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A link between planar polarity and staircase-like bundle
architecture in hair cells
Basile Tarchini1,2,3,4,*, Abigail L. D. Tadenev1, Nicholas Devanney1 and Michel Cayouette4,5,6, *

Sensory perception in the inner ear relies on the hair bundle, the highly
polarized brush of movement detectors that crowns hair cells. We
previously showed that, in the mouse cochlea, the edge of the forming
bundle is defined by the ‘bare zone’, a microvilli-free sub-region of
apical membrane specified by the Insc-LGN-Gαi protein complex. We
now report that LGN and Gαi also occupy the very tip of stereocilia that
directly abut the bare zone. We demonstrate that LGN and Gαi are both
essential for promoting the elongation and differential identity of
stereocilia across rows. Interestingly, we also reveal that total LGN-Gαi
protein amounts are actively balanced between the bare zone and
stereocilia tips, suggesting that early planar asymmetry of protein
enrichment at the bare zone confers adjacent stereocilia their tallest
identity. We propose that LGN and Gαi participate in a long-inferred
signal that originates outside the bundle to model its staircase-like
architecture, a property that is essential for direction sensitivity to
mechanical deflection and hearing.
KEY WORDS: Hair cell, Hair bundle, Stereocilia, Staircase-like
organization, LGN/Gpsm2, Gαi, Mouse

INTRODUCTION

Spearheading sensory perception in the inner ear, epithelial hair
cells (HCs) transform sound waves, gravity or head movements into
electrical impulses that are relayed to the brain by peripheral
neurons. Hair bundle deflection exerts force on molecular tip-links
that connect neighboring shorter and taller stereocilia across rows,
which activates the transduction machinery located at the base of
each link (Zhao and Müller, 2015). HCs are receptive to bundle
displacements along a single planar axis that is indicated by the
direction of the gradient of stereocilia height (Pickles et al., 1984;
Shotwell et al., 1981). How the bundle adopts its staircase pattern,
however, remains largely unclear. Resident bundle proteins such as
Myo15a and Myo3a, and their cargo delivered to stereocilia tips, are
required to various extents for graded heights and concurrent graded
amounts of some proteins at tips across rows (Belyantseva et al.,
2003, 2005; Ebrahim et al., 2016; Lelli et al., 2016; Manor et al.,
2011; Mburu et al., 2003; Probst et al., 1998; Salles et al., 2009).
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However, the mechanisms that instruct morphological and
molecular asymmetry across the bundle remain unknown.
External cues, including a role for the extracellular matrix or the
kinocilium, have been proposed but not experimentally validated
(Manor and Kachar, 2008).
Tissue and cell polarization during early development lay the
structural foundations required for sensory function. Before a
marked staircase pattern and tip-links arise postnatally in the mouse
cochlea, ‘core’ planar cell polarity (PCP) proteins that are
asymmetrically enriched at cell-cell junctions ensure uniform
bundle orientation across HCs (May-Simera and Kelley, 2012).
Furthermore, recent studies have clarified that planar asymmetry of
the cytoskeleton in each HC (which is manifested, for example, by
the V-shaped or semi-circular edge of the bundle and the off-center
position of the kinocilium) depends on ciliary proteins, small
GTPases and the Insc-LGN-Gαi complex (Bhonker et al., 2016;
Ezan et al., 2013; Grimsley-Myers et al., 2009; Jones et al., 2008;
Sipe and Lu, 2011; Tarchini et al., 2013). As the staircase pattern of
the hair bundle is effectively a planar asymmetry in stereocilia
height, we investigate here whether cell-intrinsic planar polarity
signals could participate in its establishment. We show that
following their planar polarized enrichment at the ‘bare zone’,
which is the smooth apical sub-region that defines the lateral edge of
the bundle (Tarchini et al., 2013), LGN (Gpsm2) and Gαi become
specifically enriched at the tips of adjacent stereocilia that will form
the tallest row. Stunted postnatal stereocilia and lack of differential
identity across rows in absence of LGN and Gαi function suggest a
model whereby planar polarity information in the flat region of the
apical membrane is used to establish differential stereocilia identity
across the bundle.
RESULTS AND DISCUSSION
LGN and Gαi colocalize at the tips of stereocilia in the first
row

Insc-LGN-Gαi are planar polarized in murine cochlear post-mitotic
HCs from embryonic day (E) 15.0 (Bhonker et al., 2016; Ezan et al.,
2013; Tarchini et al., 2013), labeling and expanding the bare zone
(Tarchini et al., 2013). At E16.5, we found that LGN and Gαi become
enriched in a second apical compartment: the tips of developing
stereocilia in inner hair cells (IHCs) (Fig. 1A; data not shown). At
birth, in both IHCs and outer hair cells (OHCs), LGN and Gαi, but
not Insc, are detected at the distal tip of stereocilia adjacent to the bare
zone (Fig. 1B). Although initially restricted to central stereocilia
in the bundle, LGN-Gαi spread to encompass all stereocilia in the
first row (Fig. 1C). Stereocilia enrichment becomes more prominent
after birth, whereas protein accumulation at the bare zone, which
dominates during embryogenesis, concomitantly decreases (Fig. 1D).
LGN-Gαi amounts at the tips are initially comparable in IHCs and
OHCs, but decrease during bundle maturation in OHCs (Fig. S1A).
LGN-Gαi immunostaining signal extends distally beyond F-actin in
the tallest row, but is undetectable in shorter rows (Fig. 1E,F; Fig.
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Fig. 1. LGN and Gαi, but not Insc, localize at the distal tip of stereocilia in the tallest row. (A) LGN immunostaining at E16.5 (one turn position). Inset: LGN
channel from the boxed IHC region. (B) Insc, LGN and Gαi immunostaining at P0 (base). (C) LGN at E17.5 and P2. Stereocilia tip enrichment (double-headed
arrow) is initially restricted to central stereocilia, but spreads peripherally with time. (D) LGN and Gαi in IHCs at P2, P4 and P8. Bare zone localization decreases
with time. (E) Medial view of LGN and Gαi in P7 IHC bundles. No protein enrichment is detected at tips in the second row. See Fig. S1B for a lateral side view.
(F) Higher magnification view of LGN at the tips. LGN extends distally beyond the F-actin core of stereocilia (broken lines). (G) Egfp-tagged LGN and Gαi
recapitulate endogenous protein distribution, including stereocilia tips. Tagged Insc localizes at the bare zone and can invade the bundle, but is not specifically
enriched at stereocilia tips. Cochleas were electroporated at E14.5 and cultured for 6 days. (H) Co-immunostaining for LGN and Gαi at P6 (one turn position). Solid
arrowheads, stereocilia tips in the first row; open arrowheads, stereocilia tips in the second row; arrows, bare zone. All images are en face views of the apical
surface of the cochlear sensory epithelium where lateral (abneural) is upwards and medial (neural) is downwards. F-actin (F-act) is labeled with phalloidin. Scale
bars: 5 µm in A,H; 2 µm in B-E,G; 1 µm in F.

LGN and Gαi are required for stereocilia elongation during
bundle maturation

LGN or Gαi inactivation leads to disorganization of stereocilia
distribution at the HC apical membrane (Bhonker et al., 2016;
Ezan et al., 2013; Tarchini et al., 2013), which we interpreted to
be the result of defective bare zone specification and expansion
(Tarchini et al., 2013). Prompted by LGN-Gαi localization at
their tips, we undertook a detailed analysis of stereocilia
morphology during development. Interestingly, in Lgn mutants,
IHC stereocilia in the first row are slightly shorter at birth
( postnatal day 0, P0) (Fig. 2A-C), a phenotype that increases in
severity at P6 and results in drastically stunted stereocilia at
maturity (Fig. 2B,C; Fig. S3). While mature IHC stereocilia
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S1B), and a similar protein distribution is observed in vestibular HCs
(Fig. S1C). Importantly, LGN signal in stereocilia is absent in Lgn
mutants (Fig. S1D), and this specific tip enrichment is recapitulated
when LGN and Gαi proteins carrying Myc or Egfp tags are
transfected into HCs in cochlear cultures (Fig. 1G; Fig. S1E).
Overexpressed fusion proteins maintain specificity for the first row
(Fig. S1E), suggesting that LGN-Gαi are not able to enter shorter
stereocilia located further away from the bare zone. At all stages, LGN
and Gαi colocalize at tips in a similar way to their colocalization at the
bare zone (Fig. 1H; Fig. S1E), as expected from their well-established
direct binding (Du and Macara, 2004). Together, these results
uncover a novel and intriguing dual subcellular LGN-Gαi distribution
in HCs that suggests a potential role in stereocilia development.
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Fig. 2. Hair bundle defects in the absence of LGN and Gαi function. (A) Scanning electron microscopy of the organ of Corti at P0 (half-turn) in a control
(LgnDEL/+) and in LgnDEL/DEL and Atoh1-Cre; PTXa mutants. (B) Higher magnification medial views of representative single IHCs (top) and OHCs (bottom) at P0,
P6 and mature stages. Mature Lgn and PTXa samples are at P14 and P22, respectively. See lateral views in Fig. S3A. (C-F) Quantification of IHC stereocilia
height in the first row (C), the height differential between the first and second row (D), the number of rows across the bundle (E), and the stereocilia thickness in the
first (colored) and third (black) rows (F). (G-I) Quantification of OHC stereocilia height in the first row (G), the height differential between the first and second row
(H), and the number of rows across the bundle (I). (J) Representative examples of defective stereocilia distribution in LgnDEL/DEL and Atoh1-Cre; PTXa mutants. 0;
PTXa controls have the Rosa26-(stop)-PTXa allele, but lack the Atoh1-Cre transgene. Average per animal±s.e.m. is plotted for n≥3 animals. Welch’s t-test (ns,
P>0.05; *P≤0.05; **P≤0.01; ***P≤0.001; ****P≤0.0001). In F, the t-test reflects thickness differences in row 3. All stereocilia quantifications are detailed in Tables
S1 and S2. Cochleas were analyzed halfway in the basal turn (P0, P6) and at the apical turn (mature). Scale bars: 10 µm in A; 2 µm in B,J.

normally form three rows of markedly different height and girth,
the supernumerary rows of similar thickness and a very shallow
staircase pattern in Lgn mutants suggest that the bundles remain
immature (Fig. 2B,D-F).
3928

To bypass functional redundancy between Gnai1, Gnai2 and
Gnai3, we have previously analyzed transgenic fetuses expressing
Pertussis toxin catalytic subunit (PTXa) in HCs (Tarchini et al.,
2013). PTXa specifically ADP-ribosylates inhibitory G proteins, as
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Fig. 3. Absence of LGN and Gαi function leads to
profound deafness. Auditory brainstem response
thresholds for constitutive Lgn mutants (Lgn DEL/DEL)
(A) and Gαi inactivation in post-mitotic HCs (Atoh1-Cre;
PTXa) (B). LgnDEL/DEL (n=6) and LgnDEL/+ control
littermates (n=8), Atoh1-Cre; PTXa (n=8) and 0; PTXa
(n=10) control littermates (without the Atoh1-Cre
transgene) were tested once at P21-P25 (mean±s.d.).

Stereocilia stunting in absence of LGN-Gαi coincides with
profound hearing loss

Very limited auditory brainstem responses could be elicited from
click sounds and pure tone frequencies (8, 16 and 32 kHz) in young
Lgn and Atoh1-Cre; PTXa adult mutants at the highest sound
pressure tested (Fig. 3A,B). Stunted stereocilia are a likely cause for
near-complete deafness, and could be the etiology of hereditary
hearing loss reported in multiple families with recessive mutations
in LGN/GPSM2 (Doherty et al., 2012; Walsh et al., 2010; Yariz
et al., 2012). In addition, planar polarity defects and abnormal
stereocilia distribution could also play a role (Bhonker et al., 2016;
Ezan et al., 2013; Tarchini et al., 2013). Direct binding between
LGN and Gαi is essential for proper bundle morphogenesis and
hearing, as suggested by a recent study using a mutant in which
LGN lacks the Goloco motifs that mediate its interaction with Gαi
(Bhonker et al., 2016). Of note, Lgn and Atoh1-Cre; PTXa cochleas
are still able to incorporate the FM1-43 dye, and the Cdh23 protein
can still be detected near stereocilia tips in mature Lgn mutants,
suggesting that LGN-Gαi do not directly affect mechanosensory
channels or tip-links (Fig. S3E,F). Although Lgn and PTXa mutants
do not display obvious balance problems in their cage, their
vestibular HC bundle anomalies (Fig. S3B-D) might possibly
explain the poor skills observed during free swimming (Movie 1)
(Goodyear et al., 2012). Together, these results underscore the
importance of LGN-Gαi signaling for HC function.
Evidence for a molecular link between the bare zone and
stereocilia tips

In mitotic cells, LGN-Gαi-mediated regulation of spindle orientation
depends on their binding partners (Morin and Bellaïche, 2011). For
example, LGN can bind Insc, a protein that directs vertical epithelial
divisions and is typically absent during planar divisions (Konno
et al., 2008; Kraut et al., 1996; Postiglione et al., 2011; Poulson and
Lechler, 2010; Žigman et al., 2005). We reasoned that binding
partners could differentially regulate the trafficking of LGN-Gαi to
distinct HC compartments. Consistently, we noticed increased
amounts of LGN and Gαi before birth at stereocilia tips in absence
of Insc, which itself accumulates at the bare zone but not at the tips
(Fig. 4A-D and Fig. 1B,G). Interestingly, LGN-Gαi enrichment at
the bare zone is conversely reduced in Insc mutants (Fig. 4A-D). The
same redistribution across compartments is observed in utricular
HCs in Insc mutants (Fig. 4E). Thus, before birth, Insc buffers LGNGαi at the bare zone, limiting protein amount at tips. Similarly, LGN
is required to keep Gαi at the bare zone, thereby preventing an excess
amount of Gαi from accumulating at stereocilia tips and ectopically
localizing at their base (Fig. 4F; Fig. S4A). A proper balance of
3929
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only this class of G proteins carries a conserved C-terminal cysteine
target site; PTXa is routinely used to inactivate Gαi signaling
(Milligan, 1988; Wise et al., 1997). To extend this approach, we
produced a stable mouse line in which PTXa expression is Creinducible at the Rosa26 locus (Fig. S2A,B). Using FoxG1-Cre
(Hébert and McConnell, 2000) to induce PTXa in early otic
progenitors, we observed cochlear defects that are apparently
restricted to HC apical differentiation and recapitulate the severe
HC planar misorientation reported previously (Fig. S2C) (Tarchini
et al., 2013). These animals die shortly after birth, however, so we
used Atoh1-Cre (Matei et al., 2005) to restrict PTXa mostly to postmitotic HCs in order to study postnatal bundle morphogenesis.
Atoh1-Cre; PTXa IHCs have bundle defects that are strikingly
reminiscent of Lgn mutants, with supernumerary rows of identicallooking stereocilia and a drastically shortened first row (Fig. 2B-F).
Thus, LGN and Gαi are both required for postnatal stereocilia
elongation and play an essential role in generating graded asymmetric
identities across rows, with mutant IHCs harboring an almost flat
bundle of ‘generic’ stereocilia. OHC bundle defects are generally
similar but less severe, with supernumerary rows largely corrected at
maturity and normal stereocilia thickness across rows (Fig. 2B,G-I;
data not shown). Milder first row shortening and better preserved
staircase-like organization probably reflects the fact that first row
elongation and thickening is much less pronounced in OHCs
compared with IHCs (compare Fig. 2C,D,G,H). Stereocilia
shortening and shallower staircase patterns are also observed in
vestibular HCs in the utricle (Fig. S3B-D).
At mature stages, the IHCs of Atoh1-Cre; PTXa mutants have
longer stereocilia than do Lgn mutants (Fig. 2B,C). Milder shortening
could reflect a knock-down rather than a full inactivation of Gαi
function by PTXa. Accordingly, leftover Gαi protein can be detected
in less differentiated HCs, where Cre expression occurs later (Fig.
S2D). By contrast, disorganized stereocilia distribution at the apical
membrane is more pronounced in Atoh1-Cre; PTXa than in Lgn
mutants (Fig. 2J). It will be interesting to combine Gnai1-Gnai2Gnai3 mutants to extend the PTXa results by removing single or
multiple endogenous Gαi proteins.
Although loss-of-function approaches cannot resolve subcellular
protein function, we propose that the LGN-Gαi complex regulates
stereocilia elongation from their stereocilia tip location because: (1)
shorter stereocilia are observed postnatally, when LGN-Gαi tip
enrichment is more prominent and bare zone accumulation decreases;
(2) resident proteins are more likely to influence stereocilia
elongation than proteins located outside the bundle; and (3)
proteins localized at stereocilia tips and regulating height have been
reported previously (Manor and Kachar, 2008) (discussed below).
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proteins between compartments can be restored by providing Insc or
LGN in individual HCs of Insc or Lgn mutant explants, respectively
(Fig. S4B,C). These results uncover a cell-intrinsic mechanism that
is able to tune relative protein distribution between compartments.
Although this mechanism de facto establishes an interesting link
between planar polarization and stereocilia tip enrichment in the first
row (Fig. 4G), the reason for limiting LGN-Gαi amounts at tips
before birth is still unclear. LGN-Gαi excess at tips in mutants is
observed only before the normal increase in protein accumulation
there after birth, with unchanged LGN-Gαi amounts present at tips
postnatally in Insc mutant (Fig. S4D). Consistently, transfected Insc
no longer antagonizes LGN at tips in more mature Insc mutant
explants (Fig. S4C). Finally, we did not observe stereocilia overelongation or obvious bundle defects in Insc mutants (not shown).
However, transient LGN-Gαi excess could produce subtle changes
in the kinetics of stereocilia elongation that are difficult to detect in
fixed tissue, and LGN-Gαi at tips might only influence elongation
after birth, when stunted stereocilia start to be visible in the
corresponding mutants.
3930

From a top-down perspective, it is tempting to hypothesize that
selective trafficking of LGN-Gαi into the first row of stereocilia
could be achieved through planar polarized enrichment at the bare
zone, which is immediately adjacent along the epithelial plane
(Fig. 1B; Fig. 4G). Accordingly, LGN-Gαi are first enriched at the
bare zone before becoming detectable at tips, and bare zonerestricted Insc can influence early accumulation of LGN-Gαi at tips.
Stereociliary LGN-Gαi would then directly define a tallest row
identity, and indirectly implement distinct stereocilia heights and
girth across rows in the bundle. The tallest row has indeed been
shown to influence stereocilia morphology in the shorter rows via
tip-links (Caberlotto et al., 2011a,b; Xiong et al., 2012).
Importantly however, further work is required to establish
formally a causal link between the planar polarity machinery and
staircase architecture in the bundle. As dual LGN-Gαi localization is
observed throughout HC apical differentiation (E16.5 to P8), timebased conditional genetics is unlikely to help, and alternative
approaches will be needed to manipulate protein enrichment in a
compartment-specific manner. It will also be interesting to ask
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Fig. 4. Balanced LGN-Gαi distribution between the bare zone and stereocilia tips. (A) LGN immunostaining at E16.5 (apical turn) in the indicated genotypes.
Mutant IHCs have decreased levels of LGN at the bare zone (arrow) and increased LGN levels in stereocilia (arrowhead). (B) LGN immunostaining at P0. Boxed
regions are shown at higher magnification underneath and specifically show LGN stereocilia enrichment in OHCs and IHCs. (C) Fraction of total LGN staining
intensity at the bare zone (gray) and stereocilia tips (black) in OHCs and IHCs of P0 InscDEL/DEL and control littermates (mean±s.e.m.). Nine OHCs (three per row)
and three IHCs at the cochlea base were analyzed for n≥3 animals for each genotype. (D) LGN (left) and Gαi (right) immunostaining in P0 OHCs. (E) LGN
immunostaining in utricular epithelium at E14.5. A single HC (boxed) is magnified in the right-most panels, where acetylated tubulin (Ac. tub) co-staining reveals
the kinocilium in blue. (F) Gαi immunostaining at P0 in OHCs. Gαi excess in the bundle is seen at the tips (solid arrowhead) and the base (open arrowhead) of
stereocilia. In the right-most panels, stereocilia tips are labeled with Eps8 (blue). Arrows and arrowheads indicate the bare zone and stereocilia tips, respectively.
(G) Model depicting the Insc-LGN-Gαi complex distribution (green) during HC differentiation and the mutant phenotype. Scale bars: 2 µm in A,D,F; 5 µm in B;
10 µm in E.

RESEARCH REPORT

MATERIALS AND METHODS
Animals

Lgn and Insc mutants have been described previously (Tarchini et al., 2013).
The generation of PTXa mice is described in the supplementary Materials
and Methods. All animal work was performed in accordance with the
Canadian Council on Animal Care guidelines, and reviewed for compliance
and approved by the Animal Care and Use Committee of The Jackson
Laboratory.
Immunostaining and FM1-43 uptake

Cochleas and utricles were isolated from the temporal bone and processed for
immunostaining as previously described (Tarchini et al., 2013). To compare
protein distribution between the bare zone and stereocilia tips (Fig. 4), Insc
and Lgn mutants and control littermates were processed identically and
incubated with a pre-pooled mix to ensure similar antibody concentration.
The same cochlear position was imaged in controls and mutants using the
same exposure settings, and images were treated identically. For FM1-43
uptake, P4 cochleas were immersed in FM1-43FX (ThermoFisher; 5 µM) for
1 min, fixed for 10 min in 4% PFA, mounted and imaged immediately.
Details of the antibodies used, imaging and quantitative analysis can be found
in the supplementary Materials and Methods.
Cochlear cultures

Briefly, cochleas from CD1 or B6FVB wild-type mice or mutant mice were
collected at E14.5, electroporated with 1-5 µg/µl circular DNA (27 V,
27 ms, 6 pulses at 500 ms intervals) and cultured for 6 days in Matrigel
(Corning), as previously described (Tarchini et al., 2013).
Scanning electron microscopy

Temporal bones were fixed for 1 h in 4% PFA before exposing the cochlear
sensory epithelium and removing the tectorial membrane. Samples were
then incubated overnight in 2.5% glutaraldehyde and 4% PFA in 1 mM
MgCl2 and 0.1 M sodium cacodylate buffer. After further dissection,
cochlear and utricular samples were progressively dehydrated in ethanol and
incubated through a graded isoamyl acetate series, before being dried using
critical point drying or hexamethyldisilazane (Electron Microscopy
Sciences). After sample sputtering with gold-palladium, images were
acquired on a Hitachi 3000N VP at 20 kV using 5000-10,000×
magnification. Details of the quantitative analysis can be found in the
supplementary Materials and Methods.
Auditory brainstem response and swimming procedure

Briefly, mice were anesthetized with tribromoethanol (2.5 mg per 10 g of
body weight), and tested using the Smart EP evoked potential system
(Intelligent Hearing Systems) as described previously (Zheng et al., 1999).
Thresholds were determined by increasing the sound pressure level (SPL) in

10 dB increments. To observe free swimming behavior (Goodyear et al.,
2012), mice were placed in a 38×45 cm plastic tub filled with 10 cm of water
at 25°C. Their behavior was filmed for 1 min and videos were evaluated
blind to genotype.
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