
Wnt Responsive Lgr5-Expressing Stem Cells Are Hair Cell
Progenitors in the Cochlea

Fuxin Shi1,2, Judith Kempfle1,2, and Albert S. B. Edge1,2,3

1Department of Otology and Laryngology, Harvard Medical School, Boston, MA 02115
2Eaton-Peabody Laboratory, Massachusetts Eye and Ear Infirmary, Boston, MA 02114
3Program in Speech and Hearing Bioscience and Technology, Division of Health Science and
Technology, Harvard & MIT, Cambridge, MA 02139

Abstract
Auditory hair cells are surrounded on their basolateral aspects by supporting cells, and these two
cell types together constitute the sensory epithelium of the organ of Corti, which is the hearing
apparatus of the ear. We show here that Lgr5, a marker for adult stem cells, was expressed in a
subset of supporting cells in the newborn and adult murine cochlea. Lgr5-expressing supporting
cells, sorted by flow cytometry and cultured in a single cell suspension, as compared to unsorted
cells, displayed an enhanced capacity for self-renewing neurosphere formation in response to Wnt
and were converted to hair cells at a higher (>10-fold) rate. The greater differentiation of hair cell
in the neurosphere assay showed that Lgr5-positive cells had the capacity to act as cochlear
progenitor cells, and lineage tracing confirmed that Lgr5-expressing cells accounted for the cells
that formed neurospheres and differentiated to hair cells. The responsiveness to Wnt of cells with
a capacity for division and sensory cell formation suggests a potential route to new hair cell
generation in the adult cochlea.
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Cochlear supporting cells surround the base and lateral surfaces of hair cells and have many
of the characteristics of glia, including expression of markers such as GFAP and S100, and a
biological role in glutamate transport and provision of neurotrophic support (Takumi et al.,
1997; Beattie et al., 2002; Ramirez-Camacho et al., 2006). Supporting cells act as precursors
for hair cells in lower vertebrates during hair cell regeneration (Bermingham-McDonogh
and Rubel, 2003; Ma et al., 2008). Supporting cells in mammals do not replace hair cells
when the inner ear is damaged (Warchol, 2010). This lack of regeneration has been
attributed in part to lack of proliferation and to the complex organization of the cochlear
sensory epithelium, comprising the organ of Corti in mammals, as compared to the hearing
organs in fish and birds (Edge and Chen, 2008; Warchol, 2010). The supporting cells
express a number of markers that are normal markers of neural stem cells, including Sox2,
GLAST, and Musashi (Sakakibara et al., 1996; Okano et al., 2002; Sakaguchi et al., 2004;
Oesterle et al., 2008; Kuwabara et al., 2009; Li et al., 2009). Although they exit the cell
cycle in late embryogenesis, supporting cells have been shown to divide and differentiate to
hair cells if isolated and placed in culture at or around the time of birth (White et al., 2006).
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Cochlear cells isolated from the newborn organ of Corti give rise to self-renewing
neurospheres that have the capacity to differentiate to the various cell types of the ear
(Oshima et al., 2007; Martinez-Monedero et al., 2008). However there has been little
information available about the origin of cells that give rise to these neurospheres or the
differential expression of genes that distinguish supporting cells.

In a previous study, we found that Wnt signaling controlled the expression of Atoh1, which
is a key developmental gene in intestinal epithelium and inner ear (Shi et al., 2010). We
have found in this study that leucine-rich repeat containing, G-protein-coupled receptor,
Lgr5, is expressed in the cochlea, where we find it restricted to a few types of supporting
cells. Lgr5 is a receptor for R-spondins (de Lau et al., 2011) that activate the frizzled-Lrp5/6
complex in conjunction with Wnt and is a marker for adult stem cells in the colon and small
intestine (Barker et al., 2007). We have used this marker for the isolation of cells from the
organ of Corti that display the capacity to form neurospheres and to become hair cells. Lgr5-
positive cells but not Lgr5-negative cells differentiated to hair cells, indicating that they
were hair cell progenitors.

MATERIALS AND METHODS
Animals

Sox2-GFP (Eminli et al., 2008) mice were provided by Konrad Hochedlinger. Atoh1-nGFP
mice (Lumpkin et al., 2003) were provided by Jane Johnson. Mice containing an EGFP-
IRES-CreERT2 “knock-in” allele at the Lgr5 locus (Barker et al., 2007) (referred to as Lgr5-
GFP or Lgr5-CreER) were obtained from Jackson Labs (Stock 008875). Rosa26-tdTomato
reporter mice which harbor a loxP-flanked STOP cassette in front of a red fluorescent
protein variant (tdTomato) at the Rosa26 locus (Madisen et al., 2010) were obtained from
Jackson Labs (Stock 007914). All mouse experiments were approved by the IACUC of the
Massachusetts Eye and Ear Infirmary.

Purification of cochlear cells by flow cytometry
Cochlear tissue was dissected from 4–5 mouse cochleae at postnatal d 1 (P1) or P2 by
separation of the organ of Corti from the lateral wall, spiral ganglion, and Reissner’s
membrane. The tissue was trypsinized at 37°C for 11 min and mechanically dissociated in
PBS with 2% fetal bovine serum (FBS, Invitrogen), DNAse (10 units/ml, Qiagen) and
EDTA (2 mM, Sigma). The cells were filtered through a cell strainer (40 μm diameter) prior
to sorting. Hair cells were stained with FM1–43FX (5 μg/ml, Invitrogen) for 5 min at room
temperature and washed 3 times with PBS before dissociation. The dissociated cells were
sorted on a BD FACSAria using the channels for GFP or FM1–43, and both positive and
negative fractions were collected. Purity of the sorted cells was assessed by immunostaining
and by quantitative RT-PCR.

Culture of sorted cells
Purified cells (2,000/cm2) from cell sorting were plated on a laminin-coated dish and
cultured for 10 d in DMEM/F12 with 2% B27, 1% N2, EGF (20 ng/ml, Chemicon), bFGF
(10 ng/ml, NIH), IGF-1 (50 ng/ml, Chemicon) and heparan sulfate (50 ng/ml, Sigma). Cells
that had not attached were removed 1 d after plating. To label dividing cells, BrdU (20 μg/
ml, Sigma) was added to the culture medium. The cells were fixed and stained for BrdU and
hair cell markers after 10 d of culture.

Inner ear sphere formation and differentiation
Dissected or flow-sorted cochlear cells were cultured to form spheres in ultra low
attachment dishes (Costar) at a density of 2,000 cells/ml for 5 d in DMEM/F12 medium
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(Invitrogen) with 1% N2 and 2% B27, EGF, bFGF, IGF-1 and heparan sulfate. For clonal
analysis the dissected cochlear cells were cultured in 96 well Petri dishes (USA Scientific) at
a density of one cell/well for 5 d in the same medium. The spheres were collected every 5 d,
mechanically dissociated with a 25 G needle (BD Labware) and re-seeded in fresh medium.
For differentiation, spheres were plated on a laminin-coated dish and cultured for 5 d in
DMEM/F12. To label dividing cells, BrdU (20 μg/ml, Sigma) was included in the culture
medium. Cells were analyzed for hair cell and supporting cell markers.

Thermolysin (0.5 mg/ml) was applied to cochlear tissue for 30 min at 37°C to separate
sensory epithelium and mesenchymal tissue, which were then microdissected (Saffer et al.,
1996; Zheng et al., 1997). The separation was assessed by immunostaining for hair cell and
supporting cell markers. Single cells were isolated and cultured separately to form spheres.

For osteogenic differentiation (Jaiswal et al., 1997), spheres were plated and cultured for 10
d in DMEM/10% FBS with BMP4 (10 ng/ml, Chemicon), 50 μg/ml ascorbic acid, 100 nM
dexamethasone, 10 mM β-glycerolphosphate, 100 U/mL penicillin, 1000 U/mL
streptomycin, and 0.2% fungizone antimycoticin. The cells were fixed and stained for
collagen II.

Lineage tracing of Lgr5pos cells
To trace the fate of Lgr5-expressing cells we made Lgr5-CreER/Rosa26-tdTomato, double-
positive mice from a cross between homozygous Rosa26-tdTomato and heterozygous Lgr5-
CreER mice. The nursing mother was injected intraperitoneally with tamoxifen (250 mg/kg
body weight) on d 1 and 2 after delivery to activate Cre in the pups, and neurospheres were
made at P2 and differentiated for 10 d to follow Lgr5-expressing cells. The cells were
analyzed for tdTomato expression and hair cell markers.

To determine the fate of Lgr5-positive progenitor cells, third generation neurospheres from
double positive pups (P2) were administered tamoxifen (15 nM) for 5 d just prior to
differentiation and the expression of tdTomato and hair cell markers was analyzed in the
differentiated cells.

To trace Lgr5pos cochlear progenitors during development, tamoxifen (250 mg/kg body
weight) was given to the pregnant female at E12.5 and the cochlea from double positive
mice was analyzed at E17.5 (tdTomato expression and hair cell and supporting cell
markers).

Wnt treatment of inner ear spheres
Cells isolated from the organ of Corti of mice at P3 were cultured in suspension for 5 d to
form neurospheres in DMEM/F12 with or without addition of Wnt3a (20 ng/ml, R&D
Systems), R-spondin1 (200 ng/ml, R&D systems) or DKK1 (100 ng/ml, R&D Systems).
Neurospheres were collected, mechanically dissociated and cultured for the second
generation in DMEM/12 with EGF, IGF, FGF and heparan sulfate. Neurospheres were
counted at passaging from the first to the second generation.

Neurospheres from Atoh1-nGFP sensory epithelium infected with empty adenovirus or
adenovirus containing β-catenin or GFP (9 × 107 viral particles) for 16 h after seeding (106

cells/well) in 100 μl Opti-MEM. Cells positive for Atoh1, myosin VIIa and DAPI were
counted after 5 d and. The efficiency of viral transduction based on GFP incorporation was
70% in the plated neurospheres and 20% in the floating neurospheres. The adenovirus
vectors were a generous gift from Galapagos B.V. (Leiden, the Netherlands) (Michiels et al.,
2002).
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Histology and immunostaining
Antibodies used in this study were myosin VIIa (1:800, Proteus), myosin VIIa (1:100;
DSHB), Sox2 (1:500; Santa Cruz), espin (1:200; Transduction Labs), parvabumin 3
(1:1,000; courtesy of Stefan Heller), Prox1 (1:200; Chemicon), p27kip1 (1:200,
NeoMarkers), islet1 (1:100; DSHB), BrdU (1:100; ABD Serotec), GFP (1:1,000;
Invitrogen), β-III-tubulin (1:500, Covance) collagen type II (1:100, Chemicon), nestin
(1:100, DSHB), CD105 (1:500, BD Pharmingen) and Sca1 (1:500, BD Pharmingen).
Species–specific Alexafluor-conjugated secondary antibodies were used for detection
(1:500; Invitrogen).

RESULTS
Lgr5 marked a subset of supporting cells

We assessed expression of Lgr5, a marker for adult stem cells in the intestine and hair
follicles (Barker and Clevers, 2010; Sato et al., 2011), in the mouse organ of Corti,
consisting of the sensory hair cells and supporting cells that surround them (Fig. 1A).
Whereas all supporting cells were stained for Sox2, Lgr5 expression at birth was seen in 4–5
cells in the greater epithelial ridge, inner border cells, inner pillar cells and the 3rd row of
Deiter’s cells (Fig. 1B), using Lgr5-GFP mice (GFP under the control of the Lgr5 locus).
Identification of the subset of supporting cells labeled for Lgr5 around the inner and outer
hair cells (labeled by myosin VIIa) was confirmed as inner but not outer pillar cells by
comparison of the Prox1 staining of outer pillar cells and Deiter’s cells to the Lgr5 label
(Fig. 1C). At P60 the 3rd row of Deiter’s cells and the inner pillar cells retained their
expression of Lgr5 (Fig. 1D).

Lgr5-positive supporting cells divided and generated hair cells
We tested whether Lgr5-expressing mammalian supporting cells, which are normally post-
mitotic at birth but show a limited capacity to act as hair cell progenitors when isolated, had
any capacity to divide and differentiate to hair cells. We purified GFP-expressing cells from
a Sox2-GFP (Fig. 2A) or Lgr5-GFP (Fig 2B) mouse organ of Corti. Sox2pos and Lgr5pos

supporting cells sorted by flow cytometry (Fig. 2C and D) showed no staining for hair cell
marker, myosin VIIa (Fig. 2G and H), but displayed an enriched set of supporting cell
markers (Fig. 2D and F). Negative sorting for Atoh1 or FM-143 removed hair cells from
Lgr5pos supporting cells but did not significantly change the percentage of hair cells
resulting from differentiation (not shown).

Sox2pos supporting cells formed colonies (3–5 cells) that expressed hair cell marker, myosin
VIIa, after a 10-d culture (Fig. 2I). None of the cells in the Sox2neg fraction expressed
myosin VIIa (Fig. 2I). Lgr5pos supporting cells formed similar-sized colonies containing an
indistinguishable percentage (33.5% vs 32.5%) of myosin VIIa-positive cells/colony (Fig.
2J), but a higher percentage of the colonies (68.2 ± 13.6% vs 8.2 ± 3.1%; p < 0.05)
contained myosin VIIa-positive cells. Lgr5pos cells proliferated as shown by BrdU staining
(Fig. 2J) and some of the myosin VIIa-staining cells were co-stained for BrdU. Lgr5neg cells
had a similar rate of BrdU incorporation but no myosin VIIa-positive cells were observed.
Myosin VIIa-positive cells co-stained for parvalbumin 3 (Fig. 2K) and espin (Fig. 2L), a
marker for hair cell stereocilia (Sekerkova et al., 2004). Thus, the hair cell-containing
colonies that grew from cells sorted for Sox2 and Lgr5 had a similar percentage of hair cells,
but a significantly higher percentage of hair cell-containing colonies was obtained from the
Lgr5pos cells (Fig. 2M).
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Hair cell differentiation by Lgr5-positive cochlear neurospheres
To assess the potential of Lgr5pos cells as hair cell progenitors that can expand and
differentiate, we tested the sorted cells from cochlear sensory epithelium in a neurosphere
assay. Sox2pos and Sox2neg cells, as well as Lgr5pos and Lgr5neg cells, proliferated and
formed neurospheres that incorporated BrdU (Fig. 3A, B and J). The neurospheres from
Sox2pos and Lgr5pos cells retained high levels of Lgr5 and Sox2 expression but were
negative for myosin VIIa expression (Fig. 3C and D). Upon differentiation the Sox2pos

neurospheres gave rise to myosin VIIa-positive cells at a 4-fold higher rate than those from
cells depleted of hair cells by negative sorting for Atoh1 (Fig. 3E and K); Sox2 expression
was decreased after differentiation. Myosin VIIa-positive cells were not found after
differentiation of neurospheres made from Sox2neg cells (Fig. 3E). Differentiation of Lgr5pos

as compared to Sox2-sorted or Atoh1 negatively sorted neurospheres generated myosin
VIIa-expressing cells (Fig. 3F) at a greater than ten-fold higher rate (Fig. 3K; p < 0.05). In
contrast, Lgr5neg neurospheres did not give rise to hair cells (Fig. 3F). Lgr5 expression was
lost in the myosin VIIa-expressing cells but was retained in cells surrounding the myosin
VIIa-positive cells along with Sox2 (Fig. 3G). The myosin VIIa-positive cells co-stained for
parvalbumin 3 (Fig. 3H; myosin VIIa and parvalbumin 3 have been found in physiologically
active hair cells differentiated from neurospheres (Oshima et al., 2007)). Cells that did not
differentiate and remained Lgr5-positive continued to express supporting cell marker, islet1
(Fig. 3I).

Secondary spheres made by sorting Lgr5pos cells from primary spheres maintained the
capacity to differentiate into hair cells (Fig. 3L) and dissociated cells from cochlear sensory
epithelium formed clonal spheres in a 96-well plate assay (average of 2 positive wells/plate,
n=12 plates). The spheres from Lgr5pos but not Lgr5neg cells gave rise to hair cells upon
differentiation (Fig. 3M).

Lgr5pos cells gave rise to hair cell lineages in vivo and in vitro
To ask whether hair cells were derived from Lgr5-expressing supporting cells, we crossed
Lgr5-CreER mice with reporter mice in which a floxed STOP cassette prevents transcription
of a downstream red fluorescent protein (tdTomato). When neonatal mice were administered
one dose of tamoxifen at P1 and the cochlea was examined at 24 h, reporter expression was
observed in supporting cells that were Lgr5-positive based on GFP (not shown). Hair cells
from cochlear neurospheres obtained at P2 from mice administered tamoxifen at P1, after
passaging to the third generation and differentiation, were double positive for myosin VIIa
and tdTomato, showing a derivation from Lgr5-expressing supporting cells (Fig. 4A). Of the
tdTomato-positive cells, 12% were positive for myosin VIIa (n=3, 100 neurospheres
counted). Lgr5-Cre did not label all hair cells in these cultures, presumably due to
incomplete labeling of reporters by this Cre mouse (Barker et al., 2007).

We next administered tamoxifen to neurospheres from Lgr5-CreER reporter mice at the
third generation. Upon differentiation, cells positive for hair cell markers were also positive
for tdTomato (Fig. 4B, Lgr5pos cells), showing that Lgr5-positive progenitors in the
neurospheres generated hair cells.

To ask whether progenitors that expressed Lgr5 during development of the cochlea gave rise
to the sensory epithelium, we labeled Lgr5-expressing cells during development. We
administered one dose of tamoxifen at E12.5 (prior to hair cell differentiation) and analyzed
the inner ear at E17.5 (at which point differentiation of hair cells is complete). At E12.5,
Lgr5 was expressed in the same progenitors as Sox2, throughout the prosensory area (Fig.
4C). Cre recombination-induced reporter activity observed 24 h after tamoxifen treatment
indicated that Lgr5 was expressed in the Sox2-expressing prosensory domains (not shown).
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By E17.5, both hair cells (myosin VIIa; Fig. 4D) and supporting cells (Sox2; Fig. 4E)
expressed tdTomato, indicating derivation from Lgr5-expressing progenitors. Not all hair
cells were stained, again suggesting that the Cre did not label all cells expressing Lgr5.

Lgr5-positive neurospheres were responsive to Wnt signaling
Sorted Lgr5pos cells formed smaller more homogenous neurospheres than Lgr5neg cells (Fig.
5A). Multiple passages revealed that neurospheres from Lgr5pos cells expanded more
rapidly than neurospheres from Lgr5neg cells (Fig. 5B).

Wnt3a addition increased the expansion of neurospheres from Lgr5pos cells at passaging
from the first to the second generation and, conversely, blocking Wnt signaling by addition
of dickkopf1 (DKK1), a Wnt antagonist, decreased neurosphere expansion 6-fold (Fig. 5C
and D). R-spondin1, a ligand for Lgr5, also increased the number of neurospheres, acting
synergistically with Wnt3a (Fig. 5D).

Wnt signaling has been implicated in acquisition of cell fate in addition to expansion
(Ootani et al., 2009; Qu et al., 2010), and transcription factor Atoh1, which is necessary for
hair cell differentiation in the embryonic inner ear (Bermingham et al., 1999), is activated by
β-catenin (Shi et al., 2010). Adenovirus-mediated expression of β-catenin increased the
percentage of Atoh1-positive cells after differentiation of neurospheres (Fig. 5E), and about
50% of the Atoh1-positive cells expressed myosin VIIa (Fig. 5F), showing that Wnt/β-
catenin signaling influenced progenitor cell differentiation to hair cells.

Mesenchymal tissue lacked hair cell progenitors
To test for other possible sources of hair cell progenitors in the cochlea, we separated
mesenchymal tissue from sensory epithelium (illustrated in Fig. 6A). Both tissues gave rise
to spheres, but sensory epithelial spheres (45 ± 8 μm) expressed nestin, Sox2, and Lgr5, but
not CD105 and Scal1 (Fig. 6B and C), and mesenchymal spheres (150 ± 12 μm) expressed
nestin and mesenchymal markers, CD105 and Scal1, but not prosensory markers, Sox2 or
Lgr5 (Fig. 6B and D). Spheres from both tissues expanded and incorporated BrdU, but
unlike the sensory epithelial spheres (Fig. 6E), the mesenchymal spheres cultured under
differentiating conditions differentiated into neurons and collagen II-expressing
chondrocytes but did not give rise to hair cells (Fig. 6F).

DISCUSSION
Although mammalian hair cells and supporting cells are post-mitotic and the mammalian
inner ear does not regenerate spontaneously, supporting cells in the mammalian organ of
Corti share markers and signaling pathways with lower vertebrate supporting cells, which
act as progenitors to hair cells. Our results show that in the mouse cochlea, Lgr5, which was
expressed in the prosensory cells in the embryo and was gradually restricted to a specific
subset of supporting cells, identified cells with progenitor cell properties. Compared to
p27Kip (Chen and Segil, 1999) and Prox1 (Bermingham-McDonogh et al., 2006), which are
expressed only in early postnatal mice, and Sox2, which is widely expressed in supporting
cells, Lgr5 was limited in its expression, suggesting that the set of supporting cells that
possessed properties of progenitors was restricted as in lower vertebrates, where a small
subset of supporting cells replace damaged hair cells by proliferation followed by
transdifferentiation (Stone et al., 1999).

Lgr5 was first described as a stem cell marker for intestinal epithelial cells and has since
been demonstrated as a marker of the stem cell compartment in the stomach and hair
follicles (Barker et al., 2007; Jaks et al., 2008; Barker et al., 2009; Fuchs, 2009; Barker and
Clevers, 2010). Lgr5 has been identified as a receptor for R-spondins, which activate the
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Wnt signaling pathway through an interaction between Lgr5 and frizzled-Lrp5/6. Lgr5 cells
were precursors for all cells in the intestinal crypts (Barker et al., 2007). Deletion of Lgr5 in
the gut resulted in rapid and complete loss of intestinal crypts, a similar phenotype to the
complete loss of Wnt signaling (de Lau et al., 2011). Expression of Wnt-agonist, R-
spondin1, expanded Lgr5-positive cell populations in crypts (Barker et al., 2009; Ootani et
al., 2009).

Lgr5-positive cells in the cochlea share characteristics of cycling stem cells in the intestinal
epithelium, but remain dormant. There is no detectable proliferation of postnatal cells in the
sensory epithelium, although the cells, when isolated postnatally, form neurospheres that
differentiate to hair cells in vitro (Oshima et al., 2007; Martinez-Monedero et al., 2008; Jeon
et al., 2011). Isolated supporting cells reenter the cell cycle and generate new hair cells
(White et al., 2006), but it has been unclear what cells could proliferate and possessed
properties of stem cells (Oshima et al., 2007; Martinez-Monedero et al., 2008). Spheres
formed from inner ear cells are heterogeneous, and spheres generated from sensory
epithelium, but not from mesenchymal tissue, expressed markers of sensory neural
progenitors and had the capacity to generate hair cells. The neurospheres that gave rise to
hair cells originated from supporting cells expressing Lgr5. Purified post-mitotic supporting
cells from both Lgr5pos and Lgr5neg fractions formed neurospheres, but the Lgr5pos cells
showed enhanced neurosphere formation, and Lgr5-expressing cells differentiated into hair
cells at a significantly higher rate (mean of 31%, Fig. 3) than unfractionated cells. Lgr5neg

cells including those that were Sox2pos did not give rise to hair cells. As in the maturation of
intestinal epithelial stem cells to transit amplifying cells (Snippert et al., 2009), Lgr5
expression was lost upon differentiation, suggesting that it acts as a marker for the stem cell
compartment in the ear as well. The increased yield of hair cells from the inner ear
neurospheres enriched for Lgr5 is consistent with the cells acting as hair cell progenitors.
Our lineage tracing results did not allow us to account for all new hair cells, and, while we
believe that this was due to incomplete labeling of Lgr5-positive cells by the Cre line used
(Barker et al., 2007), we cannot rule out the possibility that other cells in the cochlea could
have the capacity for differentiation to hair cells after neurosphere formation.

Lgr5 expression correlates with Wnt activity and we tested differentiating neurospheres for
responsiveness to Wnt mediator β-catenin because its effects were more potent than Wnt
ligands in reporter assays. Overexpression of β-catenin caused an increase in hair cell
marker-positive cells (Shi et al., 2010). Because of low adenoviral-mediated β-catenin
overexpression in the floating neurospheres, we evaluated their response to Wnt3a and R-
spondin1 directly. Neurosphere expansion was enhanced, providing further evidence for the
progenitor role of the Lgr5-positive cells. Thus, as in neural progenitor cells in the CNS
(Chenn and Walsh, 2002; Adachi et al., 2007; Kuwabara et al., 2009; Freese et al., 2010),
Wnt signaling plays a dual role in inner ear stem cells, stimulating both expansion and
differentiation. We plan to further dissect the roles of Wnt and Lgr5 in expansion and
differentiation in cochlear cells by protein mediators and genetic activation of the Wnt
pathway in future studies.

Our ability to isolate inner ear stem cells and identify them in vivo using Lgr5 is an
important step towards understanding their biology. The difficulty in isolating progenitor
cells from the adult cochlea precluded their investigation in the current study. Hair cells and
supporting cells are postmitotic and the mammalian inner ear does not spontaneously
regenerate following damage. Supporting cells are capable of giving rise to hair cells after
manipulation of embryonic or newborn mammalian inner ears by, for example,
overexpressing Atoh1, and Lgr5-positive cells of the greater epithelial ridge can be
converted to hair cells (Zheng and Gao, 2000). We have found that β-catenin stimulated the
transcription factor, Atoh1 (Shi et al., 2010), and Wnt could thus increase differentiation of
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cells that require Atoh1. Lgr5 served as a marker for supporting cells that displayed some
characteristics of stem cells. The Lgr5 expressing cells may have the potential to regenerate
hair cells and could provide a new route to replacement of these cells, a sought-after goal for
treatment of hearing loss, which is most commonly caused by loss of hair cells in humans.
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Figure 1. Lgr5 expression in a subset of supporting cells
(A) Schematic shows arrangement of sensory epithelial cells in the adult organ of Corti
(adapted from Thiers et al (Thiers et al., 2008)). (B) At P1, Lgr5 (Lgr5-GFP, first panel)
was expressed in the greater epithelial ridge, inner border cells, inner pillar cells and the 3rd

row of Deiter’s cells. Hair cells were stained with a myosin VIIa antibody (second panel).
All supporting cells and cells in the greater epithelial ridge were stained with an antibody to
Sox2(third panel). The merged image is shown in the bottom panel (Merge). (C) As
compared to Lgr5 (first panel), Prox1 was expressed in outer pillar cells and Deiter’s cells
(second panel). Third panel shows the expression of Sox2 for comparison. (D) At P60 the
3rd row of Deiter’s cells and the inner pillar cells retained expression of Lgr5 (first panel).
Hair cells were stained with an antibody to myosin VIIa (second panel). Nuclei were
counterstained with DAPI (third panel). The merged image is shown in the bottom panel
(Merge). Inner hair cells (IHC), outer hair cells (OHC-1, 2, 3) inner pillar cells (IPC), inner
phalangeal cells (IPhC), inner border cells (IBC), Deiter’s cells (DC-1, 2, 3), outer pillar
cells (OPC), and greater epithelial ridge (GER).
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Figure 2. Lgr5-positive supporting cells acted as hair cell progenitors in vitro
(A) All supporting cells and greater epithelial ridge are labeled in the newborn Sox2-GFP
mouse. (B) The supporting cells and greater epithelial ridge cells shown in Fig. 1 are
fluorescent in the newborn Lgr5-GFP mouse. (C) Sox2-expressing cells from the organ of
Corti were separated by flow cytometry (Sox2pos, 23.3%). (D) An enrichment in supporting
cell markers in the Sox2pos fraction was seen by quantitative RT-PCR (mean, n=2). (E)
Lgr5-expressing cells from the organ of Corti were separated by flow cytometry (Lgr5pos,
4.8%). (F) An enrichment in supporting cell markers in the Lgr5pos fraction was seen by
quantitative RT-PCR (mean, n=2). (G) The Sox2neg but not the Sox2pos fraction contained
myosin VIIa-positive cells. Nuclei were stained with DAPI. (H) The Lgr5pos fraction was
free of myosin VIIa-positive cells which were in the Lgr5neg fraction. (I) Myosin VIIa-
positive cells were produced after 10 d of culture of Sox2pos but not Sox2neg cells. (J)
Lgr5pos but not Lgr5neg cells gave rise to myosin VIIa-positive cells after 10 d in culture,
but had similar rates of BrdU incorporation. (K) Differentiation of Lgr5pos cells resulted in
myosin VIIa co-staining with parvalbumin 3. (L) Espin staining in the myosin VIIa-positive
cells. (M) The myosin VIIa staining in cultured Lgr5-sorted cells was 6.9 times higher than
for Sox2-sorted cells. Means ± S.E.M. are shown, n=3.
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Figure 3. Hair cell generation only from Lgr5-expressing neurospheres
(A) Neurospheres formed by the Sox2pos and Sox2neg fractions incorporated BrdU. (B)
Sorted Lgr5pos and Lgr5neg cells formed neurospheres that incorporated BrdU. (C)
Neurospheres formed by the Sox2pos and Sox2neg fractions did not contain hair cells
(Myosin VIIa). (D) Neurospheres made from sorted Lgr5pos and Lgr5neg cells showed no
labeling for myosin VIIa. (E) Myosin VIIa-positive cells were observed upon differentiation
of spheres made from the Sox2pos cells but not the Sox2neg cells. (F) After differentiation,
neurospheres made from Lgr5pos cells generated myosin VIIa-positive cells. No hair cells
were observed upon differentiation of neurospheres made from the Lgr5neg cells. (G)
Differentiated Lgr5pos neurospheres retained Lgr5 and Sox2 surrounding the myosin VIIa-
positive cells that lost expression of Lgr5. (H) Myosin VIIa-staining cells from Lgr5pos

spheres co-stained for parvalbumin 3. (I) Cells surrounding the myosin VIIa- positive cells
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expressed islet1. (J) Neuropheres made from Atoh1 (negatively-sorted), or Sox2 or Lgr5
(positively-sorted) cells had similar rates of cell division. (K) Increasing capacity for hair
cell differentiation was found in neurospheres made from Atoh1, Sox2 or Lgr5-sorted cells.
Means ± S.E.M. are shown, n=3. Scale bars, 10 μm. (L) Secondary spheres made by sorting
Lgr5pos cells differentiated into myosin VIIa-positive hair cells. No hair cells were observed
after differentiation of secondary spheres from Lgr5neg cells. (M) Clonal spheres from single
Lgr5pos but not from single Lgr5neg cells from cochlear sensory epithelium gave rise to hair
cells upon differentiation.
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Figure 4. Lgr5-positive cells were progenitors for hair cells in vitro and in vivo
(A) Neurospheres were obtained from Lgr5-CreER mice crossed to tdTomato reporter mice
that had been treated with tamoxifen at P1 to label Lgr5-expressing cells. The label for
tdTomato in hair cells that were positive for myosin VIIa indicated a derivation from Lgr5-
expressing supporting cells. (B) When tamoxifen was added to third generation
neurospheres from Lgr5-CreER reporter mice, labeling by tdTomato was observed in cells
positive for hair cell markers, indicating derivation of hair cells from Lgr5-positive cells in
the spheres. (C) At E12.5, Lgr5 (Lgr5-GFP, left panel) co-localized with Sox2-positive
progenitor cells in the cochlear duct (middle panel). (D) Hair cell generation was traced back
to Lgr5-positive progenitor cells using a tdTomato lineage tag (E12–E17). (E) Supporting
cells beyond the restricted Lgr5-GFP-positive subset were tdTomato-positive.
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Figure 5. Cochlear neurospheres respond to Wnt/β-catenin signaling
(A) Neurospheres from Lgr5pos as compared to Lgr5neg spheres cells were smaller and
more homogenous. (B) Neurospheres from Lgr5pos as compared to Lgr5neg cells had a
significantly higher rate of expansion (indicated by asterisk) upon multiple passages (p <
0.05, n=3). (C) Neurospheres are shown at passaging from the first to the second generation
in the absence of other factors (Control) or in the presence of either Wnt3a-conditioned
medium (Wnt3a) or Dickkopf1 (DKK1). (D) Cells treated with R-spondin1, Wnt3a, or
Wnt3a and R-spondin1 generated significantly more spheres, and treatment with DKK1
significantly reduced the number of spheres (p < 0.05, n=3). (E) Transduction of cochlear
neurospheres with adenovirus containing the β-catenin gene (β-catenin) gave rise to more
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Atoh1 (green) and myosin VIIa (red)-positive cells than an empty adenoviral vector
(Control). Nuclei were stained with DAPI (blue). (F) Quantification of Atoh1 and myosin
VIIa-positive cells (n=3; 5,000 cells counted). Scale bar: 20μm.
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Figure 6. Lack of progenitors for hair cells in mesenchymal tissue
(A) Separation of sensory epithelium from mesenchymal tissue after treatment with
thermolysin is depicted. (B) Spheres from sensory epithelium stained for neural stem cell
markers and spheres from mesenchyme did not (50 spheres counted; n=3; asterisk indicates
p < 0.05). (C) Neurospheres produced from sensory epithelial spheres after separation with
thermolysin, expressing nestin, prosensory markers, Sox2, and Lgr5, but not mesenchymal
markers, CD105 and Sca1. (D) Mesenchymal spheres (positive for nestin, CD105 and Sca1)
did not express Sox2 or Lgr5. (E) Cells from sensory epithelium formed neurospheres that
were labeled for BrdU and gave rise to myosin VIIa positive hair cells under differentiating
conditions. (F) When cultured under differentiating conditions, the mesenchymal spheres
were labeled for BrdU but did not give rise to cells expressing hair cell markers (Myosin
VIIa). The mesenchymal cells differentiated into collagen II-positive chondrocytes and βIII-
tubulin-positive neurons.
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