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Abstract

Taste cells in taste buds are epithelial sensory cells. Old taste bud cells die and are replaced by
new ones generated from taste stem cells. Identifying and characterizing adult taste stem cells is
therefore important to understand how peripheral taste tissues are maintained. SOX2 is expressed
in oral epithelium including gustatory papillae and has been proposed to be a marker of adult
taste stem/progenitor cells. Nevertheless, this hypothesis has never been directly tested. Here, by
single-color genetic lineage tracing using Sox2-CreERTZ2 strain, we reveal that all types of taste bud
cells distributed throughout the oral epithelium are derived from stem cells that express SOX2.
Short-term tracing shows that SOX2-positive taste stem cells actively supply taste bud cells. At
the base of epithelium outside taste buds are distributed proliferation marker- and SOX2-positive
cells. Consistently, taste stem cells identified by Lgr5 expression in the circumvallate papillae also
express SOX2.Together, taste stem cells distributed in oral epithelia express SOX2.
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Introduction

Epithelial cells of the alimentary tract, including the oral cavity, are
maintained by continuous turnover in adult vertebrates. Multiple
types of locally distributed stem cells continuously supply epithe-
lial cells under normal conditions and replenish them after injury
(Barker et al. 2012; Kretzschmar and Watt 2012). In oral epithe-
lium, Lgr5* stem cells give rise to taste bud cells and nongustatory
papillary epithelial cells juxtaposed to taste buds in circumvallate
and foliate papillae of the posterior tongue (Takeda et al. 2013; Yee
et al. 2013). Although short-term (<1 month) lineage tracing using
a transgenic mouse with human Krt14 promoter suggests that both
taste bud cells and surrounding epithelial cells are supplied from
cells in the basal epithelium outside taste buds (Okubo et al. 2009),
the identity and stemness of the transgene-expressing cells remain
elusive due to lack of in-depth analyses including long-term lineage
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tracing (>3 months; some taste bud cells live more than ~6 weeks)
(Perea-Martinez et al. 2013). Short-term lineage tracing reveals that
Lgré6* cells supply a subset of taste bud cells in both anterior and
posterior tongue (Ren et al. 2014), but not all taste bud cells in
any gustatory regions are derived from Lgr6* cells or from Lgr5*
or Krt14+ cells in vivo (Okubo et al. 2009; Takeda et al. 2013; Yee
et al. 2013; Ren et al. 2014), probably because knock-in and trans-
genic mice used in the previous studies yield mosaic expression of
CreERT2 in Lgrs*, Lgr6*, and Krt14* taste stem cells. Therefore,
identification of other taste stem cell markers that are expressed in
all taste stem cells and/or CreERT2 strains that efficiently express
CreERT?2 in taste stem cells not only enables us to understand the
lineage(s) and turnover mechanisms of taste bud cells but also enable
us to generate mice with conditional knockout (cKO) of genes of
interest in taste bud cells.
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Sox2 is expressed in the tongue epithelium and Sox2* cell popula-
tion contains stem cells of epithelial cells in nongustatory epithelium in
adult mice (Arnold et al. 2011). Although Sox2 is also expressed in a
subset of taste bud cells and surrounding epithelial cells (Suzuki 2008),
it is still unclear whether Sox2* cell population in the tongue epithe-
lium also contains taste stem cells. Here, we report that taste stem cells
express Sox2, and that the knock-in strain that encodes CreERT2 in its
Sox2 locus is useful for generating cKO of taste bud cell genes.

Materials and methods

Animals

CS57BL/6] (stockno.000664),Sox2 <R (stock no. 017593) (Arnold
et al. 2011), Rosa26"-Tom/stTom (stock no. 007908) (Madisen et al.
2010), and Lgr§ECH-iresCreERT2 (gtock no. 008875) (Barker et al.
2007) mice were purchased from the Jackson Laboratory. All ani-
mal experiments were approved by the Institutional Animal Care
and Use Committee of the Monell Chemical Senses Center and per-
formed in accordance with National Institutes of Health guidelines.

Tamoxifen administration

Tamoxifen (10 mg/mL in corn oil; Sigma—Aldrich) was intraperito-
neally injected to young adult mice (100 mg/kg body weight): once
for short-term chase (3 days) and 5 times over 5 consecutive days for
moderate- and long-term chase (24 days and 6 and 21 months) in
gustatory tissues in lineage tracing studies.

EdU labeling

A nucleoside analog of thymidine, EAU (5-ethynyl-2’-deoxyuridine;
0.5 mg/mL in PBS; Thermo Fisher Scientific), was intraperitoneally
injected to adult mice (5 mg/kg body weight). Tissues were dissected
from mice perfused with 4% paraformaldehyde (PFA) in PBS 4 h
after EAU administration. EdU incorporated into nuclei in tissue
sections was detected and visualized using the Click-iT EdU Alexa
Fluor 488 imaging kit (Thermo Fisher Scientific), according to the
manufacturer’s protocol.

Tissue preparation

Mice were deeply anesthetized with urethane and transcardially per-
fused with PBS followed by 4% PFA in PBS. Oral epithelia dissected
from them were postfixed, cryoprotected, and frozen as described
previously (Ohmoto et al. 2008). Cryosections (8 pm thickness)
were prepared using a Leica CM 1900 cryostat (Leica Microsystems),
mounted on tissue-adhesive-coated glass slides (Fisher Scientific),
and preserved in at -80 °C until use.

Immunohistochemistry

Immunohistochemistry using 4% PFA-fixed sections was carried out
as described previously (Ohmoto et al. 2008). Sections were treated
in a preheated target retrieval solution pH 9 (Agilent Technologies)
at 80 °C for 20 min before blocking. As primary antibodies, rab-
bit anti-KCNQ1 (1:1000, Millipore), goat anti-KCNQ1 (1:300,
Santa Cruz Biotechnology), goat anti-SOX2 (1:300, Santa Cruz
Biotechnology), rabbit anti-TRPMS (1:3000, Alomone Labs), rabbit
anti-DDC (1:2000, GeneTex), mouse anti-PCNA (1:100 Millipore),
and mouse anti-GFP (1:1000, Clontech Laboratories) antibod-
ies were used. Alexa 488-, 555-, and 647-conjugated antibodies
(1:500, Thermo Fisher Scientific) were used as secondary antibod-
ies. Sections were counterstained with 4/,6-diamidino-2-phenylin-
dole (DAPI). Fluorescent images were acquired by a Leica TCS SP2

confocal microscope (Leica Microsystems) with a pinhole size of 1.5
airy units. All images were captured under the similar conditions
except the fluorescence of tdTomato with a low laser power. Optical
confocal images were processed with Photoshop (Adobe Systems)
and analyzed on a computer screen.

Results

Stem cells to generate taste bud cells for long-term
express Sox2

Genetic lineage tracing using a drug-inducible Cre recombinase and a
conditional reporter allele is a powerful method to examine whether
the cells of interest are stem cells (Barker et al. 2012). In tongue epi-
thelia, Bmil* and Sox2* stem cells are involved in the turnover of non-
gustatory oral epithelial cells (Arnold et al. 2011; Tanaka et al. 2013).
Bmil* stem cells do not generate any taste bud cells (Tanaka et al.
2013; Yee et al. 2013). However, the involvement of Sox2* stem cells
in taste bud cell turnover remains to be unclear (Arnold et al. 2011).
To examine whether Sox2* cells give rise to any taste bud cells over
the long term, we carried out single-color genetic lineage tracing using
young adult Sox2CeERT;  RosalGloshstoploxtidfomatols (R o542 6 Tom)
mice. In gustatory tissues where taste buds composed of tens of cells
are distributed, such as soft palate, fungiform papillae of anterior
dorsal tongue, and circumvallate papillae of posterior dorsal tongue,
all epithelial cells we examined exhibit tdTomato fluorescence at 21
months after intraperitoneal tamoxifen injection, although intensity
of tdTomato fluorescence varies among cells (e.g., fluorescence inten-
sities in nongustatory epithelial cells are weaker than in taste bud cells
and some taste bud cells express lower level of fluorescence than other
taste bud cells) (Figure 1A). Immunohistochemical detection of taste
bud cells with the pan-taste-bud-cell marker KCNQ1 (Ohmoto et al.
2006; Matsumoto et al. 2011) indicates that all taste bud cells exhibit
tdTomato fluorescence (Figure 1A). Indeed, TRPMS5-expressing cells
responsible for sweet, umami, or bitter tastes and DDC-expressing
cells responsible for sour taste, most of which do not express SOX2
(Suzuki 2008), are tdTomato* in circumvallate papillae at 6 months
after tamoxifen injection (Figure 1B). Taste bud cells lacking TRPMS
and DDC expression are also tdTomato* (Figure 1C), demonstrating
that all types of taste bud cells express tdTomato. Considering that
average life spans of taste bud cells are estimated to be a few weeks
(Beidler and Smallman 19635; Perea-Martinez et al. 2013), 6 months
is long enough for several rounds of complete taste bud cell turno-
ver. Thus, these analyses demonstrate that the Sox2* cell population
includes the taste stem cells that supply taste bud cells in any gusta-
tory tissues over the long term.

Perigemmal basal proliferative Sox2* cells give rise

to taste bud cells

At about 3 weeks after tamoxifen injection, a time period sufficient
to replace most taste bud cells under normal turnover conditions
in adult mice (Beidler and Smallman 1965; Perea-Martinez et al.
2013), most taste bud cells are tdTomato* (Figure 2A). However,
rare but significant spontaneous expression of tdTomato is detected
in circumvallate papillary epithelium of tamoxifen-untreated
Sox2CreERT2: R 0sa2 64T mice (Figure 2B) and also detected in the
palate and fungiform papillae (data not shown). Similar phenomena
were reported in other tissues of tamoxifen-untreated Sox2¢eERT2;
Rosa2 65-YPP+ mice, with the same Sox2-Cre driver allele and differ-
ent Rosa26-reporter allele (Arnold et al. 2011). If these spontane-
ously labeled taste bud cells were slow-cycling stem cells, tdTomato*
cell population in taste buds should increase over time. However,
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Figure 1. Long-term lineage tracing of Sox2* cells in the gustatory areas of oral epithelium. (A) Fluorescence of tdTomato in the oral epithelium of Sox2¢e£/T2x,
Rosa26" ™+ mice at 21 months after tamoxifen injections for 5 consecutive days: fluorescent labeling of pan-taste-bud-cell marker KCNQ1 (green, bottom) and
nuclei (stained with DAPI, blue, bottom) in the soft palate (/eft), fungiform papillae (FuP, middle), and circumvallate papillae (CvP, right) with tdTomato fluorescence
(red). All taste bud cells are labeled with tdTomato at 21 months after tamoxifen injection. Taste bud cells marked by arrowheads are the representative cells
exhibiting lower tdTomato fluorescence than other taste bud cells. (B) Fluorescent labeling of SOX2 (green, left), TRPM5 (green, middle), and DDC (green, right)
and tdTomato (red) in the CvP of Sox2¢ R+, Rosa26*"™+ mice at 6 months after tamoxifen injections for 5 consecutive days. (C) Fluorescent labeling of the
combination of TRPM5 and DDC (green) and KCNQ1 (blue) with tdTomato (red) in the taste buds of CvP of Sox2¢tf72+; Rosa26' ™™+ mice at 6 months after
tamoxifen injections for 5 consecutive days.Taste bud cells marked by asterisks (*) are the cells positive for KCNQ1 but negative forTRPM5 and DDC and labeled

with tdTomato. Scale bar: 50 pm.

in taste buds of mice that are older by 10 months, the frequency of
tdTomato* cells appears unchanged, strongly suggesting that tdTo-
mato-labeled taste bud cells are not stem cells or don’t contribute
to the increase of tdTomato* cells. Although it is difficult to distin-
guish spontaneously expressed tdTomato from tdTomato of newly
generated cells from Sox2* stem cells, frequency of tdTomato* taste
bud cells seems to be increased compared to untreated Sox2¢<ERT2/;
Rosa26- ™ mice at 3 days after tamoxifen injection (Figure 2).
Thus, these results suggest that taste bud cells are actively supplied
from stem cells expressing Sox2, as are nongustatory epithelial cells
in gustatory papillae.

The actively proliferating cells immunohistochemically detected
by Ki67 expression and short-term 5-bromo-2’-deoxyuridine (BrdU)
incorporation are distributed at the basal region of epithelium in
the circumvallate papillae (Asano-Miyoshi et al. 2008). Although

a subset of SOX2* cells is positive to BrdU after short-term BrdU
incorporation (Suzuki 2008), it is unclear whether they are inside
or outside taste buds. To address this, we carried out immunohisto-
chemical analysis of proliferating cell nuclear antigen (PCNA) and
EdU labeling in combination with immunohistochemistry for SOX2
and KCNQ1. PCNA* cells and EdU-incorporated cells, which are
observed only at the bottom of the epithelial layer outside taste buds
in all gustatory areas examined, also express SOX2 (Figure 3), as
observed in previous reports using the same or other methods to
identify proliferating cells (Beidler and Smallman 1965; Hamamichi
et al. 2006; Asano-Miyoshi et al. 2008; Perea-Martinez et al. 2013).
These results uncover that SOX2* cells outside taste buds, at least
a subpopulation of them, are active and long-term taste stem cells,
consistent with the previous finding of local distribution of taste
stem cells (Stone et al. 1995).
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Figure 2. Short-term lineage tracing of Sox2* cells in the circumvallate
papillae. (A) Fluorescent labeling of KCNQ1 (green, bottom) with tdTomato
fluorescence (red) in CvP of Sox2¢ ™+, Rosa26*-°™* mice. Most KCNQ1+ cells
are tdTomato-positive at 24 days after tamoxifen injections for 5 consecutive
days (right), although some KCNQ1* cells are tdTomato-negative at 3 days
after one tamoxifen injection for 1 day (/eft). (B) Fluorescence of tdTomato
(red) and merged images labeled with SOX2 (green, bottom) in the CvP of
Sox2¢reERT2+ Rosa26'- ™+ mice without tamoxifen treatment at the age of 2
months (/eft) and 12 months (right). Some SOX2* cells and a subset of taste
bud cells that do not express SOX2 are tdTomato*. Spontaneous labeling
with tdTomato is observed in taste bud cells and nongustatory epithelial
cells, showing no strict correlation between spontaneous expression of
tdTomato and SOX2 expression. Scale bar: 50 pm.

Lgr5* stem cells in posterior gustatory papillae

express SOX2

Taste bud cells in the foliate and circumvallate papillae in the poste-
rior tongue are derived from Lgr5* taste stem cells whose distribu-
tion is confined to those gustatory papillae (Takeda et al. 2013; Yee
et al. 2013). Triple fluorescence immunohistochemistry of SOX2,
KCNQ1, and GFP in circumvallate papillae of LgrStCH-iresCreERT2/
mice shows that GFP signals are observed in a subpopulation of
SOX2* cells outside taste buds (Figure 4), indicating the coexpres-
sion of SOX2 in all Lgr5* taste stem cells. Taken together, this study
demonstrates that taste stem cells express SOX2.

Discussion

In this article, we performed single-color lineage tracing using Sox2-
CreERT2 strain and revealed that SOX2 is a stem cell marker of
taste bud cells in adult mice. SOX2 expression is observed through-
out the basal layer of nongustatory oral epithelium and also in the
subset of taste bud cells. SOX2* cell population in the basal epithe-
lium outside the taste buds is proliferative and contains taste stem
cells, as observed in the lineage tracing studies using Lgr5-CreERT2
and Krt14-CreERT2 strains (Okubo et al. 2009; Takeda et al. 2013;
Yee et al. 2013).

Since Lgr$ expression is confined to the posterior tongue (Takeda
et al. 2013; Yee et al. 2013), molecular characteristics of taste stem
cells are different among the locations of taste buds: Sox2*Lgr5* in
the circumvallate and foliate papillae and Sox2*Lgr5- in the palate
and fungiform papillae. Methods to develop organoids in vitro have
been established for many tissues from their stem cells. Interestingly,
tissue organoids generated from LgrS* stem cells of small intestine,
stomach, and circumvallate papillae under the same culture condi-
tions display features of in vivo intestinal, gastric, and circumvallate
papillae, respectively (Sato et al. 2009; Barker et al. 2010; Ren et
al. 2014), suggesting that Lgr5* stem cells intrinsically have their
own different blueprints for cell lineages. It would not be surprising
if Sox2* stem cells distributed near fungiform taste buds generate
taste organoids, and if they can, would be interesting to examine the
molecular features and characteristics of those organoids. Taste buds
show regionally different features of gene expression and therefore
regional differences in the composition of taste bud cells (Hoon et al.
1999; Huang et al. 2006; Ishimaru et al. 2006; Shindo et al. 2008;
Ohmoto et al. 2011), and such regional differences are also found
in their stem cells. By comparing taste organoids generated from
Sox2* stem cells harvested from spatially different gustatory regions,
we could obtain important insights into whether the region-specific
molecular features and composition of taste bud cells are intrinsi-
cally destined in the local Sox2* stem cells or depend on communica-
tion with their local environment, such as niche.

Both taste bud cells and surrounding epithelial cells are supplied
from Sox2* stem cells, showing the multipotency of Sox2* stem cells,
which is consistent with the data suggested by the previous lineage
tracing with Krt14-CreER transgenic mice (Okubo et al. 2009).
However, it is unclear whether each Sox2* stem cell is multipotent,
that is, can give rise to taste bud cells as well as nongustatory epithe-
lial cells or is unipotent, producing only taste bud cells or nongusta-
tory epithelial cells. It is also unclear whether one stem cell generates
only one type of taste bud cells or multiple types of cells. Multi-color
lineage tracing using reporter strains such as Thy1-Brainbow (Livet
et al. 2007) or Rosa26-Confetti (Snippert et al. 2010) strains would
address these questions.

This study demonstrates strong evidence showing that taste stem
cells express SOX2. Although SOX2 is not a specific marker of taste
stem cells, this finding is sufficient to suggest the availability of Sox2-
CreERT2 strain in taste research. Conventional knockout mice of
genes for taste receptors and intracellular signaling molecules are
viable and fertile so that their functions in taste cells were well stud-
ied in vivo. However, the roles of molecules that have been thought
to be important for taste bud cell turnover such as PROX1, NKX2-
2, ASCL1, and SHH remains largely elusive, probably because their
conventional knockout mice are embryonic or perinatal lethal or die
at early postnatal days (Guillemot et al. 1993; Chiang et al. 1996;
Sussel et al. 1998; Wigle et al. 1999), which hampers studying their
roles in taste bud cells in vivo. Sox2 locates on the chromosome
3 in mouse different from Prox1 (chr. 1), Nkx2-2 (chr. 2), Ascll
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Figure 3. Identification of actively proliferating cells in the gustatory areas of oral epithelium. (A) Triple fluorescent labeling of SOX2 (red), PCNA (green),
and KCNQ1 (blue) in the CvP (top and second-top), FuP (second-bottom), and the soft palate (bottom). Actively proliferating PCNA* cells are observed in the
basal epithelial cells outside taste buds, which are colabeled with SOX2. (B) Nucleoside analog (EdU) incorporation in actively proliferating cells in CvP (top
and second-top), FuP (second-bottom), and soft palate (bottom): triple fluorescent labeling of EdU (green), SOX2 (red), and KCNQ1 (blue) at 4 h after EdU
administration. Cells positive for both SOX2 and EdU are observed in the basal epithelium outside KCNQ1+ cells. Areas of magnified fluorescent images in row

2 (second-top) are indicated by white squares in row 1 (top). Scale bar: 50 pm.

SOX2
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Figure 4. Relationship between Lgr5* taste stem cells and SOX2* cells in the circumvallate papillae. Triple fluorescence labeling of SOX2 (red), green fluorescent
protein (GFP; green), and KCNQ1 (blue) in the CvP of Lgr5tcrrires-creERT2+ mice, All GFP* cells are observed outside taste buds and colabeled with SOX2. Areas of
magnified fluorescent images (bottom) are indicated by white squares. Scale bar: 50 pm.

(chr. 10), and Shh (chr. 5), and thus the Sox2-CreERT2 strain, with
their floxed strains (Dassule et al. 2000; Harvey et al. 2005; Pacary
et al. 2011; Mastracci et al. 2013), will be useful to induce cKO
of those genes in taste stem cells, which culminates in the genera-
tion of taste bud cells devoid of their expression. However, it may
be pragmatically difficult to generate such cKO of the gene which
locates in the same chromosome as Sox2, especially when they are

very close, because recombination between 2 genes integrated closely
in the same chromosome rarely occurs. Also, Sox2 is expressed in
other epithelial stem cells and some neural cells. If genes of interest
are expressed not only in taste bud cells but also other cells where
Sox2 is expressed such as stomach and pituitary gland, it may be
difficult to distinguish phenotypes of their deficiency induced using
Sox2-CreERT?2 allele in taste bud cells from those in other tissues.
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It would be helpful if there is another CreERT2 knock-in strain that
expresses CreERT2 in taste stem cells from the chromosome other
than chromosome 3, because we will be able to obtain ¢cKO mice
of any genes of interest in taste bud cells using this strain or Sox2-
CreERT?2 strain. If CreERT2 expression is regulated by the gene that
is expressed in the taste stem cell but not in the other stem cells such
as epithelial stem cells, the strain would be more useful for taste
research. Identifying and characterizing taste stem cells will bring
us important information about taste bud cell turnover and enable
us to obtain useful genetic tools which contribute to the molecular
genetic studies in taste.
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