes both binding sites for Whirlin and
Myo15 (Figure 4A). For simplicity, we referred to these two trun-
cated proteins as Myo15 and Eps8, respectively, during our sub-
sequent reconstitution experiments.

When mixing fluorescently labeled Whirlin, Myo15, and Eps8
at a 1:1:1 molar ratio, we observed micrometer-sized,
condensed droplets with spherical shapes under fluorescence
microscopy (Figure 4B). Each droplet was enriched with all three
proteins. Importantly, the number and size of the droplets pro-
gressively reduced when the concentration of the complex
decreased (Figure 4B). Notably, the addition of Myo15 and
Eps8 significantly lowered the threshold concentration of phase
separation to <5 pM (Figures 4B versus 3C). The FRAP experi-
ment suggested that each protein could exchange between the
condensed phase and the aqueous solution (Figure 4C). Consis-
tently, the three proteins could perfectly colocalize with each
other into bright spherical puncta when they were co-expressed
in cells (Figure 4D). The intensities of each protein in the cyto-
plasmic puncta could recover after photobleaching over a short
period of time (Figure 4E). Notably, the recovery rate of Whirlin in
the TCD-like condensates is much slower than that of Whirlin
alone, suggesting that the TCD-like condensates may be highly
dense and less dynamic.

Although the biomolecular condensates are in general driven
by low-complexity sequences of intrinsic disordered regions
(IDRs) (Banani et al., 2017; Shin and Brangwynne, 2017; Wright
and Dyson, 2015), specific and multivalent protein-protein
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Figure 3. Whirlin undergoes phase separa-
tion in vitro and in living cells

(A) Representative images showing expression of
GFP-Whirlin in HEK293T cells produced many
spherical puncta. The FRAP experiment shows
that GFP-Whirlin in the spherical puncta
exchanged with those in cytoplasm. Scale bar:
5 pum.

(B) Quantitative results for FRAP experiment of
GFP-Whirlin in puncta and cytoplasm of HEK293T
cells. Time O refers to the time point of the photo-
bleaching pulse. All data are represented as means
+ SDs from 5 droplets (n = 5) in cells.
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(C) DIC and fluorescence images showing purified
full-length Whirlin protein underwent phase sepa-
ration at indicated concentrations. Whirlin was
sparsely labeled by Cy-3 at 1%. Scale bar: 5 pm.
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(D) Representative images showing the Whirlin
condensed droplets fused with one another over
time.

(E) FRAP experiment of Cy3-Whirlin showing that
the protein exchanged between the droplets and
aqueous solution. Time 0 refers to the time point of
the photobleaching pulse. All data are represented
as means + SDs from 5 independent experiments
(N=5).

(F) Fluorescence images showing the size and
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interactions are able to promote the formation of liquid-like
condensates via phase separation (Shan et al., 2018; Zeng
et al., 2016, 2018). Considering the multivalent interactions be-
tween Whirlin, Eps8, and Myo15, we wanted to investigate
network complexity-dependent phase separation of the tip
complex. Whirlin can only form visible sporadic droplets at
20 uM (Figure 4F). Eps8 PTB displayed oligomerization ten-
dency when protein was concentrated, whereas Eps8 WBD
did not (Figures S3A-S3C). A pull-down assay showed that
Eps8 PTB interacts with itself to form oligomers (Figure S3D).
Therefore, the addition of Eps8 would expand the valency of
the system and promote the phase separation. As expected,
the addition of Eps8 into Whirlin dramatically facilitated the
phase separation of Whirlin (Figure 4F, top row, lane 2 versus
lane 4). The liquid droplets appeared even at the concentration
of 5 uM (Figure 4F). Unlike Eps8, Myo15, which lacks the olig-
omerization domain, did not significantly promote the phase
separation of Whirlin (Figure 4F, top row, lane 3 versus lane
4). We concluded that Whirlin and Eps8 are the core compo-

via phase separation driven by multiva-

lent interactions in the complex
(Figure 4G). Notably, Whirlin®"°" (which lacks the Eps8-binding
domain), Eps8, and Myo15 did not form phase separation (Fig-
ure S4), most likely because the above-mentioned multivalent
interactions were disrupted.

A deafness-associated mutation of Myo15 impairs the
tip complex condensates

We wanted to find the possible relationship between the forma-
tion of TCD-like condensates and the pathogenesis of deafness.
Several frameshift mutations of Myo15 that lack the intact PBM
have been identified in deafness patients (Lezirovitz et al., 2008;
Nal et al., 2007; Rehman et al., 2016). Specifically, a truncating
mutation of Myo15 (p.S3525AfsX29, referred to as Myo159eaf
hereafter) lacks the very C-terminal PBM and instead bears an
additional 28 residues (Lezirovitz et al., 2008; Figures 5A and
S4). The Myo15%3" mutant was expected to disrupt its binding
to Whirlin PDZ3 due to the disrupted PBM. GST-Whirlin PDZ3
was unable to bind to Myo15%3" as effectively as its wild-type
counterpart (Figure 5B).
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Figure 4. Formation of Whirlin-Myo15-Eps8 tip complex leads to TCD-like condensates

(A) Schematic diagram showing the components and the interactions among Whirlin, Myo15, and Eps8. Domains drawn in gray are removed from the corre-
sponding proteins for technical reasons. Black arrows indicate the interactions between these proteins.

(B) DIC and fluorescence images showing that mixture of Whirlin, Myo15, and Eps8 at indicated concentrations led to formation of the liquid droplets. Whirlin,
Myo15, and Eps8 were labeled with Cy3, Alexa 488, and Alexa-405, respectively, with each at 1% level. Scale bar: 5 pm.

(C) FRAP experiment showing the exchange kinetics of each protein between the tip complex condensates and dilute solution. All data are represented as means
+ SDs from 5 independent experiments (N = 5).

(D) Representative images showing that co-expression of GFP-Myo15, RFP-Whirlin, and BFP-Eps8 in HEK293T cells produced multiple spherical puncta en-
riched with 3 proteins. Scale bar: 7.5 um.

(E) FRAP experiment showing the exchange kinetics of each protein between the condensed puncta and dilute cytoplasm. All data are represented as means +
SDs from 5 droplets (n = 5) in cells.

(F) Valency- and protein concentration-dependent TCD-like condensates formation. Scale bar: 5 um.

(G) A model depicting the mechanism of the formation of the TCD-like condensates via phase separation.

See also Figures S3, S4, and S7.

We next wanted to figure out how the deafness-associated apo forms (Figure S4). In addition, compared with the wild-type
Myo15 mutant affects the formation of the TCD-like conden-  tip complex condensates, the ones with either Myo1593" or
sates. We used a previously described sedimentation-based ~Myo15*FPBM showed fewer liquid droplets under microscopy
assay to quantify the distribution of the proteins in the bulk (Figures 5E and 5F). These data indicated that the deafness-
aqueous solutions (the “supernatant” fraction) and the associated mutation of Myo15 leads to defective TCD-like
condensed droplets (the “pellet” fraction) (Zeng et al., 2016; condensate formation, most likely due to the impairment of
Zhu et al., 2020). In the wild-type tip complex mixture, ~95% of  multivalent interactions in the tip complex.

Whirlin and ~50% of Eps8 and Myo15 proteins were recovered

from the condensed phase (Figures 5C and 5D). However, in  The tip complex condensates promote actin bundling
the Myo15deaf group, the number of proteins in the condensed  Little is known about how the components of the tip complex
droplets significantly decreased (only with ~50% of Whirlin and  work together to orchestrate the regulation of actin dynamics
~10% of Eps8 and Myo15 proteins) (Figures 5C and 5D). It is in stereocilia, especially when some of them do not possess
worth noting that all of the proteins used in the sedimentation-  actin regulatory activity. Our reconstituted TCD-like conden-
based assays were soluble and did not form aggregationsintheir ~ sates may provide some clues. In the reconstitution system,
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Figure 5. Deafness-associated mutation af-
fects formation of the TCD-like condensates
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(E) Representative fluorescence images showing
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liquid droplets. The concentration of each protein
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(F) Quantification data of (E). Data are presented as
means + SEMs from 3 independent experiments
using Student’s t test (***p < 0.001; ns, not signif-
icant).

See also Figure S4.

(Figure S5). However, the tip complex
mixture with the Myo15%3" mutant
showed limited actin bundling activity
(Figure 6B), probably due to its reduced
phase separation ability (Figure S6).
Notably, the Myo152"BM mutant also dis-
played defective actin bundling activity

Myo15 deal

o
&
o
_‘1."'\

only Eps8 is able to facilitate actin bundling via its C-terminal re-
gion, including the SH3, the proline-rich motifs, and the sterile
alpha motif (SAM) domain (Disanza et al., 2004). Full-length
Eps8 (Eps8™) alone induced the formation of actin bundles
with a minimal effective concentration of 0.5 uM (Figure S5,
with an actin:Eps8™ molar ratio of 2:0.5), which is in line with
the previous study (Disanza et al., 2006).

We next set up the actin bundling experiment in the presence
of the tip complex condensates (Figure 6A). To this end, the tip
complex mixture was incubated with pre-assembled F-actin,
and then the actin bundling events were directly visualized under
fluorescent microscopy (FM) or TEM (Figure 6A). In the tip com-
plex mixture, the concentration of EpsSFL, Myo15, and Whirlin
were 0.25, 1.25, and 1.25 uM, respectively. Under such a condi-
tion, the mixture could effectively form condensed droplets (Fig-
ure S6). As expected, Eps8™ alone could not induce actin
bundling at the concentration of 0.25 uM (F-actin, 2 uM) (Fig-
ure 6B). Surprisingly, when the wild-type tip complex mixture
was mixed with F-actin, long filamentous bundles were observed
under FM (Figure 6B). The actin bundling event was also
confirmed by the low-speed actin co-sedimentation assays

(Figure 6B). As expected, the Whirlin-
Eps8 mixture without Myo15 showed
q\':.’ o reduced actin bundles as well (Figure S5).
Interestingly, wild-type Whirlin, Eps8™,
and Myo15 colocalized into small consec-
utive puncta along with F-actin bundles
(Figure 6C), suggesting that the condensed tip complex may
act along the F-actin bundles. Furthermore, we used TEM to
directly visualize actin bundles in the presence of the tip complex
condensates. As expected, thick actin bundles were seen under
TEM (the mean width was 301 + 21 nm; the width of the thickest
bundles was ~570 nm) (Figures 6D and 6E). In contrast, the tip
complex mixture with the Myo1598" mutant exhibited much
weaker actin crosslinking activity (the mean width was 144 +
7 nm) than the wild-type group (Figures 6D and 6E). These results
suggest that the formation of Whirlin-Eps8-Myo15 condensates
may play a critical role in the promotion of actin bundle
formation.

Discussion

Several electron-dense areas have been observed in hair cell
stereocilia over 40 years. Examples are the TCD located at the
tallest stereociliary tips, LTLD and UTLD situated at the lower
and upper insertion sites of tip links, respectively, and the elec-
tron-dense materials at the lateral links and ankle links (Engstrom
and Engstréom, 1978; Furness and Hackney, 1985; Hackney and
Furness, 2013). Vast genetic and biochemical studies have
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(A) A diagram showing the process of actin
bundling experiment in vitro. FM, fluorescent mi-
croscopy; TEM, transmission electron micro-
scopy.

(B) Representative images under FM showing that
wild-type tip complex condensates significantly
promote the actin bundling, whereas the mixture
with Myo159¢3f or Myo1547BM could not. Scale bar:
5 pum.

(C) Representative images showing colocalization
of Whirlin, Eps8, and Myo15 with F-actin bundles.
Scale bar: 2.5 pm.

(D) Representative images of actin bundles
induced by wild-type and mutant form of the tip
complex mixture under TEM. Scale bar: 100 nm.
(E) Distribution of the width of actin bundles from
the different groups of experiments. Statistics
were performed by 2-tailed Student’s t test. ****p <
0.0001.

(F) Proposed model for the tip density assembly
mediated by phase separation of the tip complex.
The tip complex including but not limited to Whir-
lin-Myo15-Eps8 axis may autonomously form
condensed droplets in hair cell stereocilia via
liquid-liquid phase separation. UTLD, upper tip link
density; LTLD, lower tip link density.
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uncovered the molecular composition of these membrane-less
electron densities. The TCD consists of various densely packed
proteins (the tip complex), including scaffold proteins (e.g., Whir-
lin), molecular motors (e.g., Myo15, Myo3, Myo1), and actin reg-
ulatory proteins (e.g., Eps8, Espin) (Gillespie and Cyr, 2004; Sal-
les et al., 2009). Recently, the polarity proteins LGN and Gai were
shown to form an ~200 nm nanodomain with Myo15 and Whirlin
at the tips of the stereocilia (Mauriac et al., 2017; Tadenev et al.,
2019). These proteins work together to regulate actin dynamics
and stereocilia morphology. However, it remains unclear how
this protein-dense semi-enclosed compartment is organized.
Emerging evidence suggests that LLPS may be a general mech-
anism underlying the formation of membrane-less subcellular
electron-dense plaques with broad physiological functions (Ba-
nani et al., 2017; Brangwynne et al., 2009; Hyman et al., 2014).
For example, the PSD and the active zone in post- and presynap-
ses of neurons, respectively, may be assembled through LLPS
(Wu et al., 2019; Zeng et al., 2016, 2018).

In the present study, we demonstrate that Whirlin, Myo15, and
Eps8, three major proteins in the TCD, can autonomously un-
dergo phase separation and form highly dense but dynamic
TCD-like condensates both in vitro and in living cells. Therefore,
we provide evidence to show that the TCD in hair cell stereocilia
may be formed via LLPS. Intriguingly, the Myo7A-USH1C-
USH1G complex, the core components of UTLD, was recently
shown to undergo phase separation as well (He et al., 2019). It
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See also Figures S5 and S6.

was further proposed that UTLDs of ster-

eocilia may be formed by the phase sep-

aration-mediated  formation of the

MYO7A-USH1C-USH1G  condensates
(He et al., 2019). It is noted that the formation of the UTLD-like
condensates requires multivalent interactions between the
tripartite complex, with a similar assembly mechanism in our
work. At the tips of shorter/middle stereocilia where the LTLD
was situated, Eps8 was essential for the initial elongation during
development, while Eps8L2 was required for maintenance in
adult hair cells (Furness et al., 2013). Eps8L2, an Eps8-like pro-
tein, shares a common modular organization with Eps8 and dis-
plays high sequence similarity with Eps8 (~50% aa identity) (Of-
fenhduser et al., 2004). The Whirlin-Myo15-Eps8L2 complex can
also undergo phase separation (Figure S7). Therefore, it is most
likely that the LTLD could also form through LLPS during both
development and mature stages. These discoveries imply that
the electron-dense areas observed in stereocilia (e.g., TCD,
UTLD, LTLD, ankle-link complex) may form via phase separa-
tion. Future work is needed to verify this point.

What is the functional implication of the phase separation-
mediated TCD condensates? We provide important clues by
showing that in vitro reconstituted TCD-like condensates may
effectively promote the actin bundling, although direct experi-
mental evidence is required in stereocilia in future. Our fluores-
cent image data demonstrate that Whirlin, Eps8, and Myo15
display spotty-like, periodic co-puncta along bundled F-actin fil-
aments, suggesting that the three proteins most likely form the
condensates via LLPS to promote actin bundling. However, it
cannot be ruled out that the condensates may exist as a gel-
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like or solid state, which is difficult to investigate at this stage.
Future work is needed to address this issue. Since Eps8 alone
could not induce actin bundling at lower concentrations (Fig-
ure Sb), it is possible that the TCD-like condensates facilitate
the actin bundling by concentrating Eps8 in the mixture. Thus,
it would not be surprising that the mutants of Myo15 that impair
the formation of the TCD-like condensates led to defects in actin
bundling activity (Figure 6). These data indicate that the LLPS-
mediated TCD condensates may play critical roles in the regula-
tion of stereocilia morphology by concentrating actin regulatory
proteins in hair cells (Figure 6F). In accordance with this conclu-
sion, it is generally believed that LLPS is used by cells to concen-
trate biomolecules at specific subcellular compartments (Banani
et al., 2017; Shin and Brangwynne, 2017; Zhu et al., 2020).
Intriguingly, Whirlin was reported to interact with actin-free Es-
pin, another actin crosslinking protein, at the ankle links and ster-
eocilia tips in hair cells (Wang et al., 2012). This interaction accel-
erated the exchange between pools of actin-free Espin and
actin-bound Espin and may indirectly weaken the cross-links
of Espin with actin filaments (Wang et al., 2012). The two mech-
anisms used by Whirlin (Whirlin-Espin axis and Whirlin-Eps8-
Myo15 axis) to regulate actin dynamics are obviously different.
These data strongly suggest that Whirlin, a versatile organizer
of actin dynamics, may coordinate and balance multiple
signaling pathways to precisely regulate actin dynamics in
different compartments of stereocilia and/or different stages of
stereocilia development.

Actin-based protrusions, including stereocilia, filopodia, and
microvilli, serve a huge variety of functions in eukaryotic cells
(Sahin et al., 2005). When comparing the three types of actin pro-
trusions, the most intriguing commonality is the presence of the
condensed tip complex density at the distal tips of these protru-
sions (Sahin et al., 2005). In filopodia and microvilli, the dense
matrix contains actin polymerization proteins (e.g., VASP, For-
mins), actin bundling proteins (e.g., Fascin, Espin, villin, Eps8),
myosins, and other signaling proteins (Breitsprecher et al.,
2008; Harker et al., 2019; Kerber and Cheney, 2011; Postema
et al., 2018; Sahin et al., 2005; Schirenbeck et al., 2005). It will
be interesting to test whether the tip density of filopodia and
microvilli could also be formed by phase separation.
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