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SUMMARY
Taste bud cells are renewed throughout life in a process requiring innervation. Recently, we reported that R-spondin substitutes for

neuronal input for taste cell regeneration. R-spondin amplifiesWNTsignaling by interacting with stem-cell-expressed E3 ubiquitin ligases

RNF43/ZNRF3 (negative regulators of WNT signaling) and G-protein-coupled receptors LGR4/5/6 (positive regulators of WNT signaling).

Therefore, we hypothesized that RNF43/ZNRF3 may serve as a brake, controlled by gustatory neuron-produced R-spondin, for regulating

taste tissue homeostasis. Here, we show that mice deficient for Rnf43/Znrf3 in KRT5-expressing epithelial stem/progenitor cells (RZ dKO)

exhibited taste cell hyperplasia; in stark contrast, epithelial tissue on the tongue degenerated. WNT signaling blockade substantially

reversed all these effects in RZ dKO mice. Furthermore, innervation becomes dispensable for taste cell renewal in RZ dKO mice. We

thus demonstrate important but distinct functions of RNF43/ZNRF3 in regulating taste versus lingual epithelial tissue homeostasis.
INTRODUCTION

The sense of taste enables humans and other species to

detect nutritious substances or potentially harmful/toxic

substances (Bachmanov and Beauchamp, 2007; Chaudhari

and Roper, 2010). Taste sensation begins when substances

are detected by a variety of taste receptor cells clustered in

tastebuds, comprisingdifferent tastefields in theoral cavity:

inanterior tongue, fungiformpapillae typicallyhouse single

taste buds (e.g., rodents), whereas, in posterior tongue, the

circumvallate papillae and foliate papillae contain many

dozens of taste buds each. Once taste receptor cells are acti-

vated by taste stimuli, these cells send signals to the brain to

generate taste sensation or perception (Bachmanov and

Beauchamp, 2007; Chaudhari and Roper, 2010).

Despite the sensory nature of taste bud cells, they are

epithelial cells, not nerve cells, and, like other epithelial

cells, taste cells turn over throughout life (Beidler and

Smallman, 1965), with an average life span of about 1–

2 weeks (Barlow and Klein, 2015; Perea-Martinez et al.,

2013). This rapid turnover requires continuous generation

of new taste cells by taste stem/progenitor cells, and inter-

ruption of this process can lead to an altered sense of taste

(Barlow and Klein, 2015).

Taste tissue homeostasis is regulated, in part, by gustatory

(taste-related) neurons. A well-known phenomenon

described more than a century ago is that cutting the gusta-

torynerve leads todegenerationof tastebuds; once thenerve

has healed, taste buds regenerate (Cheal and Oakley, 1977;

Guth, 1958;Olmsted, 1921; Vintschgau andHönigschmied,

1876). Previously, we and others demonstrated that the pro-
Stem Cell Re
This is an open access article under the C
tein LGR5 uniquely marks adult taste stem/progenitor cells

(Aihara et al., 2015; Ren et al., 2014, 2017; Takeda et al.,

2013; Yee et al., 2013). Recently, we showed that R-spondin,

the ligand for the LGR4/5/6 receptors, as well as for the

RNF43/ZNRF3 receptors, can substitute for neuronal input

for taste cell regeneration, suggesting that one ormoremem-

bers of the R-spondin family (e.g., RSPO2)may be the gusta-

tory-neuron-derived factor that regulates LGR5-expressing

taste stem/progenitor cells to maintain taste tissue homeo-

stasis (Lin et al., 2021).

R-spondin interacts bothwithLGR4/5/6 andwith the two

E3 ligasesRNF43/ZNRF3 to regulate stemcell activity (deLau

et al., 2011, 2014;Hao et al., 2012; Koo et al., 2012). In intes-

tinal epithelial stem cells, RNF43/ZNRF3 act as negative

regulators of WNT signaling, whereas LGRs act as positive

regulators (de Lau et al., 2014). Loss of Rnf43/Znrf3 in intes-

tinal epithelial tissue leads to overgrowth of gut epithelial

tissue (hyperplasia) (Koo et al., 2012), whereas loss of Lgr4/

5 leads to abolishment of the crypt stem cell compartment

(de Lau et al., 2011). This ternary interaction among LGRs,

RNF43/ZNRF3, and R-spondin regulates WNT signaling

and thus either promotes or retards stem cell proliferation

and differentiation (de Lau et al., 2014).

Despite these recent advances in understanding the R-

spondin–LGR4/5/6–RNF43/ZNRF3 pathway, its role in taste

stem cell regulation and other tissues is as yet undefined.

Herewe show (1) thatRnf43/Znrf3 is expressed in the lingual

and taste stem/progenitor cell compartments (i.e., basal cells

of lingual and taste epitheliumwhere stem/progenitor cells

reside); (2) that ablation of Rnf43/Znrf3 in lingual epithe-

lium, including taste stem/progenitor cells, leads to taste
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Figure 1. Expression of Rnf43 and Znrf3 in the circumvallate
papillae, fungiform papillae, and surrounding lingual epithe-
lium
(A and B) In situ hybridization of Rnf43 and Znrf3 with antisense
riboprobes in circumvallate papilla in posterior tongue (A) and in
fungiform papillae and the surrounding lingual epithelium (e.g.,
filiform papillae) in anterior tongue (B). Dotted lines in insets
demarcate epithelial-mesenchymal boundaries. Arrows, fungiform
papillae; arrowheads, filiform papillae. Scale bars, 50 mm.
cell hyperplasia but lingual epithelial cell degeneration; and

(3) that the effects of RNF43/ZNRF3 on both lingual and

taste epithelium appear to be mediated by WNT signaling,

but in opposite directions. Importantly, taste cell hyperpla-

sia in Rnf43/Znrf3 double-knockout (RZ dKO) mice resem-

bled the effect of exogenous R-spondin we previously

showed (Lin et al., 2021): regeneration of taste cells occurred
370 Stem Cell Reports j Vol. 17 j 369–383 j February 8, 2022
in the RZ dKOmice even in the absence of nerve input (i.e.,

after nerve transection).

We thus propose the following model: in the oral cavity,

RNF43/ZNRF3 regulates activity of stem/progenitor cells

through WNT signaling, in a tissue-dependent pattern. In

taste epithelium, gustatory-neuron-derived R-spondin in-

teracts with taste stem/progenitor-cell-expressed RNF43/

ZNRF3 to regulate taste stem cell activity: RNF43/ZNRF3

acts as a brake for adult taste stem/progenitor cells; R-spon-

din releases the RNF43/ZNRF3 brake to allow stem cells to

become active to generate mature taste cells. In contrast,

in lingual epithelial tissues, RNF43/ZNRF3 appears to be

required for maintaining lingual epithelial tissue, serving

a promoting rather than braking function.
RESULTS

Rnf43 and Znrf3 are expressed in the taste and lingual

basal cell compartments, where stem/progenitor cells

are typically located

Previous transcriptome analysis of taste tissue demon-

strated the presence of both Rnf43 and Znrf3 in taste tissue

(Hevezi et al., 2009). In other tissues, Rnf43/Znrf3 are often

found in the stem/progenitor cell compartment and appear

to serve redundant functions (Koo et al., 2012). To deter-

mine whether Rnf43 and Znrf3 are expressed in taste

stem/progenitor cells, we performed in situ hybridization

using antisense riboprobes. We found that both Rnf43

and Znrf3 are expressed in the basal cell compartment un-

derneath taste buds in the circumvallate papilla; Rnf43 dis-

tribution appears to be more restricted in the basal cell

compartment (e.g., only underlying taste buds) (Figure 1A).

Nevertheless, some apparent signals were detected even

within taste buds outside the basal cell compartment for

both Rnf43 and Znrf3 (Figure 1A). In anterior tongue, we

detected Rnf43 andZnrf3 in the basal cell compartment un-

derneath taste buds in the fungiform papillae (arrow), as

well as in the lingual epithelial layer (i.e., in filiform

papillae, which do not contain taste buds; arrowhead) (Fig-

ure 1B). Again, Rnf43 distribution appears to be more

restricted in the basal cell compartment than Znrf3.

Furthermore, both Rnf43 and Znrf3 in situ signals were de-

tected within taste buds as well. Given their expression

pattern and their established function in stem cells in other

tissues, both molecules may function in both taste and

lingual stem/progenitor cells.
Ablation of Rnf43/Znrf3 leads to a wrinkled and

thinner dorsal lingual surface with reduced numbers

of proliferating lingual cells

To determine if RNF43/ZNRF3 act as regulators for taste tis-

sue homeostasis, as demonstrated in intestinal epithelium,



Figure 2. Ablation of Rnf43/Znrf3 leads to
a wrinkled tongue and thinner tongue
epithelium
(A) Schematic illustration of the experimental
design. Control (Rnf43fl/fl;Znrf3fl/fl) and
Rnf43fl/fl;Znrf3fl/fl;Krt5-CreERT2 mice were
treated with tamoxifen for five continuous
days (D0–D4), and tongue tissue was
collected at day 7. TMX, tamoxifen.
(B) Representative bright-field images of
tongues collected from control (n = 3) and RZ
dKO (n = 3) mice.
(C) Representative images of hematoxylin and
eosin (H&E) staining of anterior tongue sec-
tions from control and RZ dKO mice. Note the
thinner lingual epithelium (arrows) in RZ dKO
mice. n = 3 for each group. Scale bars, 50 mm.
(D) qRT-PCR analysis of the expression of
Rnf43 and Znrf3 in tongue epithelium in
control and RZ dKO mice. Expression levels of
Rnf43 and Znrf3 were normalized to Gapdh.
Data are presented as mean ± SEM. ***p <
0.0001. n = 3 for control group and n = 4 for RZ
dKO group.
(E) Immunofluorescence staining of sections
of anterior tongues of control andRZ dKOmice
for KI-67 (red) and E-cadherin (ECAD, green).
We frequently noted a single layer of sparse
KI-67+ cells in the dorsal lingual epithelium in
RZ dKO sections (arrow), but not in sections
from control mice. Dashed circles show
fungiform papillae. Cell nuclei were counter-
stainedwith DAPI (blue). n = 3 for each group.
Scale bars, 50 mm.
(F) Tabulation of KI-67+ cells in the dorsal
lingual epithelium. Fewer KI-67+ cells are
present in the dorsal lingual epithelium of RZ
dKO mice than of control mice. Data are pre-
sented as mean ± SEM. ***p = 0.0005. n = 3
for each group. See also Figures S1.
we designed a strategy to specifically ablate these twomole-

cules in KRT5-expressing epithelial tissue. This strategy was

used previously for investigating taste tissue maintenance

(Ohmoto et al., 2020). To generate the RZ dKOmice, we in-

jected Krt5CreERT2/+;Rnf43fl/fl;Znrf3fl/fl mice with tamoxifen

for five consecutive days and analyzed taste tissues at day

7 (Figure 2A). After day 7, mice showed significant body

weight loss and lethality, preventing us from further anal-

ysis. The gross morphology of the tongue differed between

RZ dKO and control mice (Rnf43fl/fl;Znrf3fl/fl mice, also

treated with tamoxifen) (Figure 2B). As typically observed

in normal wild-typemice, in controlmice the dorsal surface

of the anterior tongue was smooth (Figures 2B and 2C).

However, in the RZ dKO mice, the dorsal surface was un-
even, with shrinkage in the anterior field (Figures 2B and

2C). In contrast, the ventral surface appeared to be normal,

suggesting that ablation of Rnf43/Znrf3 led to dorsal lingual

epithelial tissue atrophy.Weconfirmed theablationof these

two genes by quantitative RT-PCR (qRT-PCR) (Figure 2D).

We further analyzed the anterior tongue using the cell

proliferationmarker KI-67 and epithelial cell marker E-cad-

herin (ECAD). Control mice had two to three layers of KI-

67+ cells at the basal part of the dorsal tongue epithelium,

and multiple layers of ECAD+ cells (Figure 2E). In contrast,

in RZ dKO mice, only a single layer of sparsely distributed

KI-67+ cells and a thin layer of ECAD+ cells were detected

in a large portion of the dorsal lingual epithelium,

which had filiform (nontaste) papillae but was devoid of
Stem Cell Reports j Vol. 17 j 369–383 j February 8, 2022 371



Figure 3. Deletion of Rnf43/Znrf3 leads to taste tissue hyperplasia in the fungiform papillae and circumvallate papilla
(A) Immunofluorescence staining for KRT8 (green) and P2X3 (red) in fungiform papillae. Ectopic (uninnervated) taste bud cells (arrow) are
present near fungiform taste buds in dKO mice. Cell nuclei were counterstained with DAPI (blue). n = 3 for each group. Scale bars, 50 mm.
(B) Percentage of KRT8+ taste buds that are also positive for P2X3 (i.e., innervated) in fungiform papillae (FuP). Data are presented as
mean ± SEM. ***p = 0.0001. n = 3 for each group. Each point represents a single mouse.
(C) Representative images of KRT8 immunostaining of whole-mount tongue epithelium in the tip of the tongue. Unlike the single KRT8+

bright spot (i.e., KRT8+ taste bud) in each fungiform papilla in control mice (n = 3) shown in (A), here a few small scattered spots are visible
in some fungiform papillae in RZ dKO mice (n = 3). Scale bars, 200 mm.
(D) Representative images of KRT8 and P2X3 immunostaining of circumvallate papilla sections from control and RZ dKO mice. KRT8+

ectopic taste buds (arrows) are present in the upper cleft and dorsum of the circumvallate papilla in RZ dKO mice. Cell nuclei were
counterstained with DAPI (blue). n = 3 for each group. Scale bars, 50 mm.
(E) Number of KRT8+ taste buds in the circumvallate papilla from control and RZ dKO mice. Data are presented as mean ± SEM. ***p =
0.0005. n = 3 for each group. Each point represents a single mouse. CvP, circumvallate papilla.
(F) Analysis of the depth of trench of the circumvallate papilla in control and RZ dKOmice. Note the small variation of the depth of trench of
the circumvallate papilla within the group. Data are presented as mean ± SEM. *p = 0.049. n = 3 for each group. CvP, circumvallate papilla.

(legend continued on next page)
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fungiform (taste) papillae (Figure 2E, arrow). We found

significantly fewer KI-67+ cells in the dorsal lingual epithe-

lium of RZ dKO mice than in control mice (Figure 2F).

These results suggest that ablating Rnf43/Znrf3 can affect

dorsal lingual epithelial stem cell proliferation. In addition,

the epithelium became much thinner, possibly because

stem cells became quiescent in the absence of Rnf43/

Znrf3 (Figures 2C, 2E, and S1). In contrast to the dorsal

lingual epithelium, the distribution pattern of KI-67+ cells

appeared to be comparable between control and RZ dKO

mice in fungiform papillae (Figure 2E, circle). Although

the configuration of fungiform taste buds makes quanti-

fying the number of KI-67+ cells difficult, RNF43/ZNRF3 ap-

pears to have distinct effects on lingual epithelium stem

cells and taste stem cells on the dorsal tongue. At the

same time, we noted thinner dorsal lingual epithelium,

suggesting that lingual epithelium degenerated in the

dKO mice, presumably due to slower or arrested prolifera-

tion/differentiation of dorsal lingual stem cells.

Conditional ablation of Rnf43/Znrf3 leads to taste

tissue hyperplasia in the fungiform papillae and in the

circumvallate papilla

To determine if loss of Rnf43/Znrf3 affects taste tissue ho-

meostasis, we immunostained thin sections from RZ dKO

mice and control mice using antibodies against the taste

cell markers KRT8, a-Gustducin, and CAR4, along with

the taste neuron marker P2X3 to label gustatory nerve ter-

minals. In control mice, as expected, KRT8+ taste buds in

fungiform papillae were all innervated by P2X3+ terminals

(Figure 3A). In contrast, small KRT8+ taste buds that were

not innervated by P2X3+ nerve fibers (ectopically ex-

pressed taste bud cells) were frequently found near fungi-

form taste buds in dKO mice but never in control mice

(Figures 3A and 3B).

Because fungiform taste buds are scattered throughout

the dorsal surface of the tongue, sectioning them may

not fully identify the distribution of ectopically expressed

taste bud cells. We therefore adopted a different strategy

to visualize fungiform taste buds and ectopic taste buds

in awhole-mount preparation, using peeled tongue epithe-

lium,whichwas previously described in Lu et al. (2018). Af-

ter immunostaining the epithelium using the anti-KRT8

antibody, we immediately noted satellite ectopic cells

near prototypical fungiform taste buds, consistent with re-

sults we obtained from thin-section staining, but in strik-

ing contrast to the pattern in control mice (Figures 3C
(G) Immunofluorescence staining for CAR4 (green) and a-Gustducin (re
with DAPI (blue). Scale bars, 50 mm.
(H and I) Numbers of CAR4+ cells (H) and a-Gustducin+ cells (I) show p
and Znrf3 in circumvallate papilla. Data are presented as mean ± SE
represents a single mouse. See also Figures S2.
and S2). The generation of ectopic taste buds near fungi-

form papillae in RZ dKO mice suggests that RNF43/

ZNRF3 act as negative regulators for taste tissue homeosta-

sis and that deleting them promotes generation of addi-

tional taste buds and taste bud cells (e.g., satellite ectopic

taste buds without gustatory innervation).

Next, we examined the circumvallate papillae in the pos-

terior tongue. We observed numerous taste buds in the

lateral trench wall, upper cleft region, and the dorsal sur-

face of the circumvallate papillae in dKO mice, with a dis-

tribution pattern sharply distinct from control mice (Fig-

ure 3D). KRT8+ taste cells, with a typical elongated shape,

cluster with each other, which makes counting cells diffi-

cult. We therefore counted and compared taste buds in

RZ dKO and control mice. In each section examined, the

number of taste buds in RZ dKO mice was �40% more

than that in control mice (Figure 3E). However, the depth

of the trench appears to be only slightly greater (4.4%) in

RZ dKO than in control mice (control group, 398.2 ±

5.865 mm; RZ dKO group, 415.7 ± 2.085 mm; Figure 3F).

The increased number of taste buds and taste bud cells is

consistent with the presence of satellite taste buds we

observed in anterior tongue. In addition, some taste buds

in the dorsal surface and upper cleft of the circumvallate

papillae appeared to be ectopic, as they had no P2X3+

innervation.

Similar to KRT8+ cells, a-Gustuducin+ and CAR4+ cells

were also increased in RZ dKOmice compared with control

mice (Figures 3G–3I). However, we observed no apparent

difference in the distribution pattern of KI-67+ cells in the

circumvallate papillae between RZ dKO mice and control

mice (Figure S3).

More importantly, we previously demonstrated that

exogenous R-spondin can substitute for neuronal input

for taste cell generation (Lin et al., 2021). In the present

study, the pattern of taste buds we observed in RZ dKO

mice was strikingly similar to what we previously observed

in mice receiving R-spondin, with or without glossophar-

yngeal nerve transection, including the presence of ectopic

taste buds in the dorsal surface and upper cleft region of the

circumvallate papillae (Lin et al., 2021). Thus, either over-

expression of R-spondin or knockout of Rnf43/Znrf3, the

receptor for R-spondin with inhibitory effects, can lead to

a nearly identical phenotype, suggesting that neuron-

derived R-spondin and its stem/progenitor-cell-expressed

RNF43/ZNRF3 receptors interact to govern taste tissue

homeostasis.
d) of circumvallate papilla sections. Cell nuclei were counterstained

roportionate increases in type II and III taste cell with loss of Rnf43
M. *p = 0.0122, **p = 0.0074. n = 3 for each group. Each point
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Todetermine ifdeletionof eitherRnf43orZnrf3wouldpro-

duce aphenotype similar todeletionof bothRnf43/Znrf3, we

generated Krt5CreERT2/+;Rnf43fl/fl and Krt5CreERT2/+;Znrf3fl/fl

miceandexamined taste tissues and lingual epithelial tissues

upon tamoxifen injection (dosing scheme was the same as

that for RZ dKO mice). Unlike in RZ dKO mice, in single-

knockoutmicenoapparent taste tissuehyperplasiaoccurred.

Rnf43fl/florZnrf3fl/flmicetreatedwithtamoxifenwereusedas

controls. However, mild degeneration of the dorsal lingual

epithelium was noted in Rnf43 or Znrf3 single-knockout

mice (Figures 4 and 5). This set of data suggests that RNF43

and ZNRF3 have redundant roles in regulating taste tissue

homeostasis and that they have similar but nonredundant

roles in regulatinghomeostasisofdorsal lingualepithelial tis-

sue (e.g., filiform papillae).

To further determine if the observed atrophic phenotype

in the dorsal lingual epithelium of RZ dKOmice was due to

potential exhaustion of stem/progenitor cells from a rapid

increase in proliferation of stem/progenitor cells at the

early phase (Gaillard et al., 2015), we examined taste tissues

and dorsal lingual epithelial tissue (e.g., filiform papillae)

2 days after the first of the two tamoxifen injections (the

second was performed 1 day after the first). No apparent

changes were detected in the lingual epithelium (e.g., KI-

67 staining) or in taste organs (Figure S4). Therefore, it

seems that stem/progenitor cell exhaustion at the early

phase in RZ dKO mice is unlikely.

Taste cell hyperplasia remains in RZ dKO mice in the

absence of nerve input

We reasoned that, if the principal activity of neuron-derived

R-spondin is mediated by taste stem/progenitor-cell-ex-

pressed RNF43/ZNRF3, then removing the brake function

of RNF43/ZNRF3 should render neuronal input unnecessary

for taste tissuemaintenance. To this end, we first performed

bilateral glossopharyngeal nerve transection (GLx) of con-

trol (Rnf43fl/fl;Znrf3fl/fl) and Krt5CreERT2/+;Rnf43fl/fl;Znrf3fl/fl

mice. Seven days after GLx, we induced ablation of Rnf43

and Znrf3 by injecting Krt5CreERT2/+;Rnf43fl/fl;Znrf3fl/fl mice

with tamoxifen for five consecutive days, and 2 days later

we harvested tissue (Figure 6A). As before, control mice

received tamoxifen injection as well. Circumvallate papilla

sections were then examined using antibodies against the

taste cell markers KRT8, a-Gustducin, and CAR4 and the

tastenervemarkerP2X3.Aspredicted, afterGLx,KRT8+ taste

bud cells were present in RZ dKOmice but reduced dramat-

ically in control mice (Figure 6B), demonstrating that taste

bud cells regenerated in RZ dKO mice despite denervation.

Counting the number of KRT8+ taste buds showed more

taste buds in GLx RZ dKO mice than in GLx control mice

(Figure 6C). It appeared that the trench was slightly deeper

in GLx RZ dKO mice than in GLx control mice, albeit not

significantly (control group, 361.8 ± 10.61 mm; RZ dKO
374 Stem Cell Reports j Vol. 17 j 369–383 j February 8, 2022
group, 392.0 ± 25.97 mm; Figure 6D). Similarly, significantly

more a-Gustducin+ and CAR4+ cells were present in GLx RZ

dKOmice than in GLx control mice (Figures 6E–6G). These

results further support the idea that neuronal input with R-

spondin regulates taste tissue homeostasis by releasing the

brake function of RNF43/ZNRF3. Interestingly, when we

compared the number of taste buds in GLx RZ dKO mice

(from Figure 6C) and in RZ dKO mice (from Figure 3E), we

noted that there were more taste buds in RZ dKO than in

GLx RZ dKO mice (p = 0.044; Figure 6H), which suggests

that nerve-supplied R-spondin may interact with taste

stem-cell-expressed LGR4/5/6 as well, to further promote

taste cell generation in the absence of Rnf43 and Znrf3.

WNT signaling blockade prevents taste cell

hyperplasia and lingual epithelium degeneration in

RZ dKO mice

Mechanistically, the R-spondin-LGR4/5/6-RNF43/ZNRF3

pathway is known to augment WNT signaling (Hao et al.,

2012; Koo et al., 2012, 2015), thus generally promoting

stem cell activity. Because we noted the apparent opposite

effects of ablation of Rnf43/Znrf3—promoting taste bud

and taste cell expansion yet inhibiting dorsal lingual epithe-

lium (e.g., filiform) renewal—we asked whether the WNT

signaling pathway is involved in mediating the effect of

RNF43/ZNRF3 in both tissues. If so, we would expect that

blockingWNTsignalingwould inhibit both taste cell hyper-

plasia and lingual epitheliumdegeneration inRZ dKOmice.

To inhibitWNTsignaling,we treated RZ dKOmice (injected

with tamoxifen once a day for five consecutive days) by gav-

agingC59 (or vehicle solution as control) on a daily basis for

7 days (Figure 7A) (Koo et al., 2015). C59 inhibits porcupine,

a membrane-bound O-acyltransferase necessary for WNT

activation (e.g., palmitoylation, secretion, andbiological ac-

tivity) (Takada et al., 2006). In RZ dKO mice treated with

vehicle, the dorsal lingual surface displayed a profound

phenotypic change,with ahighlywrinkled and thinner sur-

face. In contrast, in dKO mice treated with C59, the dorsal

lingual surface showednormal grossmorphology, compara-

ble with control mice (Rnf43fl/fl;Znrf3fl/fl, receiving tamox-

ifen and vehicle control) (Figure 7B).

Using the antibodies against taste cell markers (KRT8,

a-Gustducin, and CAR4) and taste nerves (P2X3), we found

that C59 reversed the phenotypic changes in taste tissue in

RZdKOmice. For instance, KRT8+ ectopic taste buds (lacking

P2X3 innervation) were eliminated, and taste hyperplasia

was subdued in fungiform papillae (Figures 7C and 7D) and

in circumvallate papillae (Figures 7E and 7F). Meanwhile,

the depth of the trench was significantly decreased in RZ

dKO + C59 mice compared with RZ dKO + vehicle mice,

but no significant difference was noted between RZ dKO +

vehicle mice and control mice (RZ dKO + vehicle group,

422.2 ± 10.04 mm; RZ dKO + C59 group, 350.6 ± 6.238 mm;



Figure 4. Mice deficient for Rnf43 show no detectable changes in taste tissues and mild changes in the dorsal lingual epithelium
(A) Schematic illustration of the experimental design.
(B) Representative bright-field images of tongues collected from control and single Rnf43 KO mice.
(C) Immunofluorescence staining of anterior tongue sections of control and single Rnf43 KO mice for E-cadherin (ECAD, green) and KI-67
(red). Note that KI-67+ cells are fewer in Rnf43 KO mice than control mice. Cell nuclei were counterstained with DAPI (blue). Scale bars,
50 mm.
(D and E) Immunofluorescence staining for KRT8 (green) and P2X3 (red) of anterior tongue sections (D) and circumvallate papilla sections
(E) from control and single Rnf43 KO mice. There are no apparent changes in the KRT8 and P2X3 staining patterns. Cell nuclei were
counterstained with DAPI (blue). Scale bars, 50 mm.
(F) Number of KRT8+ taste buds in the circumvallate papilla from control and single Rnf43 KO mice. Data are presented as mean ± SEM. n.s.,
not significant. n = 4 for each group. Each point represents a single mouse. CvP, circumvallate papilla.
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Figure 5. Mice deficient for Znrf3 show no detectable changes in taste tissues and mild changes in the dorsal lingual epithelium
(A) Schematic illustration of the experimental design.
(B) Representative bright-field images of tongues collected from control and single Znrf3 KO mice.
(C) Immunofluorescence staining of anterior tongue sections of control and single Znrf3 KO mice for E-cadherin (ECAD, green) and KI-67
(red). Cell nuclei were counterstained with DAPI (blue). Scale bars, 50 mm.
(D and E) Immunofluorescence staining for KRT8 (green) and P2X3 (red) of anterior tongue sections (D) and circumvallate papilla sections
(E) from control and single Znrf3 KO mice. Cell nuclei were counterstained with DAPI (blue). Scale bars, 50 mm.
(F) Number of KRT8+ taste buds in the circumvallate papilla from control and single Znrf3 KO mice. Data are presented as mean ± SEM. n.s.,
not significant. n = 5 for control group and n = 4 for Znrf3 KO group. Each point represents a single mouse. CvP, circumvallate papilla.
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Figure 6. Rnf43/Znrf3 dKO promotes maintenance of taste bud after glossopharyngeal nerve transection (GLx)
(A) Schematic illustration of the experimental design. Bilateral GLx was performed at day 0 (D0), followed by tamoxifen induction of
conditional deletion of Rnf43/Znrf3 at day 7. Tissues were collected at day 14. TMX, tamoxifen.
(B) Representative images of KRT8 and P2X3 immunostaining of circumvallate papilla sections from control and RZ dKO mice. Only a few
residual KRT8+ taste cells are present in control mice; in contrast, numerous KRT8+ taste cells have regenerated in RZ dKO mice. Little or no
P2X3 staining is present in taste tissues in either control or RZ dKO mice, although P2X3 signal is detected in the mesenchymal core. n = 4
for each group. Scale bars, 50 mm.
(C) Number of KRT8+ taste buds in the circumvallate papilla from control and RZ dKO GLx mice. Data are presented as mean ± SEM. ***p =
0.0002. n = 4 for each group. Each point represents a single mouse. CvP, circumvallate papilla.
(D) Analysis of the depth of trench of the circumvallate papilla in GLx + Control and GLx + RZ dKO mice. Data are presented as mean ± SEM.
n.s., not significant. n = 4 for each group.
(E) Immunofluorescence staining for CAR4 (green) and a-Gustducin (red) of circumvallate papilla sections. Few residual CAR4+ or
a-Gustducin+ cells are present in control mice after GLx, compared with multiple CAR4+ or a-Gustducin+ cells in RZ dKO mice after GLx. Cell
nuclei were counterstained with DAPI (blue). Scale bars, 50 mm.
(F and G) Numbers of CAR4+ taste cells (F) and a-Gustducin+ taste cells (G) in circumvallate papilla in RZ dKO and control mice after GLx.
Data are presented as mean ± SEM. ***p < 0.0001 in (F) and p = 0.0007 in (G). n = 4 for each group. Each point represents a single mouse.
(H) Number of KRT8+ taste buds in the circumvallate papilla from RZ dKO and GLx RZ dKO mice. Data are presented as mean ± SEM. *p =
0.0437. n = 3 for RZ dKO group and n = 4 for GLx RZ dKO group. Each point represents a single mouse. CvP, circumvallate papilla.
control group, 384.5± 17.62 mm; Figure 7G). However, there

was a trend that the trench was slightly deeper in RZ dKO

mice than in control mice (also see Figure 3F). Moreover,

we noted taste bud cell (e.g., a-Gustducin+, CAR4+) degener-

ation in circumvallate papillae in C59-treated RZ dKO mice

(Figure S5), although to a lesser extent than observed after

GLx nerve transection (see Figures 6E–6G). Furthermore,
proliferation of lingual epithelial stem cells was also partly

rescued inanterior tongueasdemonstratedbyKI-67 staining

(Figure S6). These results suggest that, in both dorsal lingual

epithelium and taste epithelium, the activity of RNF43/

ZNRF3 is mediated by WNT signaling, despite our observa-

tions of the exact opposite effects of RNF43/ZNRF3 in the

two tissues.
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Figure 7. WNT signaling blockade prevents taste tissue hyperplasia and lingual epithelium degeneration in RZ dKO mice
(A) Schematic illustration of the experiment design. Rnf43fl/fl;Znrf3fl/fl and Rnf43fl/fl;Znrf3fl/fl;Krt5-CreERT2 mice were treated with
tamoxifen for five continuous days and C59 for seven continuous days, and tongue tissue was harvested at day 7. TMX, tamoxifen.
(B) Representative bright-field images of the tongue (dorsal surface) from RZ dKO mice with or without C59 treatment and from control
mice. The dorsal surface of RZ dKO mice that received C59 treatment reverted to a normal, smooth appearance. n = 4 for each group.
(C) Immunofluorescence staining of KRT8 (green) and P2X3 (red) of anterior tongue sections. Ectopic taste bud cells (arrows) are present
in dKO mice treated with vehicle but not in dKO mice treated with C59. Cell nuclei were counterstained with DAPI (blue). n = 4 for each
group. Scale bars, 50 mm.

(legend continued on next page)
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To corroborate our finding that RNF43/ZNRF3modulates

WNT signaling, we also performed immunostaining of

lymphoid enhancer-binding factor 1 (LEF1), a key medi-

ator of the WNT signaling pathway (Iwatsuki et al., 2007;

Liu and Millar, 2010). As expected, increased expression

of LEF1 was detected in basal cells in the circumvallate

papillae in RZ dKO mice, but decreased expression of

LEF1 was found in basal cells in the dorsal lingual epithe-

lium (e.g., filiform papillae) (Figure S7), consistent with

the idea that RNF43/ZNRF3 modulates WNT signaling in

a context-dependent manner in taste and lingual epithelia.

C59 treatment blunted the increase of LEF1 expression in

the circumvallate papillae and the decrease of LEF1 expres-

sion partially in the dorsal lingual epithelium (Figure S7).
DISCUSSION

In the present work, using in situ hybridization, we demon-

strated the presence of Rnf43/Znrf3 in basal cells in lingual

epithelial tissue and taste tissue. Using a tissue-specific

knockout mouse, we demonstrated that RNF43/ZNRF3

act as negative regulators to maintain taste tissue homeo-

stasis and positive regulators to maintain lingual epithelial

tissue homeostasis. Furthermore, we demonstrated that

gustatory neurons regulate taste tissue homeostasis by

removing the inhibitory effect of RNF43/ZNRF3 that keeps

taste stem/progenitor cell quiescent, via neuron-supplied

R-spondin. Mechanistically, RNF43/ZNRF3 appear to regu-

late WNT signaling in both taste and lingual epithelial

tissues.

RNF43/ZNRF3 as negative regulators for taste tissue

homeostasis

Three pieces of evidence support RNF43/ZNRF3 as nega-

tive regulators for taste tissue homeostasis. First, epithe-

lial-specific deletion of Rnf43/Znrf3 in KRT5+ (marks basal

cells in epithelial tissues including taste tissue) cells led to

taste cell hyperplasia in circumvallate papillae and fungi-

form papillae, as evidenced by increased numbers of taste

buds and taste cells (e.g., CAR4+ and a-Gustducin+ cells).

Importantly, de novo generation of taste buds and taste
(D) Percentage of KRT8+ taste buds that are also positive for P2X3 (i
mean ± SEM. ***p < 0.0001. n.s., not significant. n = 4 for each gro
(E) Immunofluorescence staining of KRT8 (green) and P2X3 (red) of
present in the upper cleft and dorsum of the circumvallate papilla in RZ
Cell nuclei were counterstained with DAPI (blue). n = 4 for each grou
(F) Number of KRT8+ taste buds in the circumvallate papilla in RZ dKO
presented as mean ± SEM. ***p < 0.001. n.s., not significant. n = 4
vallate papilla.
(G) Analysis of the depth of trench of the circumvallate papilla in R
presented as mean ± SEM. **p = 0.0083. n.s., not significant. n = 4
See also Figures S5–S7.
cells in RZ dKO mice occurred ectopically, without

apparent innervation as determined by P2X3 staining,

such as those observed in the dorsal region and upper

cleft of the circumvallate papillae and satellite ectopic

taste buds in fungiform papillae. However, we cannot

completely exclude the possibility that existing taste cells

may persist longer and thus may potentially contribute to

more taste cells observed in RZ dKO mice. Second,

neuronal input was not necessary for taste tissue renewal

in RZ dKO mice. In normal mice, taste tissue homeostasis

requires neuronal input and gustatory nerve transection

leads to degeneration of taste cells and taste buds, which

do not regenerate until taste fields are reinnervated. In

contrast, in RZ dKO mice, taste cells in the circumvallate

papillae regenerated even after GLx. Third, the pattern

of taste bud distribution (e.g., ectopic taste buds in the

dorsal surface and upper cleft of the circumvallate

papillae) is virtually identical in RZ dKO mice (present re-

sults) and in mice receiving adenovirus encoding recombi-

nant R-spondin, with or without nerve transection (Lin

et al., 2021). In the gut system, R-spondin interacts with

RNF43/ZNRF3 to neutralize their E3 ligase activity (Park

et al., 2018; Yan et al., 2017). Our data suggest this is

also the case in the taste system, where neuron-produced

R-spondin (e.g., RSPO2) releases the braking effect exerted

by RNF43/ZNRF3 to allow taste stem/progenitor cells to

become active and generate taste cells and taste buds. In

normal mice, taste buds are generated only in areas that

receive projections from gustatory nerve fibers, the source

of R-spondin. In contrast, in RZ dKO mice, which lack the

braking exerted by RNF43/ZNRF3, taste buds are generated

even in areas without gustatory nerve projections.
Taste stem/progenitor cells

Previously,weandothershave shownthat LGR5marks taste

stem/progenitor cells in posterior tongue (Takeda et al.,

2013; Yee et al., 2013). In anterior tongue, transcripts for

Lgr4, Lgr5, and Lgr6 can be detected, and LGR6-expressing

cells give rise to taste cells as well (Ren et al., 2014). In RZ

dKOmice, we noted taste cell hyperplasia and thatmultiple

taste bud cells were generated ectopically. Previouslywehad
.e., innervated) in fungiform papillae (FuP). Data are presented as
up. Each point represents a single mouse.
circumvallate papilla sections. Ectopic taste bud cells (arrows) are
dKOmice treated with vehicle but not in dKOmice treated with C59.
p. Scale bars, 50 mm.
mice with or without C59 treatment and in control mice. Data are

for each group. Each point represents a single mouse. CvP, circum-

Z dKO mice receiving vehicle or C59 or in control mice. Data are
for each group.
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noted a similar pattern of taste bud cell distribution inmice

receiving adenovirus encoding recombinant R-spondin,

with or without nerve transection (Lin et al., 2021). The

broad distribution of taste buds in these mice suggests that

LGR5-negative taste/progenitor cells are present, that these

cells express the E3 ligase RNF43 or ZNRF3, and that these

cells are typically quiescent because of a lack of innervation.

One caveat is that we analyzed RZ dKO mice 7 days after

the first injection of tamoxifen. Whether taste cell hyper-

plasia was long-lasting cannot be addressed using our cur-

rent models, due to lethality of dKO mice (the exact cause

of lethality is unknown but it could be partially due to

degeneration of lingual epithelial cells) and the short-

term nature of effects created by the adenovirus-based

method (Wei et al., 2008). It would be intriguing to test

the long-term effect of taste tissue hyperplasia, by using

either another, more specific Cre driver that is selectively

expressed in taste tissues, to potentially avoid lethality of

ablating Rnf43/Znrf3, or an AAV-based protein delivery

method to provide systemic delivery of recombinant R-

spondin (Lahde et al., 2021).

WNT signaling

Our data suggest that the interaction of R-spondin and

RNF43/ZNRF3 plays an important role in regulating taste

stem/progenitor cell activity. Whether R-spondin also reg-

ulates the activity of LGR4/5/6 to augment WNT

signaling, similar to the R-spondin–LGRs–RNF43/ZNRF3

pathway in the gut, remains to be tested. However, our

comparison of the number of taste buds in the circumval-

late papilla between RZ dKO and GLx RZ dKO mice

suggests that, aside from interacting with RNF43/ZNRF3,

R-spondin may also interact with LGR4/5/6 to promote

taste cell generation, as there were more taste buds in RZ

dKO than in GLx RZ dKO mice. Regardless, taste cell hy-

perplasia induced by deleting Rnf43/Znrf3 is apparently

dependent on WNT signaling, which has been shown to

play a key role in taste tissue homeostasis (Gaillard et al.,

2015, 2017). We showed that inhibiting WNT signaling

with C59 can abolish taste cell hyperplasia in RZ dKO

mice. C59 inhibits porcupine, which is required for

WNT palmitoylation, secretion, and biological activity.

Therefore, as in the case of intestinal stem cells, RNF43/

ZNRF3 is likely to modulate WNT signaling in taste

stem/progenitor cells. A number of receptors for WNT

(Frizzled receptors) are expressed in taste tissue (Hevezi

et al., 2009; Ohmoto et al., 2020), as are a number of

WNT molecules (Xu et al., 2017). The exact WNT-FZD

pair involved in regulating taste stem/progenitor cells via

autocrine or paracrine signaling is largely unknown. How-

ever, WNT10A has been shown to regulate taste and non-

taste homeostasis in humans and mice (Xu et al., 2017). It

is also plausible that the system has built-in redundancy,
380 Stem Cell Reports j Vol. 17 j 369–383 j February 8, 2022
such that all these pairs can regulate taste stem/progenitor

cell activity; thus, simply removing one FZD or WNT may

not be sufficient to detect any phenotypic changes in taste

tissue homeostasis. Nevertheless, C59 inhibits porcupine,

thereby inhibiting WNT signaling triggered by all WNTs.

As a consequence, it not only blocks the effect observed

in RZ dKO but also appears to suppress normal WNT activ-

ity, reducing numbers of taste cells by slowing down stem

cell activity. We speculate that longer treatment of mice

with C59 (beyond the 7 days in this study) may lead to

more severe degeneration of taste buds.

RNF43/ZNRF3 is required for maintaining dorsal

lingual epithelial tissue (e.g., filiform papillae)

homeostasis

RNF43 and ZNRF3 are known as negative regulators of the

WNT signaling pathway for intestinal stem cells (Koo

et al., 2012), liver zonation (Planas-Paz et al., 2016), adre-

nal homeostasis (Basham et al., 2019), and now taste stem

cells (present results). Remarkably, we found that, in dor-

sal lingual epithelium, ablating Rnf43/Znrf3 led not to

lingual epithelial cell hyperplasia but, instead, to degener-

ation of lingual epithelial tissue. The dorsal lingual epithe-

lium is covered with filiform (nontaste) papillae, whereas

the ventral lingual epithelium is not. Therefore, it appears

that filiform papilla renewal requires RNF43/ZNRF3. C59

can partially ameliorate degeneration of dorsal lingual

epithelial tissue induced by loss of Rnf43/Znrf3, suggesting

activating WNT signaling may lead to degeneration of

lingual epithelium. However, we cannot rule out the pos-

sibility that in this context, or even in taste tissues, C59

targets other molecules instead of porcupine. Interest-

ingly, the expression of LEF1, an indicator of WNT

signaling (Iwatsuki et al., 2007; Liu and Millar, 2010),

was decreased in the dorsal lingual epithelium in the

absence of Rnf43/Znrf3, which argues against the idea

that activating WNT signaling leads to degeneration of

lingual epithelium, instead suggesting that activation of

WNT signaling in the dorsal lingual epithelium (i.e., fili-

form papillae) requires the presence of RNF43/ZNRF3.

Paradoxically, C59 can partially reverse the decreased

expression of LEF1 after ablating Rnf43/Znrf3. However,

as described above, this could be mediated by the blockade

of either porcupine or other molecules. Regardless, given

the strong phenotype we observed in this study, further

study is warranted to understand the molecular basis of

the context-dependent effects of RNF43/ZNRF3 on WNT

signaling in dorsal lingual epithelium (e.g., filiform

papillae) and in taste tissues. Our ongoing proteomic

work may lead to identification of potentially distinct

target molecules (e.g., different WNT signaling elements)

of the two E3 ligases RNF43/ZNRF3 in the dorsal lingual

epithelium and in taste tissues.



EXPERIMENTAL PROCEDURES

Mice
The Rnf43fl/fl;Znrf3fl/flmice were supplied by Drs. Hans Clevers and

Bon-Kyoung Koo and maintained at the Monell Center.

B6N.129S6(Cg)-Krt5tm1.1(cre/ERT2)Blh/J (Krt5CreERT2/+; stock no.

029155) mice and C57BL/6 (stock no. 000664) mice were pur-

chased from Jackson Laboratory. All transgenic mice were main-

tained on the C57BL/6 genetic background. Mice between 8 and

10 weeks old of both sexes were used for analyses. All experiments

were performed under National Institutes of Health guidelines for

the care and use of animals in research and approved by the Insti-

tutional Animal Care and Use Committee of the Monell Chemical

Senses Center.

Tamoxifen and C59 administration
Conditional Rnf43/Znrf3 double-knockout (RZ dKO) mice were

generated by crossing Rnf43fl/fl;Znrf3fl/fl mice with Krt5-CreERT2

mice. The Cre enzyme was induced by intraperitoneal injection

of tamoxifen (100 mg/kg body weight; Sigma Aldrich, no. T5648)

for five consecutive days, unless specified otherwise. Tamoxifen

wasdissolved incornoil at a concentrationof 20mg/mLby shaking

overnight at 37�C. The porcupine inhibitor C59 (50 mg/kg body

weight;CaymanChemical, no. 16644)wasmixedwith0.5%meth-

ylcellulose and 0.1% Tween 80 and then administrated by oral

gavage for seven consecutive days.

Glossopharyngeal nerve transection
Mice were anesthetized with continuous 2% isoflurane and placed

on isothermal heating pads. GLx was performed following proced-

ures described previously (Lin et al., 2021). Details are provided in

the supplemental experimental procedures.

Tissue preparation
Mice were euthanized on the indicated days. Tongues were

dissected, fixed in 4% (wt/vol) paraformaldehyde for 2 h, cryopro-

tected with 30% sucrose overnight, and embedded in the frozen

O.C.T. compound (Sakura, no. 4583). Cryosections (10 mm) were

prepared using a Leica CM3050 S cryostat (Leica Biosystems) and

mounted on tissue-adhesive-coated glass slides (Electron Micro-

scopy Sciences, no. 71869-40).

In situ hybridization
In situ hybridization was carried out as described previously (Lin

et al., 2021). Additional details are provided in the supplemental

experimental procedures.

Tongue epithelium peeling
The procedure was performed following the description previously

(Lu et al., 2018). Additional details are provided in the supple-

mental experimental procedures.

Immunostaining and imaging
Immunostaining was performed essentially as described previ-

ously (Lin et al., 2021). Details are provided in the supplemental

experimental procedures.
Cell counting
Taste buds were identified as onion-like structures with KRT8+ im-

munostaining. Type II or III taste cells were identified as visible

elongated cell profiles with a clear nucleus with a-Gustducin+ or

CAR4+ immunostaining. Details are provided in the supplemental

experimental procedures.

RNA isolation and quantitative PCR
Total RNA was extracted from peeled tongue epithelium using the

PureLink RNA Micro Kit (Thermo Fisher, no. 12183-016) plus

TRIzol (Life Technologies, no. 15596-026) according to the manu-

facturers’ directions. Details are provided in the supplemental

experimental procedures.

Statistical analyses
Data are shown as the mean ± SEM. GraphPad Prism 5 software

was used for the graphs and statistical analyses. Student’s t test

was used to compare difference between two groups, and one-

way ANOVA followed by Tukey’s test was used to determine differ-

ences among three groups. Chi-square test was used to compare

difference of taste bud innervation in fungiform papillae.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.12.002.
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