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Leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5)
and its homologs (e.g., Lgr6) mark adult stem cells in multiple
tissues. Recently, we and others have shown that Lgr5 marks adult
taste stem/progenitor cells in posterior tongue. However, the
regenerative potential of Lgr5-expressing (Lgr5*) cells and the
identity of adult taste stem/progenitor cells that regenerate taste
tissue in anterior tongue remain elusive. In the present work, we
describe a culture system in which single isolated Lgr5* or Lgr6™
cells from taste tissue can generate continuously expanding 3D
structures (“organoids”). Many cells within these taste organoids
were cycling and positive for proliferative cell markers, cytokeratin
K5 and Sox2, and incorporated 5-bromo-2'-deoxyuridine. Impor-
tantly, mature taste receptor cells that express gustducin, carbonic
anhydrase 4, taste receptor type 1 member 3, nucleoside triphos-
phate diphosphohydrolase-2, or cytokeratin K8 were present in
the taste organoids. Using calcium imaging assays, we found that
cells grown out from taste organoids derived from isolated Lgr5*
cells were functional and responded to tastants in a dose-depen-
dent manner. Genetic lineage tracing showed that Lgr6™ cells gave
rise to taste bud cells in taste papillae in both anterior and poste-
rior tongue. RT-PCR data demonstrated that Lgr5 and Lgr6 may
mark the same subset of taste stem/progenitor cells both anteri-
orly and posteriorly. Together, our data demonstrate that func-
tional taste cells can be generated ex vivo from single Lgr5* or
Lgr6™ cells, validating the use of this model for the study of taste
cell generation.

Lgr5 | Lgr6 | taste stem cells | taste progenitor cells

Taste bud cells are heterogeneous and undergo constant
turnover (1); however, the origins and generation of taste
buds in adult mammals remain largely unclear. Based on mor-
phological and functional characteristics, there are at least three
different types of mature taste bud cells [type 1 (glial-like cells),
type 2 (receptor cells, including those responsible for sensing
sweet, bitter, and umami stimuli), and type 3 (presynaptic cells,
including sour sensors)], and well as one type of immature taste
bud cell [type 4 (basal cells that are precursors of other types of
mature taste cells)] (2, 3). Mature taste bud cells are postmitotic
and short-lived, with average life spans estimated at 8-12 d (4, 5),
although distinct subtypes of taste bud cells may have different
life spans (1, 4, 5). At present, the stem cell population and the
regenerative process from adult taste stem/progenitor cells to
mature taste bud cells are not well characterized.

Lgr5S (leucine-rich repeat-containing G protein-coupled re-
ceptor 5), encoded by a Wnt (wingless-type MMTYV integration
site family) target gene, marks adult stem/progenitor cells in
taste tissue in posterior tongue that in vivo give rise to all major
types of taste bud cells, as well as perigemmal cells (6, 7). Lgr5 is
also known to mark actively cycling stem cells in small intestine,
colon, stomach, and hair follicle, as well as quiescent stem cells
in liver, pancreas, and cochlea (8). Isolated Lgr5* adult
stem cells from multiple tissues are able to generate so-called
organoid structures ex vivo (9-11). For instance, Sato and col-
leagues (10) developed a 3D culture system to grow crypt-villus
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organoids from single intestinal stem cells; all differentiated cell
types were found in these structures, indicating the multipotent
nature of these cells. We hypothesized that Lgr5* taste stem/pro-
genitor cells in a 3D culture system would be capable of expanding
and giving rise to taste receptor cells ex vivo. In the present study,
we isolated Lgr5* stem/progenitor cells from taste tissue and cul-
tured them in a 3D culture system. Single Lgr5* cells grew into
organoid structures ex vivo in defined culture conditions, with the
presence of both proliferating cells and differentiated mature taste
cells in which taste signaling components are functionally
expressed. When organoids were replated onto a 2D surface pre-
coated with laminin and polylysine, cells grew out of the organ-
oids and attached to the flat surface, and some cells retained the
expressed taste signaling elements and responded to taste stimuli.

Lgr5 marks adult taste stem/progenitor cells in posterior
tongue, which was shown using an engineered mouse model in
which enhanced green fluorescent protein (EGFP) and tamoxi-
fen-inducible Cre recombinase (CreERT2) are knocked-in to
replace the coding sequence of Lgr5 and act as surrogate
markers for Lgr5 (6, 7). Although Lgr5 is present in fungiform
papillae in anterior tongue during embryonic stages and early
life, based on the intrinsic GFP signal from the Lgr5-EGFP
transgene, Lgr5-EGFP signal could not be detected in fungiform
papillae cells in adult mice (6, 7). Therefore, taste stem/pro-
genitor cells remain to be identified in fungiform papillae in
anterior tongue. We hypothesized that Lgr6, an Lgr5 homolog,
may mark adult taste stem/progenitor cells in anterior tongue,
prompted by the finding that Lgr6 is preferentially expressed in
taste tissue, but not in the surrounding epithelium devoid of taste
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tissue (12). Using the Lgr6-EGFP-ires-CreERT2 mouse line (13),
we here show that Lgr6 is expressed in cells at the basal area of
taste buds in fungiform and circumvallate papillae. By genetic
lineage tracing, we show that Lgr6™ cells give rise to taste bud
cells in taste papillae in both anterior and posterior tongue. RT-
PCR shows that Lgr5 and Lgr6 may mark the same subset of
taste stem/progenitor cells both anteriorly and posteriorly. Sim-
ilar to Lgr5™ cells, isolated Lgr6™ cells can build taste organoids
that generate mature taste cells.

Results

Single Isolated Lgr5* Cells Generate Taste Organoids. To determine
whether Lgr5™ taste stem/progenitor cells are capable of
expanding and generating taste cells in vitro, and to establish
a taste culture system, we purified Lgr5* taste stem/progenitor
cells (Fig. 14) from Lgr5-EGFP-ires-CreERT2 mice, using fluo-
rescence-activated cell sorting (FACS), based on the green
fluorescence signal of Lgr5-EGFP™ cells (Fig. 1 B and C). The
cell sorting gates for isolating GFP-expressing cells were set such
that no cells from wild-type littermate controls were isolated
(Fig. 1B). All sorted cells expressed EGFP, as demonstrated by
the green fluorescence signal (Fig. 1C). Single isolated Lgr5*
taste progenitor cells were embedded in Matrigel containing
Clevers’ organoid culture factors for intestinal stem cells and
then cultured in defined medium (14). FACS-sorted single Lgr5*
cells proliferated and formed sphere-like structures similar to
those obtained from liver Lgr5* progenitor cells (9) (Fig. 1D).
The plating efficiency was about 3-10%. Cultures can be pas-
saged at least six times and maintained for at least 2 mo (the
longest time tested to date). After culturing for >3 d, most
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Fig. 1. Single isolated Lgr5* cells generate taste-bud-like “organoids” in 3D
culture. (A) Confocal images of Lgr5-EGFP* cells (green) in a circumvallate
papilla section from an Lgr5-EGFP-ires-CreERT2*~ mouse. (B) Representative
results of FACS sorting of cells isolated from taste tissue from wild-type (WT)
and Lgr5-EGFP-ires-CreERT2*"~ mice. Boxed areas depict the gating param-
eters to sort only Lgr5-EGFP* cells. (C) Single dissociated cells from digested
tongue epithelium from Lgr5-EGFP-ires-CreERT2*'~ mice before (Top) and
after (Bottom) FACS sorting for Lgr5-EGFP* cells. All sorted cells expressed
EGFP (green). (D) Representative bright-field images of cultured organoids
derived from single isolated Lgr5* cells at indicated days in culture. At days
1 and 2, lower panels show representative fluorescence images of cultured
organoids derived from Lgr5* cells with detectable EGFP signals. (E) Repre-
sentative bright-field (BF) and fluorescence images of organoids with or
without the intrinsic GFP signal. (F) Representative bright-field (BF) and
fluorescence images of cultured organoids derived from sorted Lgr5-EGFP*
(arrowhead) and Lgr5-EGFP*/tdTomato™ cells (arrow) at the indicated points.
[Scale bars: A, C-E, 100 um; F, 50 pm (day 1) and 100 pm (day 10).] All panels
represent data from at least three independent preparations with the ex-
ception of E (two preparations).
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organoids showed no detectable EGFP signal; the EGFP signal
decreased rapidly and became undetectable in 2-3 d. However,
organoids were occasionally found to retain a strong EGFP sig-
nal: in two of 12 preparations, organoids with GFP fluorescence
were seen in 43 (12%) of 374 organoids and 61 (5%) of 1201
organoids examined. Presumably this continued expression of
GFP-fluorescence resulted from Lgr5-EGFP cells that were ex-
panded from single isolated Lgr5-EGFP* cells (Fig. 1E, Bottom).

To assess the clonality of isolated Lgr5* cells and to determine
whether organoids truly grow out from single Lgr5* cells, as
opposed to small aggregates of cells, we crossed Lgr5-EGFP-ires-
CreERT2 mice with Rosa26-tdTomato mice to generate Lgr5-
EGFP-ires-CreERT2*'~; Rosa26-tdTomato*'~ mice in which
tamoxifen-induced Cre generates expression of tdTomato
fluorescence protein (red) to mark cells from the Lgr5™ lineage.
Half the Lgr5-EGFP-ires-CreERT2"~; Rosa26-tdTomato*'™ mice
were injected with tamoxifen 1 d before cell sorting to mark
Lgr5™ progeny, using tdTomato fluorescence. Then we purified
cells that were positive for EGFP (green) via FACS from both
tamoxifen-treated and untreated mice and cultured them in
mixture. Using this strategy, tamoxifen-induced Cre generated
expression of tdTomato fluorescence protein (red) in only a
fraction of single isolated Lgr5* cells, as well as their progeny.
Whole organoids grown from these isolated Lgr5* cells
were composed entirely of either tdTomato* cells (31 and 34
organoids from two separate experiments) or tdTomato™ cells
(~300 organoids each from two preparations) (Fig. 1F), never
mixed populations of tdTomato* and tdTomato™ cells, indicating
they are clonally expanded from single isolated Lgr5* cells.

R-spondins have been found to be essential for culturing
Lgr5™ stem cells from multiple types of tissues (15-17). To de-
termine whether R-spondins are also critical for growth and
expansion of Lgr5™ cells into taste organoids, we cultured Lgr5*
cells from taste tissue in the same medium formula without
R-spondin-1 supplement. Fig. S14 shows representative fields of
organoids in the presence or absence of R-spondin-1 and dem-
onstrates that R-spondin-1 enhances the growth and expansion
of organoids derived from taste Lgr5* cells.

Organoids Derived from Single Lgr5* Cells Contain Actively Cycling
Cells. Because of the continuous expansion of organoids under
our defined culture conditions, we reasoned that organoids must
contain progenitor cells. To determine the proliferating capa-
bilities of cells in cultured organoids, we performed 5-bromo-2’'-
deoxyuridine (BrdU) tracing. At day 10, individual organoids
were examined for incorporation of BrdU after overnight in-
cubation in BrdU-containing culture medium. As expected, nu-
merous cells in organoids showed BrdU immunoreactivity (Fig.
2A4). BrdU™ cells were typically scattered within organoid struc-
tures (Fig. 24). Sox2 is implicated in taste cell development and
taste cell renewal (18) and is a general stem cell marker (19). A
subset of BrdU™" cells were also Sox2*, confirming the pro-
liferating properties, as well as potential “stemness,” of these
cells (Fig. 24). K8 is a general marker for intragemmal taste bud
cells (20). We tested cultures for the presence of K8* cells that
were distinct from proliferating cells by double immunostaining
with cytokeratin K14 and K5, two additional progenitor cell
markers for basal epithelial cells, including taste tissue (21). K8
immunoreactivity was detected in many organoids [23 (53%) of
43], albeit in varying numbers of cells, and these cells did not
show any staining for proliferating markers such as K5 and K14
(Fig. 2 B and C), mirroring the segregation of these two cell
populations in taste tissue. Organoids with detectable EGFP
signal showed the presence of K5* cells as well (Fig. S2).
Intrigued by the infrequent presence (two of 12 preparations)
of detectable Lgr5-EGFP signal after 2-3 d in culture in only
a fraction of cultured organoids (5-11%, as detailed earlier) and
by the apparent growth-promoting effects of R-spondin-1, the
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Fig. 2. Organoids derived from single Lgr5* cells contain actively cycling
cells. (A) Whole-mount immunostaining of culture day 10 organoids lacking
detectable EGFP green fluorescence. Reactivity with anti-Sox2 (red) and anti-
BrdU (green) antibodies shows that most actively dividing organoid cells that
incorporated BrdU were also immunoreactive for the stem cell marker Sox2.
(B) Whole-mount immunostaining of culture day 10 organoids with anti-K5
(basal cell marker, red) and anti-K8 (taste bud cell marker, green) antibodies.
These two types of cells segregated. (C) Whole-mount immunostaining of
culture day 30 organoids with anti-K14 (basal cell marker, red) and anti-K8
(taste bud cell marker, green) antibodies. These two types of cells segregated.
All organoids were counterstained with DAPI provided in the mounting me-
dium (Vector Labs) to show the cellular content and size of organoids. (Scale
bars: A and B, 50 pm; C, 100 um.) All experiments were performed in triplicate.

ligand for Lgr5, Lgr4, and Lgr6 (15-17, 22), in cultured organoids,
we performed RT-PCR to determine whether Lgr5S and/or its
homologs were present in cultured organoids. All three Lgr
transcripts were detected in cultured organoids, despite the oc-
casional detection of an Lgr5-EGFP signal in only a small fraction
of culture organoids (Fig. S34).

Mature Taste Cells Are Generated in Vitro from Taste Organoids.
Single Lgr5* stem cells from intestine can build organoids con-
taining differentiated cells (10). However, in other cases, such as
Lgr5* cells isolated from pancreatic ducts, no insulin-producing
cells are found in long-term organoid cultures, indicating the
requirement for additional extrinsic factors or intrinsic repro-
gramming (11). To determine whether any mature taste receptor
cells are produced in organoids derived from Lgr5* cells,
we performed double or triple immunostaining of cultured
organoids, using antibodies against the taste signaling compo-
nents gustducin (G protein for sweet, bitter, and umami sig-
naling), T1R3 (taste receptor type 1 member 3, a common
subunit of the sweet TIR2/T1R3 and the umami T1R1/T1R3
taste receptor) (23-25), and carbonic anhydrase 4 (CA4; a marker
of sour taste cells) (26). In multiple organoids that showed no
detectable EGFP signal, we identified cells immunopositive for
gustducin (green) and T1R3 (red) (Fig. 34 and Table S1).
Gustducin-expressing cells (mostly bitter taste cells in posterior
tongue) generally did not overlap with TIR3-expressing cells (Fig.
3A4), reminiscent of their segregation in the circumvallate papilla
in posterior tongue (27). Of particular note, these cells displayed
morphology typical of mature taste receptor cells, with a char-
acteristic large, round nucleus and a slender cell body (Fig. 34).
Nevertheless, many K8 cells (Fig. 34, blue) were not immu-
nopositive for taste receptor cell markers, suggesting many cells
contain additional types of taste cells, such as type 1 nucleoside
triphosphate diphosphohydrolase-2* (NTPDase2™) cells (Fig.
S3B), or cells that are differentiated but not yet committed to
a particular cell type. To further assess the expression of taste
signaling components in the cultured organoids, we performed
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RT-PCR, using taste-gene-specific primers. Transcripts for
T1R1, T1R2, T1R3, gustducin, and NTPDase2 were all ampli-
fied from cDNA prepared from cultured organoids (Fig. S3C).

To determine the lineage potential of single Lgr5" stem/pro-
genitor cells, whether they are multipotent and give rise to multiple
taste bud cell subtypes or unipotent and committed only to one
taste bud cell subtype (e.g., type 2), we stained organoids without
intrinsic GFP fluorescence for markers for type 2 (gustducin,
green), type 3 (CA4, red), and intragemmal (K8*, blue) taste cells
(Fig. 3B). Interestingly, in a subset of organoids [18 (56%) of 32;
Table S1] derived from single Lgr5* cells, both type 2 (gustducin™)
and type 3 (CA4™) taste cells were present in a nonoverlapping
fashion, indicating that Lgr5™ cells are indeed multipotent.

To determine whether organoids that expressed EGFP in-
dicative of Lgr5 expression differed in their ability to generate
mature taste cells from organoids without EGFP/Lgr5, we per-
formed immunostaining with antibodies against TIR3 (blue),
gustducin (red), and CA4 (blue). All organoids with intrinsic
EGFP signal (green) showed immunoreactivity to two markers
among those we examined (10 of 10 for gustducin and CA4, and
seven of seven for gustducin and T1R3; Fig. 3 C and D and Table
S1). In contrast, only a subset of organoids without EGFP ac-
tivity stained with both gustducin and CA4 markers [18 (56%) of
32; Table S1]. Thus, it would appear that organoids that continue
to express Lgr5 are multipotent, whereas those without EGFP
have more limited potency.

Mature Taste Cells Derived from Lgr5* Cells Respond to Tastants. To de-
termine whether apparent taste cells (based on immunohistochemistry
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Fig. 3. Mature taste-like cells are generated in cultured organoids derived
from single Lgr5+ cells. (A) The first panel on the left is a whole-mount of
a day 32 organoid without detectable EGFP green fluorescence immuno-
stained with anti-gustducin (green), anti-T1R3 (red), and anti-K8 (blue)
antibodies. The remainder of the images are higher magnifications of the
boxed area. (B) The first panel on the left is a whole-mount of a day 32
organoid without detectable EGFP green fluorescence immunostained with
anti-gustducin (green), anti-CA4 (red), and anti-K8 (blue) antibodies. The
remainder of the images are higher magnifications of the boxed area. Both
type 2 cells (qustducin®, green) and type 3 cells (CA4", red) were present in
the organoid and segregated. (C) Whole-mount immunostaining of day
14 organoids with anti-gustducin (red) and anti-T1R3 (blue) antibodies
and intrinsic EGFP fluorescence (green). (D) Whole-mount immuno-
staining of day 14 organoids with anti-gustducin (red) and anti-CA4
(blue) antibodies and intrinsic EGFP fluorescence (green). (Scale bars:
A and B, 100 um; C and D, 20 pm.) The number of organoids examined for
antibody staining is presented in Table S1. At least three independent
experiments were performed.
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and morphology) produced from progenitor cultures are func-
tional and respond to taste stimuli, we performed calcium im-
aging. Because of technical difficulties in imaging or stimulating
cells within 3D structures, we reseeded cultured organoids onto
laminin-coated coverslips to allow cells to grow and differentiate
into a 2D structure for up to 2 wk in the same taste culture
medium, as described for 3D cultures. The presence of pre-
sumptive taste cells that express taste cell markers in such
structures was confirmed by immunostaining and RT-PCR (Fig.
S4). On the basis of immunostaining, it appeared that more
gustducin® cells than T1R3* cells were generated under 2D
culture conditions (Fig. S4 4 and B). Calcium imaging of cul-
tured cells grown on laminin-coated coverslips showed that
a small number of cells responded to sweet-tasting compounds
(acesulfame-K and sucralose), suggesting the presence of func-
tional T1R2/T1R3-expressing sweet taste cells derived from
Ler5™ cells (Fig. 44 and Fig. S5). Some cells responded to the
bitter compound denatonium benzoate in a dose-dependent
manner (Fig. 4B and Fig. S5). The responses to denatonium ben-
zoate were inhibited by a brief preincubation with the phospholi-
pase C B2 (Plcp2) blocker U73122, and that effect was reversible
after prolonged recovery (~30 min; Fig. 4B), suggesting the
responses were mediated by the Plcp pathway, consistent with the
known mechanism underlying bitter taste transduction in vivo (28).
Similarly, we observed that some salts (e.g., 200 and 250 mM NaCl
and 50 mM KCl) activated a subset of cells, which is indicative of
the presence of salt-responsive cells (Fig. S54). We did not find
cells that responded to only 50 mM monosodium glutamate, a
prototypical umami compound (Fig. S5B). However, one cell
(of 153 cells tested) was tuned to multiple taste qualities and
responded to monosodium glutamate, denatonium, sucralose,
and acesulfame-K (Fig. S5 B and C). We also tested 50 mM citric
acid for sour-responsive cells. Unexpectedly, more than 90% of
cells showed responses to citric acid, presumably as a result of
the presence of proton-sensitive channels in different cell types,
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Fig. 4. Mature taste cells derived from single Lgr5* cells are functional. (A)
Representative trace of Ca®* responses of an organoid-derived taste cell to
sucralose and acesulfame-K sweeteners. (B) Representative trace of Ca’*
responses of an organoid-derived taste cell responding to bitter denatonium
benzoate in a dose-dependent fashion (5, 10, and 20 mM). The phospholi-
pase C B2 inhibitor U73122 (10 pM) inhibited denatonium-induced calcium
responses, consistent with bitter signaling pathways of taste cells in vivo. The
effect of U73122 was reversible after washout for ~30 min. Imaging
experiments were performed with 2D cultures independently grown from 15
organoids (see Fig. S5 for details).
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which prevented us from specifically identifying potential sour-
responsive cells (Fig. S5 B and D).

Lgr6* Cells Are Progenitor Cells in Anterior and Posterior Tongue.
Our RT-PCR results show that in addition to Lgr5, Lgr6 can
be amplified from our cultured organoids. Lgr5 marks adult taste
stem/progenitor cells only in posterior tongue (6, 7). Prompted
by this finding, as well as the result that Lgr6 is preferentially
expressed in fungiform taste tissue but not in the surrounding
epithelium devoid of taste tissue (12), we set out to determine
whether Lgr6 marks adult taste stem/progenitor cells in anterior
taste fields (fungiform papillac). We used heterozygous mice
with one wild-type Lgr6 allele and one allele in which EGFP has
been inserted into the Lgr6 gene (a knockout/knockin model)
(13). Thus, EGFP serves as a surrogate marker for Lgr6 ex-
pression. EGFP green fluorescence was detected at the basal
area of taste buds of the fungiform and circumvallate papillae
(Fig. 54 and Fig. S64). Occasionally, weak EGFP green fluo-
rescence was detected in intragemmal taste cells as well. The
expression pattern of Lgr6-EGFP in the circumvallate papillae
resembles that of Lgr5-EGFP, which indicates that Lgr6 may
also mark stem/progenitor cells in taste tissue. The low frequency
of Lgr6-marked cells is likely a result of the mosaic expression
of Lgr6-EGFP in taste tissue, which is known to occur as well
in other tissues (13). No EGFP signal was detected in tongue
epithelium devoid of taste tissue.

We next performed lineage tracing to visualize the progeny of
Ler6™ taste cells. Lgr6-EGFP-ires-CreERT2 mice were crossed
with Rosa26-tdTomato mice to generate Lgr6*'~; Rosa26-tdTo-
mato™'~ mice in which tamoxifen-induced Cre generates tdTo-
mato fluorescent protein (red) to mark cells from the Lgr6™
lineage. We examined the distribution of tdTomato™ cells at
different points after a single tamoxifen injection. If the number
of tdTomato™ cells increased for prolonged periods after ta-
moxifen induction, this would provide strong evidence that Lgr6*
cells may serve as taste progenitor cells that give rise to other
types of taste cells. Indeed, at 1 d after tamoxifen induction, we
observed that basal cells in the fungiform and circumvallate
papillae were tdTomato* (Fig. 5B and Fig. S6B). Occasionally,
we found that intragemmal cells were tdTomato™. At 2 wk after
tamoxifen induction, in both fungiform and circumvallate pa-
pillae, multiple intragemmal cells were tdTomato™. At 1 mo after
tamoxifen induction in both circumvallate and fungiform papil-
lae, the number of tdTomato™ cells within taste buds was similar
to that at 2 wk (F1g 5B and F1g S6B) By immunostaining taste
tissue from Lgr6™~; tdTomato*'~ mice 1 mo after tamoxifen in-
duction, we found that the progeny of Lgr6™ cells included at
least type 2 [transient receptor potential cation channel sub-
family M member 5 (Trpm5*)] and type 3 (serotonin*) taste
receptor cells (Fig. 5C and Fig. S6C).

Lgr6™ cells in posterior tongue showed a pattern of localiza-
tion similar to that of Lgr5* cells. To determine whether these
two populations of cells are related, we sorted Lgr5™ cells from
posterior tongue and Lgr6* cells from posterior and from ante-
rior tongue, generated cDNA from the different sets of sorted
cells, and performed RT-PCR using intron-spanning primers to
determine whether we could detect Lgr6 in Lgr5* cells and vice
versa. Interestingly, all three Lgr transcripts Lgrd-Lgr6 were
detected in sorted Lgr5* cells from posterior tongue and in
sorted Lgr6™ cells from either posterior or anterior tongue (Fig.
S7). In contrast, no or barely detectable LgrS and Lgr6 were
amplified from cells negative for GFP expression sorted from
Lgr5-EGFP-ires-CreERT2*~ tongue tissues (Fig. S7).

To determine whether Lgr6™ cells, similar to Lgr5* cells, can
proliferate and differentiate into taste-like cells ex vivo, we sorted
Lgr6-EGFP cells on the basis of their EGFP fluorescence.
Similar to Lgr5* cells, Lgr6™ cells grew into 3D organoids (Fig.
S84), and most organoids had no intrinsic EGFP signal after
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Fig. 5. Lgr6 marks taste stem/progenitor cells in fungiform papillae. (A)
Representative confocal images of Lgr6™ cells in fungiform papillae. The
Lgr6-EGFP transgene was detected by intrinsic fluorescence (green). Lgr6-
EGFP cells were found at the base of taste buds. (B) Tamoxifen-induced Lgré-
Cre generates tdTomato activity to mark cells from the Lgr6™ lineage. After
a single tamoxifen induction of Lgr6-Cre in fungiform papillae, increased
numbers of taste bud cells were labeled at 2 wk (3.59 + 0.44 per taste bud in
a 10-pM section; n = 32) and 1 mo (4.66 + 0.60; n = 38) than at 1 d (1.09 +
0.20; n = 34) (P < 0.0001 for both comparisons). No significant difference was
found between the numbers of labeled taste bud cells at 1 mo and 2 wk
after tamoxifen induction (P = 0.17). (C) Lgr6™ stem/progenitor cells gener-
ate multiple subtypes of taste bud cells in fungiform papillae. Mature taste
bud cells marked by Lgr6-Cre-generated tdTomato 1 mo after tamoxifen
induction were stained with markers for type 2 (Trpm5) and type 3 (5-HT,
serotonin) taste cells in fungiform papillae. Arrows depict tdTomato™ cells
that are immunopositive for a specific taste cell marker. Three mice were
used for each point of the lineage tracing experiments. (Scale bars: 40 um.)

being cultured for 2-3 d. However, occasionally, organoids were
found to retain a strong EGFP signal: In two of eight prepara-
tions, organoids with GFP fluorescence were seen in three (3%)
of 106 total organoids and 129 (9%) of 1447 organoids exam-
ined. Presumably, this continued expression of GFP resulted
from Lgr6-EGFP cells that were expanded from single isolated
Lgr6-EGFP* cells (Fig. S8B). We performed immunostaining
with antibodies against TIR3 (blue), gustducin (red), and CA4
(blue). Most organoids with intrinsic EGFP signal (green)
showed immunoreactivity to two markers (~80-89%: eight of 10
for gustducin and CA4 and eight of nine for gustducin and
T1R3, Fig. S8 C and D and Table S1). In contrast, a smaller
subset of organoids without EGFP activity stained with both
markers (~19-45%: five of 27 for gustducin and T1R3 and 13 of
29 for gustducin and CA4; Fig. S8 E and F and Table S1). Thus,
it would appear that organoids that continue to express Lgr6-
EGFP are more often multipotent, whereas those without EGFP
may have more limited potency. Together, our lineage tracing
data and cell culture data demonstrate that Lgr6 marks taste
stem/progenitor cells in both anterior and posterior tongue and
can generate apparent mature taste cells ex vivo.

Discussion

In this study, we used a 3D culture system to determine the re-
generative capacity of Lgr5" and Lgr6™ taste stem/progenitor
cells. We found that single isolated Lgr5* and Lgr6™ taste stem/
progenitor cells can grow into 3D “organoid” structures that
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contain both dividing cells and mature presumptive taste cells.
The presence of different types of taste cells in organoids derived
from single Lgr5™ or Lgr6™ cells indicates the multipotency of
such cells and sheds light on cell lineage relationships within taste
papillae. Moreover, our calcium imaging studies demonstrate that
some of these cells function as taste receptor cells to respond to
tastants. Interestingly, similar to intestinal Lgr5* adult stem cells
that build crypt-villus structures in vitro without a mesenchymal
niche (10, 14), single Lgr5* and Lgr6* cells can expand and dif-
ferentiate into taste-like cells in vitro without a mesenchymal niche
or neuronal connection, which suggests these cells are intrinsically
capable of giving rise to all subtypes of taste cells.

In animal models, glossopharyngeal nerve transection leads to
degeneration and subsequent regeneration of taste bud cells,
which is neuronally dependent, as taste cells start to regenerate
only after transected nerves reenter taste tissue (7, 29). There-
fore, neuronal factors or direct neuronal contact may promote
the differentiation of taste cells generated from Lgr5™ or Legr6™
stem/progenitor cells. Given the fact that single Lgr5" or Lgr6™
taste stem/progenitor cells can give rise to taste cells in vitro, it is
likely that neuronally secreted extrinsic factors, rather than di-
rect neuronal contact, trigger taste cell renewal from adult taste
stem/progenitor cells.

In our defined culture medium, we included a variety of
growth factors, as well as N2 and B27. It is likely that some of
these factors or functionally similar factors are normally sup-
plied by innervating nerves or cells in mesenchymal tissue adjacent
to taste epithelium to maintain taste tissue homeostasis. However,
which factor or factors is key to promoting taste cell regenera-
tion or taste cell differentiation in our cultured system merits
further investigation. Prominent candidate growth factors may
include brain-derived neurotrophic factor, nerve growth factor,
neurotrophin-4, and R-spondins, among many others (30-34).

After 2-3 d in culture, the green fluorescent signal from Lgr5-
EGFP cells or Lgr6-EGFP cells became undetectable in most
organoids. One possible explanation for this is that the Lgr5-
EGFP or Lgr6-EGFP transgenes are silenced in most organoids
in our culture conditions, given that both Lgr5 and Lgr6 tran-
scripts can be readily detected in cultured organoids. Another
possibility is that at least two types of organoids originated from
Lgr5* or Lgr6™ cells, with distinct regeneration potentials. As
reported previously, there are strong Lgr5* cells under the
trench areas of circumvallate and weak Lgr5* cells in the basal
areas of taste buds (6). Therefore, Lgr5" cells may be hetero-
geneous, and we propose that the strong Lgr5* cells are stem cells
and the weak Lgr5* cells are more committed progenitor cells.
Likewise, Lgr5*- or Lgr6™-derived organoids with GFP fluores-
cence may have been derived from stem cells that can generate
new Lgr5* or Lgr6™ cells. In contrast, Lgr5" or Lgr6* organoids
that lack GFP fluorescence after being cultured for a few days may
have been derived from Lgr5™ or Lgr6* committed progenitor
cells incapable of self-renewal. This hypothesis is further sup-
ported by the observation that most organoids with EGFP could
produce multiple subtypes of taste cells, whereas fewer organoids
without detectable EGFP could do so.

Lgr5 and its homologs Lgr4 and Lgr6 interact with R-spondins
to augment Wnt signaling (17-19). We noted that R-spondin-1
has a substantial growth-promoting effect on our organoid cul-
tures. One possibility for how R-spondin works is that Lgr5,
despite its low expression in organoids, may mediate R-spondin’s
effect. Alternatively, R-spondin may interact with Lgr4 or Lgr6,
which are Lgr5 homologs and were also expressed in our cul-
tured organoids, to promote organoid growth. However, the
exact role of the Wnt signaling pathway for taste tissue renewal
during adulthood remains unclear. Nevertheless, during de-
velopment, Wnt signaling plays a major role in fungiform taste
papillae formation and seems to be regionally specific (35, 36).
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Single Lgr5* or Lgr6™ cells can give rise to different types of
taste cells in our 3D organoid cultures, indicating that some of
these cells are multipotent. It remains to be determined whether
individual taste Lgr5* or Lgr6* cells (e.g., the strongly Lgr5*
cells from under the trench areas) are multipotent in vivo. Two
contrasting models for taste cell lineages have been proposed
(37): one posits existing lineage-specific stem/progenitor cells for
each subtype of taste cell, and the other posits multipotent taste
stem cells that can give rise to all subtypes of taste cells. How-
ever, these two models do not necessarily contradict each other:
multipotent stem cells can give rise to lineage-specific progenitor
cells. Our organoid culture data are consistent with both models.
It is likely that some Lgr5* or Lgr6™ cells are multipotent, such
as those having EGFP activity, whereas other Lgr5" or Lgr6™
cells are committed progenitor cells. The multipotency of taste
progenitor cells is further supported by the finding that Skn-1a
knockout mice have a complete loss of sweet/bitter/umami type 2
cells with a concomitant expansion of polycystic kidney disease
2-like 1 protein—expressing sour taste receptor cells, which sug-
gests at least the binary differentiation potential of progenitor
cells into type 2 and type 3 cells (38) and is consistent with the
hypothesis proposed by Miura and coworkers (39, 40).

Legr5™ cells give rise to all three major types of cells in taste
tissues in posterior tongue (6, 7). Similarly, we found that Lgr6™
cells can give rise to multiple types of cells in taste tissues in both
the anterior and posterior tongue, including type 2 receptor cells
and type 3 presynaptic cells. Similar to Lgr5-EGFP* cells in
posterior tongue, Lgr6-EGFP* cells sit deep in the trench area of
the circumvallate papilla, as well as at the base of taste buds.
In contrast to Lgr5-EGFP* cells, Lgr6-EGFP™* cells also are
detected in anterior tongue at the base of taste buds in fungiform
papillae. Our lineage tracing study showed that the progeny of
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Lgr6™ progenitor cells can persist for 1 mo (the longest time
tested to date). Although we are not certain whether Lgr6™ cells
represent bona fide stem cells in fungiform papillae, they are
undoubtedly progenitor cells that give rise to other types of
mature taste cells both in vivo and ex vivo. Furthermore, the
similar distribution pattern of Lgr5" and Lgr6™ cells in posterior
tongue; the detection of Lgr6 in Lgr5™ posterior cells and Lgr5 in
Lgr6* cells in both anterior and posterior tongue, despite no
Lgr5-EGFP signal in fungiform papillae cells in adult mice,
which could be a result of low expression of Lgr5 or regional
silencing of Lgr5-EGFP transgene (6, 7, 12); and their similar
regenerative capacity suggest they mark the same set of pro-
genitor cells in both anterior and posterior tongue.

Materials and Methods

Genetically engineered mice (Lgr5-EGFP-ires-CreERT2 [stock # 008875], Lgr6-
EGFP-ires-CreERT2 [stock # 016934], Rosa26-tdTomato [stock # 007905]) were
obtained from the Jackson Laboratory. All experiments were performed
under National Institutes of Health guidelines for the care and use of ani-
mals in research and approved by the Institutional Animal Care and Use
Committee of the Monell Chemical Senses Center (protocol 1150). Details
about lineage tracing, cell sorting, 3D organoid cultures, immuno-
staining, BrdU labeling, and calcium imaging are described in S/ Materials
and Methods.
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