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Abstract
Until recently, reliable markers for adult stem cells have been lacking for many regenerative
mammalian tissues. Lgr5 (leucine-rich repeat-containing G-protein coupled receptor 5) has been
identified as a marker for adult stem cells in intestine, stomach, and hair follicle; Lgr5-expressing
cells give rise to all types of cells in these tissues. Taste epithelium also regenerates constantly, yet
the identity of adult taste stem cells remains elusive. In this study, we found that Lgr5 is strongly
expressed in cells at the bottom of trench areas at the base of circumvallate and foliate taste
papillae and weakly expressed in the basal area of taste buds and that Lgr5-expressing cells in
posterior tongue are a subset of K14-positive epithelial cells. Lineage-tracing experiments using
an inducible Cre knock-in allele in combination with Rosa26-LacZ and Rosa26-tdTomato reporter
strains showed that Lgr5-expressing cells gave rise to taste cells, perigemmal cells, along with
self-renewing cells at the bottom of trench areas at the base of circumvallate and foliate papillae.
Moreover, using subtype-specific taste markers, we found that Lgr5-expressing cell progeny
include all three major types of adult taste cells. Our results indicate that Lgr5 may mark adult
taste stem or progenitor cells in the posterior portion of the tongue.
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INTRODUCTION
The detection and identification of sapid chemicals in the oral cavity are largely mediated by
taste receptor cells found in taste buds [1]. Taste buds contain ~50-100 elongated taste cells
of three morphologically and functionally distinct subtypes: type I, type II, and type III.
Taste bud cells constantly self-renew during an organism's life span, with an average
turnover time of ~10-16 days [2-4]. Taste bud cell homeostasis in the adult is balanced by
cell apoptosis and regeneration of new cells from a presumed stem cell population.
However, the identity of adult taste stem cells is unknown. Studies using pulse-chase
with 3H-thymidine, BrdU labeling, and lineage tracing with the basal epithelial marker K14
(keratin 14) have demonstrated that cells residing in the basal layer of the papillae are
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capable of giving rise to cells in taste buds [2, 5]. However, K14 is not specific to the taste
epithelium because it also marks surrounding non-taste epithelium. Thus, whether there is a
specific subpopulation of K14-positive epithelial cells in the vicinity of the taste buds that
represents taste stem cells is an open question.

Recently, Lgr5 (leucine-rich repeat-containing G-protein coupled receptor 5) has been
demonstrated to be a marker for adult stem cells in intestine, stomach, and hair follicle [6-8].
Lineage-tracing studies have demonstrated that Lgr5+ cells can produce all lineages of cells
in these three tissues [6-8]. Remarkably, isolated single Lgr5+ cells from adult intestine and
stomach can form organoids ex vivo, resembling the tissue architecture of the gut or
stomach [6, 9]. In intestine, there are also Lgr5-negative stem cells that are positive for
Bmi1 or mTert [10, 11]. Bmi1+ stem cells may give rise to Lgr5+ stem cells in intestine
[10-13]. However, the exact relationship between these two pools of stem cells has not been
settled.

We set out to determine if adult taste stem cells might be related to adult intestinal stem cells
based on the known relatedness of taste receptor cells and gut endocrine cells that both
express taste signaling proteins [14, 15] and intestinal hormones and transporters [16, 17]
and because both have a taste-cell-like “paracrine” appearance [18]. We report here that
Lgr5 is expressed in cells at the base of taste papillae of the posterior tongue. Using Lgr5-
regulated reporter mice, we found that Lgr5+ cells can produce all three lineages of adult
taste bud cells. Our findings suggest that Lgr5 marks adult taste stem/progenitor cells in the
posterior tongue.

MATERIALS AND METHODS
Reverse transcription PCR

cDNA from circumvallate (CV) papilla, the surrounding non-taste (NT) epithelial tissue
devoid of taste cells, and intestinal tissue (duodenum) was made using Clontech smart
cDNA technology. Lgr5 primers for PCR are 5′ gtccacatgctcctgtcctt 3′ (forward) and 5′
agactctccagggtggcagt 3′ (reverse). The amplified fragment (983 bp) was confirmed by DNA
sequencing. GAPDH was used as a control reference gene for the amount and quality of
cDNA in reverse-transcription PCR (RT-PCR).

Lineage Tracing
Transgenic mice were obtained from Jackson Labs. Lgr5-EGFP-IRES-creERT2 mice [7]
were crossed with Rosa26-LacZ [19] or Rosa26-tdTomato [20] mice to generate Lgr5+/-,
Rosa26-LacZ+/- and Lgr5+/-, Rosa26-tdTomato+/- progeny. Genotyping used primer sets
recommended by Jackson Labs. The expression of GFP further confirmed the genotype.
Lineage-tracing experiments used 6- to 16-week-old male mice. For five injections at 1-day
intervals (5 days of injections), we followed a procedure described previously (Okubo et al.,
2009), with a slight modification of a daily intraperitoneal injection of 0.22 mg/g tamoxifen
(Sigma, T5648) which was dissolved in sunflower seed oil (Sigma, S5007). For a single
tamoxifen injection (1-day injection), 0.22 mg/g tamoxifen was injected intraperitoneally. At
the end of 1-day or 5-day tamoxifen induction, mice were sacrificed after 1 day, 2 weeks, 1
month, 2 months, and 6 months. Lgr5+/-, Rosa26-LacZ+/-mice were given either 1-day or 5-
days of tamoxifen injections, whereas all Lgr5+/-, Rosa26-tdTomato+/- mice were given just
one tamoxifen injection (Table. S1). All experiments were performed under National
Institutes of Health guidelines for the care and use of animals in research and approved by
the Institutional Animal Care and Use Committee of the Monell Chemical Senses Center.
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β-Galactosidase staining
Immediately after removal, the tongues and duodena from the tamoxifen-induced mice were
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 2 h. After extensive
washes with PBS, tissues were immersed in 30% sucrose overnight and embedded in OCT.
Sections 10 μm thick were stained in X-gal solution (5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, 2 mM MgCl, 0.02% NP-40, 0.1% cholate, 2 mg/ml X-gal) overnight
at room temperature and counterstained with nuclear fast red.

Immunohistochemistry
For co-imaging taste cell markers and β-galactosidase or intrinsic tdTomato fluorescence,
we used mice that were sacrificed 1-2 months after tamoxifen induction. Tissues were
processed and sectioned as above. To detect β-galactosidase, we used a goat anti-β-
galactosidase antibody (Biotrend; 1:500) and anti-goat secondary antibody Alexa-Fluo 555
and then treated tissues with the following specific primary antibodies against taste cell
markers and secondary antibodies: type I taste cells, rabbit anti-NTPDase2 (nucleoside
triphosphate diphosphohydrolase-2; Centre de Recherche du CHUL; 1:500); type II taste
cells, guinea pig anti-Trpm5 (transient receptor potential cation channel subfamily M
member 5; gift from Dr. Emily Liman; 1:500); and type III taste cells, anti-5-HT (serotonin;
Immunostar; 1:100). For serotonin detection, mice were injected with 5-HTP (Sigma) 1 h
before being sacrificed to allow detection of 5-HT in type III cells [21]. Species-specific
Alexa-Fluo 647-conjugated secondary antibodies were used to visualize specific taste cell
markers. For co-labeling of Lgr5-GFP with proliferation biomarkers, a rabbit anti-Ki67
antibody (Novus; 1:100) or a mouse monoclonal antibody against K14 (Developmental
Studies Hybridoma Bank; 1:100) was used with paraffin-embedded tissues after antigen
retrieval. A chicken anti-GFP antibody (Abcam; 1:500) was used to detect Lgr5-GFP. A
goat polyclonal antibody against KCNQ1 (Santa Cruz; 1:500) was used to visualize taste
bud cells. Appropriate secondary antibodies were applied accordingly. Secondary antibodies
alone were used as negative controls. To visualize the nuclei, 4′,6-diamidino-2-phenylindole
(DAPI)-containing mounting medium (Vector Laboratories) was used to cover the tissue
sections. All images were acquired by either a Nikon Eclipse E800 microscope or Leica Sp2
confocal microscope. Confocal images were compressed z-stacks, and single optical
sections gave rise to the same results as the z-stacks.

RESULTS
Lgr5 is selectively expressed in taste tissue of the posterior tongue

We used reverse-transcription PCR to determine if mRNA of the intestinal stem cell marker
Lgr5 is also expressed in adult taste tissue. cDNA was prepared from circumvallate (CV)
papilla tissue as well as “non-taste” (NT) lingual epithelium devoid of taste cells. Using
exon-spanning primers, an Lgr5 transcript was amplified from cDNA from CV papilla and
intestinal tissue but not from NT cDNA (Fig. 1A), indicating that Lgr5 is selectively
expressed in taste tissue but not in the surrounding epithelium.

To determine which types of tongue epithelial cells express Lgr5, we used heterozygous
mice with one wild-type Lgr5 allele and one allele in which GFP (green fluorescent protein)
has been inserted into the Lgr5 gene (a knock-out/knock-in strain) [7]. Thus, GFP serves as
a surrogate marker for Lgr5 expression. The fidelity of the Lgr5-GFP knock-in reporter has
been validated in multiple tissues [6-8]. Strong GFP signals were detected in cells in the
bottom of the trench area below the CV papilla and adjacent to the opening of the ducts of
Von Ebner's glands (Fig. 1B,C; Fig. S1), as well as below the foliate papillae and adjacent to
the opening of ducts there (Fig. S2). Less intense GFP signals were detected at the base of
taste buds of the CV (Fig. 1B,C) and foliate (Fig. S2) papilla immediately below and
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surrounding the mature taste bud cells marked by expression of the voltage-gated potassium
channel KCNQ1 or Trpm5. No GFP signal was detected in other portions of Von Ebner's
glands or in tongue epithelium devoid of taste tissue. Furthermore, no GFP signal was
detected in the fungiform papillae or soft palate, therefore, we focused on analysis of the
Lgr5 expressing cells in posterior tongue.

Next, we determined if Lgr5-GFP-positive cells (referred to hereafter as “Lgr5+”) are
capable of proliferating in taste tissue like Lgr5+ cells in the small and large intestine [7].
Using Ki67 as a cell proliferation marker to identify all actively dividing cells, we observed
that some green Lgr5+ cells at the trench below the CV papilla and at the base of CV taste
buds also displayed red Ki67 immunoreactivity (yellow-orange cells in Fig. 1D). However,
many of the Lgr5+ cells in the trench area were Ki67 negative (green cells in Fig. 1D,E),
indicating that most of these Lgr5+ cells are not actively dividing. The non-uniform Ki67
expression in these Lgr5+ cells suggests that there are at least two pools of Lgr5+ cells in
taste tissue: Ki67-negative quiescent and Ki67-positive actively cycling cells.

K14 is expressed in basal epidermal cells in taste tissue as well as the surrounding
epithelium in the tongue, and K14+ cells have been shown to give rise to the taste bud cells
and surrounding keratinocytes in gustatory tissues [5]. If Lgr5 marks adult taste stem or
progenitor cells, we would expect Lgr5+ cells to constitute a subset of K14+ epithelial cells.
Double immunostaining demonstrated that almost all Lgr5+ cells at the base of the CV
papilla also expressed K14 (Fig. 1F,G), and very few Lgr5+ cells appeared to have weak or
no K14 immunoreactivity. Interestingly, expression of K14 was stronger in the cells in the
trench below the CV papilla than in the basal regions of the taste buds at the base of the CV
papilla (Fig. 1F,G), similar to the pattern observed with Lgr5-GFP (Fig. 1B).

Lineage tracing of Lgr5+ cells in CV papilla
By definition, adult stem cells give rise to multiple types of terminally differentiated cells.
We used an established lineage-tracing protocol [7] to identify terminally differentiated taste
cells derived from Lgr5+ cells. Lgr5-EGFP-IRES-creERT2 mice were crossed with Rosa26-
LacZ mice to generate Lgr5+/-, Rosa26-LacZ+/- mice in which tamoxifen-induced Cre
generates β-galactosidase activity to mark cells from the Lgr5+ lineage. We examined β-
galactosidase+ cells at different time points after tamoxifen induction. Two injection
regimens (5 days of injections vs. a single 1-day injection) were used for lineage tracing.
Because of the expectation of a low stochastic probability of inducing Cre in cells in taste
tissue by tamoxifen, as well as the previous results of Okubo et al. (2009) [5] with K14-
creERT tracing studies, we first injected tamoxifen five times during a span of 5 days. Mice
were sacrificed at different time points to determine if β-galactosidase activity was present
only in those Lgr5+ cells strongly expressing GFP in the trench area and/or weakly
expressing GFP at the base of CV papilla taste buds. If β-galactosidase is detected in
intragemmal taste bud cells that do not express Lgr5, then the results provide strong
evidence that Lgr5+ cells in CV tissue can act as stem cells to give rise to other types of
cells.

One day after the 5-day tamoxifen induction, β-galactosidase+ cells were readily detected in
the CV papilla at the bottom of the trench area and in basal layers and the pore region of
taste buds (Fig. 2A,B). Importantly, at this time point we rarely found β-galactosidase+

intragemmal cells (i.e., cells within taste buds; Fig. 2A,B). However, 2 weeks after the five-
injection regimen, more β-galactosidase+ cells were found within and surrounding the taste
buds, including intragemmal cells with typical taste cell morphology, as well as perigemmal
cells (Fig. 2C,D). Thus, Lgr5+ cells can give rise to multiple cell types both within the taste
buds and in the immediately surrounding epithelium. One month after tamoxifen induction,
we detected even more β-galactosidase+ intragemmal cells within taste buds (Fig. 2E,F).
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Importantly, cells at the bottom of the trench area and at the base of the taste buds remained
β-galactosidase+, indicating that the Lgr5+ cells here are capable of self-renewing. β-
Galactosidase+ taste bud cells could be detected even 6 months after the 5-day tamoxifen
induction (Fig. S3). In contrast, we never detected any β-galactosidase+ cells within the
surrounding NT epithelium or in glandular tissue, indicating that the Lgr5+ cells generate
only taste cells and perigemmal cells in taste tissue. No β-galactosidase+ staining was
detected in fungiform papillae taste tissue. Duodena were used as positive controls for
lineage tracing of Lgr5+ intestinal stem cells (data not shown) [7]. As a negative control, no
β-galactosidase+ activity was found in littermates with an Lgr5+/+, Rosa26-LacZ+/-

genotype.

We also performed a single tamoxifen injection and then examined β-galactosidase
expression 1 day later. As expected, the induction efficiency from a single tamoxifen
injection was low; however, we could detect a few β-galactosidase+ cells predominantly in
the bottom of the trench area and adjacent to the associated duct (Fig. S4), presumably due
to the higher expression level of Lgr5 in the bottom of the trench area. Examination of β-
galactosidase+ cells from single injections at 2 weeks, 1 month, and 2 months gave patterns
of staining similar to those observed with the 5-day injection regimen, albeit with fewer total
cells labeled in the CV papilla (Fig. S4) or in the foliate papilla (Fig. S5). Altogether, these
data indicate that the Lgr5+ cells give rise to intragemmal and perigemmal cells as well as
cells in the pore region.

After a long lineage tracing period some cells in the trench area below the CV papilla of
Lgr5+/-, Rosa26-LacZ+/- mice are β-galactosidase+ (Fig. 2E & S3). However, due to the
architecture of the trench area and the associated duct, we cannot reliably determine if these
β-galactosidase+ cells are also Lgr5-EGFP+. To address this question, Lgr5-EGFP-IRES-
creERT2 mice were crossed with Rosa26-tdTomato mice to generate Lgr5+/-, Rosa26-
tdTomato+/- mice in which tamoxifen-induced Cre generates expression of tdTomato
fluorescence protein (red) to mark cells from the Lgr5+ lineage, allowing us to directly
visualize (a) Lgr5+ singly positive cells (EGFP green but not induced for tdTomato), (b)
Lgr5+/tdTomato+ doubly positive cells (green and red in respective channels and yellow or
orange in merged image) and (c) tdTomato+ singly positive cells (red, representing progeny
of the Lgr5+ lineage that have been induced to express CRE and tdTomato but no longer
express Lgr5+). Our lineage tracing data (1 injection) using Lgr5+/-, Rosa26- tdTomato+/-

mice gave similar results to our LacZ tracing data, albeit with much higher induction
efficiency and improved resolution. One day or two days after a single tamoxifen injection,
we detected induced tdTomato red fluorescent cells among both the strong Lgr5+ cells at the
bottom of the trench area and the weak Lgr5+ cells in the base of taste buds, indicating that
both subpopulations of Lgr5+ cells can be induced by tamoxifen (Fig. 3A-F). At this short
time after induction we rarely detected cells showing tdTomato red fluorescence without
also displaying EGFP green fluorescence. One week (Fig. 3G-I) after a single tamoxifen
induction, a few intragemmal taste cells showed intrinsic tdTomato red fluorescence. Two
weeks (Fig. 3J-L) and one month (Fig. 3M-O) after tamoxifen induction (1 injection), many
intragemmal taste cells showed intrinsic tdTomato red fluorescence of varying intensity, but
never with EGFP green fluorescence, indicating that these cells are progeny of Lgr5+ cells.
Interestingly, many Lgr5+ cells were also tdTomato+ even long after the induction,
indicating that they may be capable of self-renewal. At the bottom of the trench area and in
the immediately adjacent ducts we observed a few cells 2 weeks or 1 month after induction
that were Tdtomato+ but Lgr5- (Fig. 3J-O), suggesting that these cells may be progeny of the
neighboring strong Lgr5+ cells at the bottom of the trench area. No green or red fluorescence
was found in littermates with an Lgr5+/+, Rosa26-tdTomato+/- genotype 1 month after a
single tamoxifen injection (Fig. 3P-R).
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Lgr5+ cells give rise to multiple types of mature taste bud cells
Our data indicate that Lgr5+ cells are the adult stem or progenitor cell source for at least
some mature taste cells. A key question is whether the Lgr5+ cells are multipotent stem cells
in the parental lineages of all types of mature taste bud cells or unipotent or oligopotent
progenitor cells that give rise to one or only a few taste bud lineages. Thus, we determined
whether the Lgr5+ cells generated tdTomato+ or β-galactosidase+ taste cells that also express
specific markers of all three taste cell subtypes. Type I taste cells are supporting cells that
can be marked with NTPDase2 (nucleoside triphosphate diphosphohydrolase-2). Type II
taste receptor cells respond to sweet, bitter, and umami tastants and express Trpm5. Type III
taste receptor cells respond to sour and salty stimuli and can be marked by their expression
of serotonin (5-HT) [1, 22]. At 1 month after tamoxifen induction, we simultaneously
visualized intrinsic tdTomato fluorescence and immunostained with individual taste-type-
specific antibodies. From this set of experiments, we observed type I (NTPDase2+), type II
(Trpm5+), and type III (serotonin+) taste cells that were also tdTomato+ (Fig. 4).
Comparable results were obtained using Lgr5+/-, Rosa26-LacZ+/- mice at 1-2 months after
tamoxifen induction (Fig. S6). Mature taste cells were generated even 6 months after the 5-
day tamoxifen induction (Fig. S7). As noted above Lgr5+ cells give rise also to perigemmal
cells, but no cells within the surrounding NT epithelium or in glandular tissue. These results
are consistent with Lgr5 marking adult taste stem cells and less consistent with marking
more limited progenitor cells.

DISCUSSION
In the present study we found that the stem cell marker Lgr5 is expressed in taste tissue of
the posterior tongue where it marks apparent adult taste stem cells that give rise to all three
subtypes of mature intragemmal taste cells along with perigemmal cells. Lgr5+ cells of the
tongue consist of at least two populations of cells in the circumvallate and foliate papillae
regions. The strongly positive Lgr5+ cells sit deep in the trench of the CV and foliate
papillae, beneath the taste buds and at the openings of glandular ducts and less intensely
positive Lgr5 cells sit at the base of taste buds. It seems plausible that the strong Lgr5+ cells
in the trench area may give rise to the weakly positive Lgr5 cells at the base of taste buds,
which in turn may give rise to mature taste cells and perigemmal cells. The weakly positive
cells may be more constrained progenitor cells whereas the strongly positive cells seem
better candidates to be multipotent taste stem cells. We think it less likely that the weakly
positive cells give rise to the strongly positive ones or that they comprise two independent
populations. Definitively determining the relatedness of these different populations,
assessing their multipotency and determining which one(s) are immediate precursors of
mature taste cells will require ex vivo organ cultures as have been used for Lgr5+ stems cells
of gut.

Lgr5 is a Wnt target gene; the G protein-coupled receptor Lgr5 has been shown to mark
stem cells in multiple regenerative tissues [6-9]. Lgr5 and its homologs interact with R-
spondins to augment Wnt signaling [23-25]. Conventional deletion of the Lgr5 gene results
in mice with neonatal lethality associated with craniofacial defects [26]. Conditional
knockout mice lacking Lgr5 in gut are viable and do not show any severe phenotype [24].
Gut-specific deletion of both Lgr5 and Lgr4 genes results in a severe loss of crypt base
columnar cells as well as altered morphology of gut tissue, indicating that these two
receptors, presumably acting together, are essential for gut regeneration and maintenance
[24].

Taste cells undergo frequent turnover and renewal. It is well established that taste cells are
derived from the local epithelium and that basal cells are capable of dividing and can give
rise to other cells within taste buds [2, 5, 27, 28]. Two contrasting models have been
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proposed for taste cell renewal [29]. One model proposes that each taste cell lineage is
derived from type-specific progenitor cells; that is, type I progenitor cells give rise to mature
type I cells but not other types of taste cells, and so on. Another model proposes that a single
progenitor cell gives rise to all types of mature taste cell lineages. Our lineage-tracing data
show that all three subtypes of taste bud cells are derived from Lgr5+ cells. However, it
remains to be determined if a single Lgr5+ cell can give rise to all three types of taste cells or
if there are different subpopulations of Lgr5+ cells that serve as progenitors of each type of
taste cell. Ex vivo organ cultures as have been used for Lgr5+ stems cells of gut may also
help in this regard [9].

A similar lineage-tracing approach using K14-creERT mice demonstrated that K14+

epithelial cells produce intragemmal taste cells [5]. However, it has not been determined if
K14+ cells give rise to all three major subtypes of taste cells. In addition, K14 is a general
epithelial marker not specific to the taste tissue, so it is challenging to precisely localize any
long-term stem or progenitor cells for taste tissue from K14+ cells. Nevertheless, it has been
proposed that K14+ cells in the basal region but outside of the taste bud are candidate adult
taste stem/progenitor cells. Our study revealed that the Lgr5+ cells at the bottom of the CV
and foliate papillae and at the base of taste buds that are candidates for adult taste stem cells
or progenitor cells of the posterior tongue also express K14. However, there are also
strongly positive K14+ cells deeper in the ducts below the posterior taste papillae that do not
express Lgr5.

Unlike intestinal Lgr5+ stem cells, the niche for maintaining Lgr5+ taste stem/progenitor
cells appears to be neuronally dependent. In nerve section experiments, CV taste buds
disappear in the first few weeks following denervation but regenerate following nerve
regrowth [30]. One hypothesis is that taste stem/progenitor cells require signals from the
innervating nerves to give rise to newborn cells in the taste buds and maintain tissue
homeostasis. An alternative explanation is that Lgr5+ stem/progenitor cells give rise to fate-
committed cells that are nerve dependent and require neuronal signals to develop into
terminally differentiated taste cells. Using a similar lineage-tracing approach in combination
with nerve section may distinguish between these two possibilities.

In the small intestine of mice Bmi1 labels another population of stem cells distinct from the
Lgr5+ stem cells [11, 12]. Given the similarity between taste and gut tissues it is plausible
that Bmi1 is expressed also in adult taste stem cells. However, our preliminary analysis of
taste tissue from mice carrying Bmi1-Cre [11] and the Rosa26-LacZ allele after tamoxifen
injection indicated that Bmi1 does not mark adult taste stem cells (data not shown). Thus, in
contrast to its role in small instestine, Bmi1 does not appear to mark adult taste stem cells.

Wnt signaling plays a major role in fungiform taste papillae formation prenatally [31, 32],
and this Wnt activity appears to be regionally specific during embryonic development.
Genetic deletion of Lef1 (lymphoid enhancer binding factor 1) left mice with a greatly
reduced number of fungiform papillae but relatively intact CV papilla [31]. Furthermore, our
findings that Lgr5+ cells are candidate taste stem/progenitor cells in the posterior tongue but
not in the anterior tongue indicates that developmental regulation of taste tissue in the
anterior and posterior parts of tongue differs in this regard also. This is consistent with
studies indicating that the posterior third of the tongue is derived from endoderm, whereas
the anterior two-thirds of the tongue is derived from stomadeal ectoderm [33]. However, it is
also plausible that our inability to detect Lgr5-GFP cells in the anterior portion of the tongue
could be due to weak expression of Lgr5-GFP beyond detection in the fungiform papillae or
regional silencing of the knockin allele in this particular Lgr5-EGFP strain [34]. It remains
to be determined whether Lgr5 or other biomarkers identify adult taste stem cells in the taste
buds of the fungiform papillae, which also undergo continual turnover.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Lgr5 is expressed in circumvallate papilla
A) RT-PCR demonstrates Lgr5 expression in gut (positive control) and circumvallate (CV)
papilla taste tissue but not in the surrounding non-taste (NT) epithelium. The GAPDH RT-
PCR controls confirm equivalent template amounts from gut, CV, and NT cDNA. B-G)
Confocal images of Lgr5+ cells in CV papilla. B and C) The Lgr5-GFP transgene was
detected by intrinsic fluorescence (green). The strongest GFP signal is at the bottom of the
trench area below the CV papilla and adjacent to the opening of the ducts of Von Ebner's
glands. A weaker GFP signal is found in cells at the base of the taste buds immediately
below and between the mature taste cells (red), which were immunodetected with a KCNQ1
antibody. D and E) Dual immunostaining shows that only some Lgr5+ cells (green, anti-GFP
antibody) at the bottom of the CV trench area are also immunoreactive for proliferation
marker Ki67 (red, anti-Ki67). F and G) Dual immunostaining shows that all Lgr5+ cells
(green, anti-GFP) at the bottom of the CV trench area are also immunoreactive for K14 (red,
anti-K14). All images are compressed confocal z-stacks (~5μm thickness). d, duct of Von
Ebner's gland. Scale bars: B=80 μm, C=10 μm, and D-G=20μm.
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Fig. 2. Lgr5-expressing cells give rise to mature taste cells
Tamoxifen-induced Lgr5-Cre generates β-galactosidase activity to mark cells from the
Lgr5+ lineage. A and B) Representative images of β-galactosidase-stained taste cells (blue)
of the Lgr5+ lineage present in the trench at the base of the circumvallate papilla, at the taste
pore, and at the basal layer of the taste buds (arrows), one day after 5-days of tamoxifen
induction of Lgr5-Cre. C and D) β-Galactosidase-stained taste cells (blue) of the Lgr5+

lineage mark both intragemmal (within the taste bud; white arrows) and perigemmal
(surrounding the taste bud; black arrows) cells, two weeks after 5-days of tamoxifen
induction of Lgr5-Cre. E and F) β-Galactosidase-stained taste cells (blue) of the Lgr5+
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lineage mark many intragemmal taste cells (white arrows), one month after 5-days of
tamoxifen induction of Lgr5-Cre. Scale bars: A-F=40 μm.
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Fig. 3. Lgr5-expressing cells give rise to mature taste cells and cells in the associated ducts
Tamoxifen-induced Lgr5-Cre generates tdTomato fluorescent protein (red) to mark cells
from the Lgr5+ lineage. Representative confocal images of the circumvallate papilla, one
day (A-C), two days (D-F), one week (G-I), two weeks (J-L) and one month (M-O) after a
single tamoxifen induction of Lgr5-Cre. Images in the left column (A, D, G, J, M) show
Lgr5-GFP intrinsic fluorescence (green) at the indicated times. Images in the middle column
(B, E, H, K, N) show tdTomato+ (red) cells. The right column (C, F, I, L, O) shows the
merged images. Note that increasing numbers of tdTomato+ intragemmal taste cells and
perigemmal cells are generated over time after a single tamoxifen induction. At all dates
examined after a single tamoxifen induction many Lgr5-GFP+ cells are also tdTomato+ in
both the trench area and at the base of the taste buds. A few cells (white arrows) that are
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tdTomato+ but not Lgr5-GFP+ are present in the ductal area under the trench two weeks or 1
month after a single tamoxifen induction. P-R) A transmitted light image of a circumvallate
section (P) of an Lgr5+/+, Rosa26-tdTomato+/- mouse (negative control littermate 1 month
after a single tamoxifen induction) shows no EGFP (Q) or tdTomato (R) fluorescence when
scanned at the same confocal settings. All images are compressed confocal z-stacks (~8μm
thickness). Scale bar: 20 μm.
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Fig. 4. Lgr5+ stem/progenitor cells generate all three types of taste bud cells
Mature taste bud cells marked by Lgr5-Cre-generated tdTomato 1 month after tamoxifen
induction were stained with markers for each of the three types of taste cells. A-C) tdTomato
(red) is co-expressed in type I taste cells with NTPDase2 (pseudo-colored green). D-F)
Lgr5-Cre-generated tdTomato (red) is co-expressed in type II taste receptor cells with
Trpm5 (pseudo-colored green). G-I) Lgr5-Cre-generated tdTomato (red) is co-expressed in
type III taste receptor cells with serotonin (pseudo-colored green). Arrows show
colocalization of tdTomato and taste specific markers. All images are compressed confocal
z-stacks (~3 μm thickness). Scale bars: 10 μm.
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