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1 | INTRODUCTION

Hedgehog (HH) signaling is a principal regulator of taste
organ maintenance, renewal and regeneration.'” This
essential role for HH signaling has been demonstrated
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Abstract

Background: Hedgehog (HH) signaling is essential for homeostasis in gusta-
tory fungiform papillae (FP) and taste buds. However, activities of HH antago-
nists in these tissues remain unexplored. We investigated a potential role for
HH-interacting protein (HHIP), an endogenous pathway antagonist, in regu-
lating HH signaling during taste organ homeostasis. We found a restricted pat-
tern of Hhip-expressing cells in the anterior epithelium of each nongustatory
filiform papilla (FILIF) only. To test for roles in antagonism of HH signaling,
we investigated HHIP after pathway inhibition with SMO inhibition via
sonidegib and Smo deletion, Gli2 deletion/suppression, or with chorda tym-
pani/lingual nerve cut.

Results: In all approaches, the HHIP expression pattern was retained in FILIF
suggesting HH-independent regulation of HHIP. Remarkably, after pathway
inhibition, HHIP expression was detected also in the conical, FILIF-like atypi-
cal FP. We found a close association of de novo expression of HHIP in atypical
FP with loss of Glil+, HH-responding cells. Further, we report that PTCH1 is
another potential HH antagonist in FILIF that co-localizes with HHIP.
Conclusions: After HH pathway inhibition the ectopic expression of HHIP
correlates with a FILIF-like morphology in atypical FP and we propose that
localized expression of the HH antagonist HHIP regulates pathway inhibition
to maintain FILIF during tongue homeostasis.

KEYWORDS

chorda tympani nerve, hedgehog antagonist, hedgehog interacting protein, Ptchl,
sonidegib, taste bud

using pharmacologic and genetic models of HH pathway
disruption, which have revealed taste bud (TB) loss in
fungiform papillae (FP), the circumvallate papilla
(CV) and the soft palate of mouse and rat.>” However,
the lingual non-taste filiform papillae (FILIF) that are
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essential in food bolus manipulation are not noticeably
affected. Instead, during HH pathway disruption, FP
acquire a conical, heavily keratinized apex and morphol-
ogy similar to FILIF.® Whereas there is a broad under-
standing of HH regulation in taste homeostasis, there is
no clarity about roles for this pathway in pattern mainte-
nance in the anterior tongue gustatory FP organs vs
nongustatory FILIF organs. Since patients who use HH
pathway inhibiting drugs experience taste disturbances,
in-depth knowledge of HH pathway regulation of lingual
organs is crucial for clinical understanding of taste
disruption.’

The HH pathway includes two core canonical mem-
brane components, Patched 1 (PTCH1) and Smoothened
(SMO)." In the absence of HH ligand, PTCH1 inhibits
SMO and the pathway is inactive. In the adult tongue,
HH signaling is initiated through Sonic HH (SHH) ligand
binding to PTCH1 that relieves SMO inhibition. SMO
then mediates a signal transduction cascade leading to
modulation of GLI transcription factor activity and
expression of target genes including Gli1, which is both a
pathway component and a transcriptional target. Based
on the expression of HH-producing (SHH+) and HH-
responding (Glil+) cells, it has been suggested that HH
signaling is active within FP and TB, but inactive in
FILIF.*° On the other hand, Gli2-expressing cells are pre-
sent in both FP and FILIF,>*®* and comparison of Glil
and Gli2 expression suggests that there is distinctive HH
signaling within the FP and FILIF lingual organ types.’

During taste organ homeostasis, SHH ligand is
expressed in TB and nerves in FP."” HH-responding,
Glil+ cells are found bracketing the TB and in basal cells
of the FP, positioned to respond via paracrine signaling
to SHH from the TB.® Notably, the non-taste FILIF do
not express SHH or Glil. Whereas several HH pathway
components have been localized in the tongue and FP/
TB,® expression patterns of HH pathway antagonists
remain largely unexplored.

Hedgehog-interacting protein (HHIP) is a vertebrate-
specific, HH-binding, cell surface-associated receptor that
functions as an endogenous antagonist of HH signaling
in many organs.'''® However, this antagonist has not
been studied in the adult tongue or taste system. Hhip,
along with Ptchl and Ptch2, are transcriptional targets
that are generally induced in response to active HH sig-
naling.'>'*'7"' HHIP, PTCH1, and PTCH2 all bind and
sequester HH ligands, altering the balance between
bound and unbound PTCHI, allowing for the re-
establishment of PTCHI1-dependent repression of
SMO.'*'®  Thus, HH-dependent  transcriptional
upregulation of Hhip, Ptchl, and Ptch2 provides a nega-
tive feedback mechanism to control the levels of HH sig-
naling. However, potential roles for these signaling

antagonists in taste organ regulation have not been
studied.

We have investigated the potential for endogenous
HH pathway feedback in the control of taste organ
homeostasis. We studied FP, CV, and foliate papillae
(FOL) on the posterior lateral tongue. Specifically, we
characterized Hhip expression using a Hhip'*“ mouse,
and also established HHIP protein localization in lingual
FILIF papillae. We also investigated HHIP lingual distri-
butions during HH pathway inhibition with: (1) the phar-
macologic SMO antagonist sonidegib, (2) epithelial Smo
deletion, (3) epithelial Gli2 deletion, and (4) epithelial
expression of a Gli2 repressor. Remarkably, in all cases,
HH signaling disruption induces aberrant expression of
HHIP in the FP apex, where it is typically not present,
concomitant with the altered appearance of FP. Cutting
the chorda tympani and lingual nerves that innervate FP
also results in ectopic Hhip expression in morphologically
altered FILIF-like FP, similar to pharmacological and
genetic blockade of HH signaling. Notably, in all models
of HH pathway disruption, HHIP expression in FILIF
remains unaltered. We also identified similar ectopic
Ptchl expression following HH pathway inhibition. Based
on these results, we propose a model whereby Hhip and
Ptchl are expressed in a HH-independent fashion in non-
taste FILIF to restrain HH pathway activity in these
organs and thus restrict HH signaling to taste FP.

2 | RESULTS
2.1 | Expression of HH pathway
components in the tongue

Active HH signaling requires HH ligands, PTCH1-SMO
signal transduction, and the GLI transcription factors
(Figure 1A-A”)."° HHIP controls HH pathway activity by
binding to secreted HH ligands.'> We compared expres-
sion of HH pathway components in the adult tongue, a
complex lingual organ with taste and non-taste papillae.

HH pathway activity, indicated by whole tongue X-
Gal staining in Gli1'*“ reporter mice, was observed in
FP, CV and FOL, but not in non-taste FILIF organs
(Figure 1B-B"”) whereas the main transcriptional activa-
tor, Gli2, was more broadly expressed in all taste papillae
and non-taste FILIF (Figure 1C-C”). Similar to Gli2,
Ptchl expression was distributed in all gustatory papillae
(FP, CV, FOL) and in non-taste FILIF in the intermolar
eminence (Figure 1D-D”) where staining was less
intense.

Hhip, like Glil, is a direct transcriptional target of the
HH pathway.'”'® Although HHIP is involved in homeo-
static functions in other tissues,”® Hhip expression in the
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FIGURE 1 HH pathway component expression in the adult tongue. (A-A”) Simplified model of HH feedback inhibition. (A) Inactive
HH signaling: PTCH1 suppresses SMO in the absence of HH ligand leading to production of GLI repressor (GLIR) and the suppression of
HH-dependent gene expression. (A’) Active HH signaling: HH ligand binds to PTCH1, relieving SMO inhibition, and leading to GLI
activator (GLIA) production and the initiation of HH target gene expression (including Glil, Ptchl, and Hhip). (A") HH feedback inhibition:
HHIP protein sequesters HH ligand, allowing unbound PTCH1 to re-establish SMO repression, and the subsequent repression of HH
pathway activity. (B-E) X-Gal staining of whole tongues from Gli1'*?*, Gli2"*?/+, Ptch1'***/*, and Hhip'**'* mice. (B) Gli1"*“ is expressed
in all three taste papillae: fungiform (FP, circles) on the anterior tongue, foliate (FOL, bracket) and circumvallate (CV, box, B) on the
posterior tongue. The remaining tongue is covered by Gli1'**Z negative non-taste filiform papillae (FILIF) on the anterior tongue and on the
taste papilla-free intermolar eminence (B”). The scale bars apply to all whole tongue images. (C-C") Gli2'* is present in both taste (FP, CV,
and FOL) and non-taste FILIF papillae. (D-D") Ptch1'“? expression is apparent in FP, CV and FOL and in FILIF in intermolar eminence.
(E-E”) Hhip'®Z is expressed in non-taste FILIF in the anterior tongue and intermolar. Insets illustrate expression in FILIF surrounding FP
(E) and in the intermolar eminence (E”). Dotted lines demarcate intermolar eminence from anterior tongue
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tongue has not been investigated. Strikingly, and distinct
from Glil, Hhip expression is not observed in any taste
papillae (FP, CV, and FOL), but is expressed within
FILIF in the anterior tongue and intermolar eminence
(Figure 1E-E").

In sectioned tongues we confirmed Hhip expression
location, comparing hematoxylin and eosin (Figure 2A-
A") with X-Gal staining in reporter mice. Hhip is not
expressed in the apical TB in FP, in epithelial cells sur-
rounding the TB, or in basal epithelial cells of the papilla
wall (Figure 2B). The CV and FOL papillae have hun-
dreds of TB in the epithelium of papilla walls and do not
have surrounding FILIF (Figure 2A’-A”); in these poste-
rior tongue TB and papillae Hhip was not detected
(Figure 2B'-B").

Given that HHIP is a secreted HH pathway
antagonist,”® we investigated the distribution of HHIP
protein in the adult tongue using an antibody."* Notably,
we found that HHIP expression matches that of Hhip,
localizing to FILIF, but absent in lingual FP (Figure 2C),
CV (Figure 2C"), and FOL papillae (Figure 2C").

Fungiform papilla (FP)

«©
X
X
o
T
T

Circumvallate papilla (CV)

In addition to the tongue, the soft palate is an oral
taste organ>"** where TB are not in specialized papillae,
but rather distributed in rows (Figure 3). The soft palate
has Glil expression in perigemmal TB cells, basal epithe-
lial cells and stroma beneath TBs (Figure 3B, inset). Nota-
bly, there is no detectable Hhip (gene or protein)
expression in epithelium or TB (Figure 3B,C). Thus, nei-
ther Hhip nor HHIP is present in any of the taste papillae
(FP, CV, or FOL) or in the soft palate. Instead, Hhip
expression is apparently unique to lingual nongustatory
FILIF.

2.2 | Distinct HH pathway component
expression patterns in anterior tongue FP
and FILIF

Because Hhip is not detected in the posterior taste papil-
lae or soft palate, we focused further analysis on FP and
the surrounding FILIF in the anterior tongue, using X-
Gal staining to report lacZ expression (Figure 4 FP,

Foliate papillae (FOL)

FIGURE 2
(A, horizontal section), and FOL (A”, horizontal section) in Control tongue to illustrate tissue morphology. The taste bud is indicated by an
oval in the FP (A) and arrows in CV (A’) and FOL (A”). (B-B”) X-Gal staining (blue) in Hhip"*“ tongue sections indicates expression in
FILIF only and not in FP (B), CV (B'), or FOL (B”). (C-C"”) Immunostaining of HHIP (red) and taste bud cells (K8, green) in Control tongue
demonstrates protein expression only in FILIF (C, arrow heads) similar to Hhip. Arrows mark taste buds in CV (C") and FOL (C”). Dotted

Hhip is expressed exclusively in non-taste papillae. (A-A”) H&E staining of FP bracketed with FILIF (A, sagittal section), CV

lines outline the epithelium. Scale bars in A to A” apply to corresponding images in B to B” and C to C”. Asterisk in C denotes non-specific
surface staining
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FILIF). A lacZ negative Control demonstrates no back-
ground X-Gal staining (Figure 4A,A’). The transcription
factors Glil and Gli2 have overlapping expression in peri-
gemmal TB cells and basal cells in the FP walls
(Figure 4B,C). However, unlike Glil (Figure 4B'), Gli2
expression extends beyond the FP throughout basal epi-
thelial cells of the FILIF (Figure 4C’). Ptchl is expressed
within the FP epithelial cells surrounding the TB and in
papilla basal epithelial cells (Figure 4D); although less
apparent in whole tongue imaging, Ptchl is also
expressed within FILIF (Figure 4D’; cf. Figure 1D,D").
Notably, Hhip expression is distinctive; that is, Hhip is
not expressed in FP (Figure 4E), but is detected in non-
taste FILIF (Figure 4E’). Within FILIF there is apparent
overlap between Ptchl and Hhip (Figure 4D',E).

Soft palate

X-Gal/K8

~ Glitsz.

@

HHIP/K8

FIGURE 3
soft palate. (A) H&E staining of soft palate (coronal section) in

Absence of Hhip gene and protein expression in

Control tissue to illustrate morphology. (B) X-Gal staining from
Hhip"?/* reporter mouse indicates no expression in soft palate.
Taste buds are labeled by K8 (red). Inset indicates positive lacZ
expression in soft palate from Gli1'*# reporter mouse. (C) Antibody
detection of endogenous HHIP (red) and taste bud cells (K8, green)
in Control tongue. There is no HHIP expression in soft palate,
similar to absence of Hhip gene expression. Taste buds are outlined
with oval lines in A-C. Dotted lines in B and C outline the base of
the epithelium. Scale bar in A applies to B and C

2.3 | HH pathway antagonists are
expressed in the anterior face of FILIF

To more precisely determine the cellular locations for
Hhip and Ptchl expression, we examined specific com-
partments of the FILIF. The non-gustatory FILIF are dis-
tributed across the anterior tongue and in the intermolar
eminence (Figure 1B-E). The FILIF structure is distinc-
tive with a cornified keratin spine, anterior and posterior
faces, and inter-papilla buttress columns>*>> (Figure 5A-
A’). The anterior-facing suprabasal cells have dense
keratohyalin granules in granular cell layers. Posterior-
facing cells are elongated and oriented differently from
anterior cells. Inter-papilla, buttress columns bridge the
tissue between FILIF, or between FP and FILIF. Hhip is
expressed in a distinct and restricted fashion in each
FILIF, in the basal epithelium and extending through the
suprabasal cells in the anterior epithelial face of the
papillae (Figure 5B,B’). Noticeably, Hhip is not expressed
in the FILIF posterior face or in the buttress columns.
HHIP expression directly matched Hhip'®? distribution
(Figure 5B").

We compared Hhip cellular localization in the
FILIF with other HH signaling components (Figure 5C-
F). Glil is not expressed within any of the FILIF
(Figure 5C), whereas Gli2 is throughout the basal epithe-
lial cells (Figure 5D). On the other hand, Pichl
(Figure 5E) and Hhip (Figure 5F) expressions are compa-
rable, within the anterior face of the FILIF although
Ptch1? apparently labels fewer cells than Hhip'®?
(Figure 5G-G”). Thus, expression of the HH signaling
antagonists Ptchl and Hhip is localized specifically within
basal and suprabasal cells at the anterior face of FILIF
where there is no expression of Glil or Gli2 transcription
factors. Notably, we cannot exclude the possibility that
the apparent suprabasal Hhip®“" and Ptch1“?" cells
are actually basal cells running along the shaft of the
papilla, which may have stem cell properties.

lacZ+

2.4 | Ectopic HHIP expression in FP
after HH pathway inhibition (HPI)

Hhip is a transcriptional target of the HH path-
way.' #1719 However, the lack of Glil expression in
Hhip-expressing cells raises the question of whether Hhip
is expressed in a HH-dependent fashion in the tongue. To
test this, we used two approaches to suppress SMO and
inhibit HH pathway activity: pharmacologically, with the
drug sonidegib (SMO inhibition, Sonidegib), and geneti-
cally via epithelial signaling blockade by epithelial-
specific Smo deletion (epi-Smo deletion, cSmoKO). We
also targeted Gli2 in the epithelium (epi-Gli2 deletion,
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FP (A-E) and FILIF (A’-E’) papillae in
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reporter mice. (B) Gli1'* cells are
observed in basal epithelial cells of the
FP walls, in perigemmal and in stromal
cells. (B') No Glil expression is detected
in FILIF. (C and C') Gli2"** is expressed
throughout the entire basal epithelial
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cGli2KO; epi-Gli2 repression, cGli2AC4; Figure 6). Hema-
toxylin and eosin staining was used to define three FP/TB
types as the basis for assessing effects®” (Figure 6A-A"):
(I) Typical FP/TB, the FP has a rectangular outline with
an oval collection of taste cells, the TB, at the apex
(Figure 6A); (IT) Atypical FP/TB, the papilla is misshapen
at the apex with a reduced number of TB cells
(Figure 6A’); (III) Atypical FP/No TB, the papillae
acquire a conical, cornified apex, without any apparent
TB cells, and a resemblance to FILIF (Figure 6A”). Simi-
lar to our previous work, all four models result in a vir-
tual elimination of Typical FP/TB and a substantial
increase in Atypical FP/TB and Atypical FP/No TB.**

In all control lingual tissue, HHIP expression was
observed in each FILIF but not in the FP (Figure 6B-E).
Surprisingly, after HPI with pharmacologic SMO inhibi-
tion (Sonidegib), or with epithelial-specific Smo deletion
(cSmoKO), not only was HHIP expression retained in

FILIF, but we also detected ectopic HHIP next to TB rem-
nants in Atypical FP/TB (II) (Figure 6B’,C’) and in the FP
apex in Atypical FP/No TB (III) (Figure 6B”,C"). In Atyp-
ical FP/TB (II), HHIP expression bracketed TB remnants
on either or both sides (Figure 6B’, arrows). In Atypical
FP/No TB (III), HHIP expression was within the former
TB-bearing epithelium (Figure 6B”, arrow).

In two other genetic models® that targeted Gli2 in the
epithelium by conditional deletion (epi-Gli2 deletion), or
by expression of a dominant-negative GLI repressor (epi-
Gli2 repression), we detected ectopic HHIP expression in
the FP apex in Type II Atypical FP/TB (Figure 6D’,E) or
Type III Atypical FP/NoTB (Figure 6D”,E"”). Notably, in
all four models of HH signaling inhibition HHIP expres-
sion within FILIF was retained and the ectopic expres-
sion effects in FP were similar (Figure 6B’-E, B"-E").

To investigate the timing of the appearance of ectopic
HHIP, we evaluated expression in a mouse model with
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FIGURE 5 Ptchl and Hhip are expressed in Glil-negative cells in FILIF. (A-A") H&E staining of filiform papillae (FILIF) in sagittal
sections. Yellow dotted lines indicate location of Hhip in FILIF (A). FILIF-specific compartments are labeled (A’). Dotted lines demarcate
anterior and posterior columns. Anterior column includes granular cell layers with keratohyalin granules. Between the FILIF is the inter-
papilla buttress column. The FILIF are covered by thick cornified layers. (B) H&E: A restricted and distinctive pattern of Hhip in the anterior
epithelial face of FILIF is illustrated (yellow dotted lines) based on the expression of gene and protein. Blue dotted lines demarcate the anterior
and posterior FILIF columns. (B") X-Gal: X-Gal staining (blue) from Hhip'a<?/+ tongue reveals expression in a subset of FILIF cells (outlined in
yellow). Nuclear fast red is used to label all cells. (B”) HHIP/DAPI: Immunostaining of HHIP (red) demonstrates an expression pattern and
location that directly correspond to Hhip. DAPI stains cell nuclei. (C-F) X-Gal staining of FILIF from Gli1"*?’", Gli2"**/*, Ptch1'*#*, and
Hhip'?'* reporter mice. (C) Gli1"®Z cells are not detected in FILIF. (D) Gli2'®Z cells are present in the basal layer of FILIF epithelium. Both
Ptch1'*“ (E) and Hhip'*““ (F) are observed in a subset of FILIF cells. (G-G”) X-Gal staining in Ptch1'*? tongue followed by HHIP
immunostaining (red, G’) reveals overlapping expression of Ptchl and HHIP outlined with yellow dots (G’ and G”). Asterisks denote non-
specific antibody staining after X-Gal reactions in G’. Black/white dotted lines outline the epithelium in all the images in B to G”

whole body Smo deletion (Figure 7A-C). The TB cell  Typical FP/TB and HHIP expression was not seen within
marker K8 was used to identify three FP/TB types. After = these Typical FP/TB. On the other hand, in Atypical FP,
5 days of Smo deletion, 61% of all remaining FP were = with or without TB remnants (39% of all FP), ectopic
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FIGURE 6 Ectopic expression of HHIP in fungiform papilla after HH pathway inhibition. (A-A”) H&E staining of fungiform papilla
(FP)/taste bud (TB, oval outline) to illustrate three categories observed during HH pathway inhibition (HPI): (A) I. Typical FP/TB, (A")

II. Atypical FP/TB, and (A”) IIL. Atypical FP/No TB. (B-E) HHIP immunostaining (red) and TB cells (K8, green) after pharmacologic or
genetic HPL (B-B”) HPI targeting Smo: SMO inhibition by Sonidegib drug, and (C-C") epi-Smo deletion with epithelial conditional deletion
of Smo (cSmoKO). In Vehicle and Control, HHIP is consistently observed only in filiform papillae (FILIF) (B,C). After HPI with Sonidegib,
in addition to FILIF expression, ectopic HHIP is observed next to the TB remnant (B, arrows, Atypical FP/TB) and at FP apex in the former
TB-bearing location (B”, arrow, Atypical FP/No TB). Parallel ectopic HHIP expression in Atypical FPs (types II and IIT) was seen in cSmoKO
(C-C"). (D-E) Gli2 suppression models: (D-D") epi-Gli2 deletion with epithelial conditional deletion of Gli2 (cGli2KO), and (E-E") epi-Gli2
repression by epithelial conditional activation of repressor form of Gli2 (¢Gli2AC4). Similar expression patterns are observed in these HPI
models compared to Smo inhibition or deletion. In Controls, HHIP expression is only in FILIF and not in Typical FP/TB while after Gli2
suppression, in Atypical FP/TB and Atypical FP/No TB, there is ectopic expression of HHIP in FP apical regions. In B to E”, white dotted
lines outline the base of the epithelium. Yellow dotted lines label the surface of epithelium. DAPI stains cell nuclei
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HHIP expression was detected in the FP apex. Impor-
tantly, HH pathway activity, seen with Gli1'*“" cells,
was inhibited after 5 days of whole body Smo deletion in
all three FP/TB types (Figure 7A’-C’), whereas only the
Atypical FP had ectopic HHIP expression (Figure 7B,C).
Thus, while the onset of HHIP expression after Smo dele-
tion is rapid and correlated with loss of TB cell and asso-
ciated SHH, it does not appear to be a direct
transcriptional response to HH pathway inhibition.

To investigate whether the ectopic HHIP expression
in FP is reversible, we examined expression following the
cessation of pharmacologic HH pathway inhibition. We
reported previously that only a subset of FP/TB recover
after withdrawing sonidegib treatment (about 55%)." To
establish whether HHIP expression still associates with
the FP that do not recover a typical phenotype, we stud-
ied HHIP at 14 days of recovery from treatment for
16 days with sonidegib (Figure 7D-F). At 14 days of
recovery after Vehicle treatment HHIP was within FILIF
only (Figure 7D). Similarly, at recovery from 16 days of
sonidegib treatment, the Type I Typical FP/TB (about
50% of all FP) had HHIP in FILIF only; there was no
ectopic expression (Figure 7E). However, the remaining
Atypical FP/No TB (Type III) (about 40% of all FP)
retained ectopic HHIP expression (Figure 7F). During
recovery, HH signaling as indicated by Gli1"*“ remain
unaltered in Vehicle (Figure 7G) and resumed only in
recovered type I, Typical FP/TB of sonidegib cessation
group (Figure 7H). These Atypical FP with no TB (and
therefore no SHH ligand) or HH signaling (Figure 71) in
the papilla epithelium could not reconstitute TB, and
thus maintained HHIP expression in the papilla apex
(Figure 7F). Overall, these data demonstrate a correlation
between ectopic HHIP expression in FP following HPI,
and an inability of those papillae to recover following the
cessation of HPL

2.5 | Hhip is ectopically expressed after
chorda tympani/lingual nerve cut

The TB in anterior tongue FP are innervated by the
chorda tympani (CT) nerve, which is also a source of
SHH ligand, along with the TB."*’ However, the
retained innervation after HPI with sonidegib, ¢SmoKO,
¢Gli2KO, or ¢Gli2AC4 is not sufficient to maintain TB, or
to initiate TB regeneration when there is HH signaling
disruption in the epithelium.?” TB integrity depends both
on intact HH signaling in the lingual epithelium and on
intact nerves.” Whereas TB are innervated by the CT
only, with soma in the geniculate ganglion (GG), the FP
and FILIF basal epithelial cells are innervated by the lin-
gual (LN) nerve, with soma in the trigeminal ganglion
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(TG).’ The LN and CT travel into the tongue and base of
the FP together, and then segregate their distributions
within the FP. To test the effects of elimination of neural
support on Hhip expression, we studied the distribution
of Hhip and HHIP after unilateral denervation of CT/LN
nerves. The contralateral tongue, with no nerve cut,
served as a Control.

In serial tongue sections, at 21 days after com-
bined CT/LN nerve cut we categorized FP into three
FP/TB types (I, II, III) and evaluated TB presence by
immunostaining with the TB cell marker, K8
(Figure 8A-F). Innervation was assessed with anti-
bodies to P2X3 (CT nerves, Figure 8A-C) and NF
(LN and CT nerves, Figure 8D-F). Tissues in the
tongue half with nerve cut were compared to those
in the Control side of the tongue, where CT/LN
nerves were exposed but not cut. In Control tongue
more than 80% of FP are Typical Type I and these
have robust innervation from the CT and LN nerves
(Figure 8A,D; Figure 8J). As expected, in this control
tissue, Hhip expression and HHIP localization are
restricted to FILIF (Figure 8D’,G).

However, at 21 days after nerve cut, 80% of FP are
either Type II or Type III (Figure 8J) and in these FP the
CT/LN nerves are either much reduced or eliminated
(Figure 8B,C,E,F). In the half tongue after unilateral
nerve cut, we observed ectopic expression of both Hhip
(Figure 8E',F') and HHIP (Figure 8H,I) at the FP apex,
with or without TB remnants, in addition to the retained
expression in the FILIF. The percentages of FP with
ectopic Hhip (Figure 8K) and HHIP (Figure 8L) were sig-
nificantly increased after CT/LN nerve cut compared to
Control. These data demonstrate that CT/LN nerve cut
mimics the phenotype observed with either pharmaco-
logic or genetic HH pathway blockade. The pattern of
ectopic Hhip gene or protein expression in altered FP/TB
after nerve cut is similar to pharmacologic or genetic HH
pathway disruption (cf. Figures 6 and 7). However, with
sonidegib treatment or in genetic deletion/repression
models, there was a reduction or elimination of only the
TB source of SHH.?? In contrast, after CT/LN nerve cut,
there is reduced epithelial SHH associated with loss of
TB, reduced neural SHH associated with elimination of
nerves in Atypical FP/TB,*® and, there is no retained TB
source or neural source of SHH in Atypical FP/No TB
(Figure 9A,B). Thus, ectopic Hhip expression in altered
FP seems to be maintained independently of the presence
of SHH. In addition to deprivation of SHH ligand in the
nerve cut model, other taste nerve-derived growth factors
are also lost. However, these factors are unlikely to con-
tribute to HHIP expression as ectopic HHIP is still
observed in FP apex in HPI models where innervation is
retained (Figures 6 and 7).
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2.6 | Ectopic HHIP correlates with Atypical FP/TB, Type II (Figure 10B-D,B”-D”). There

reduced HH signaling after CT/LN cut were no K8+ TB cells or Glil'*“* cells in the epithelium
of Atypical FP/No TB, Type III (Figure 10E,E").

To better understand the induction of ectopic Hhip fol- In Atypical FP/TB (Type II) with epithelial Gli1"**“"

lowing CT/LN cut, we assessed HHIP in association with expression in the FP walls, there was no ectopic HHIP
Gli1'*? expression to read out HH pathway activity labeling (Figure 10B’). However, with the loss of Gli1'*#*
(Figure 10A-A”). CT/LN nerve cut resulted in reduced cells from one wall of the FP basal epithelium, there was
K8+ TB cells and Gli1"“““* cells from the epithelium of  a simultaneous induction of HHIP on that side only of

| 5d whole body Smo deletion

|. Typical FP/TB Il. Atypical FP/TB Ill. Atypical FP/No TB

Vehicle + 14d Recovery 16d Sonidegib + 14d Recovery
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FIGURE 7 Legend on next page.
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the FP apex (Figure 10C’). In addition, when Gli1ac+
cells were completely lost from both walls of the Atypical
FP/TB, ectopic HHIP expression was induced on both the
sides of the TB remnant, bracketing the remaining K8+
TB cells (Figure 10D’, arrows). Finally, the elimination of
epithelial Gli1"*“ expression in Atypical FP/No TB (Type
I1T) was associated with sustained expression of HHIP in
the FILIF and robust ectopic expression at the location of
the former TB (Figure 10E’). These data demonstrate that
ectopic HHIP correlates with loss of HH signaling in
the FP.

2.7 | Ectopic Ptchl expression in FP
during HH pathway inhibition

Given that Ptchl overlaps with HHIP in FILIF
(Figure 5G”), we investigated the consequences of HH
pathway inhibition on Ptchl expression. In Vehicle-
treated tongues, Ptchl®“" cells were present in FP
(basal, perigemmal and stromal cells) and FILIF (subset
of cells; Figure 11A,A"). After sonidegib treatment to
inhibit the HH pathway, in Atypical FP/TB, Ptch1'**
expression was lost from FP basal walls and perigemmal
cells (Figure 11B-D), similar to Gli1'*#>* On the other
hand, gene expression was maintained in FILIF, and in
the FP apex at a location close to ectopic Hhip gene and
protein expression (Figure 11B-D, cf. Figures 6, 8, and
10). We used HHIP immunostaining (Figure 11A’-D’) to
confirm that Ptchl and HHIP expression overlap at the
apex of Atypical FP/No TB (Type III) along with the
usual co-expression in FILIF (Figure 11A”-D”, yellow
dotted lines). These data indicate that Ptchl is expressed
in a HH-dependent manner in FP (like Gli1), but in a
HH-independent manner in FILIF (like Hhip). Further,
our data indicate that both ectopic Ptchl (Figure 11E)

and Hhip (cf. Figure 8K) are induced in Atypical FP with
or without TB (Types II and III) during HPIL.

Overall, the results suggest that, unlike other HH-
dependent tissues, there are distinct expression patterns
of Ptchl, Glil, and Hhip in the adult tongue. Specifically,
we find that Ptchl and Hhip are expressed in a HH-
independent manner in FILIF, and propose that this
expression may restrict SHH signaling in these
nongustatory taste organs. Further functional experi-
ments will be required to define the FILIF-specific contri-
bution of these key HH pathway antagonists to taste
organ homeostasis.

3 | DISCUSSION

We have investigated a potential contribution of HH
pathway antagonists to adult tongue homeostasis.
Remarkably, we find that HHIP expression is restricted
to FILIF during normal taste organ homeostasis. This
contrasts with the known expression of the general HH
pathway target Glil,”> and suggests that Hhip is not a
direct transcriptional target in either HH-responsive epi-
thelial cells of the FP, or in the HH-responsive stroma
that underlies this epithelium. Further, we find that
pharmacologic inhibition of HH signaling, genetic abro-
gation of HH pathway activity (using three different
genetic models), and physical ablation of nerve-derived
HH ligands (through nerve cut experiments), all result in
ectopic Hhip expression in altered FP. These data suggest
that Hhip expression in the FP is repressed by active HH
signaling, and that there is HH-independent regulation of
Hhip expression in FILIF. Notably, Ptchl is similarly
expressed in FILIF, and, like Hhip, is ectopically
expressed during HPI. These results suggest a model
where HH pathway antagonists are expressed in a HH-

FIGURE 7
fungiform papilla (FP) and expression of ectopic HHIP is not directly impeding FP recovery after withdrawing HH pathway inhibition. (A-C)

Elimination of Glil+ cells alone after HH pathway inhibition is not sufficient for the induction of ectopic HHIP in

Antibody detection of endogenous HHIP (red) and taste bud (TB) cells (K8, green) after 5d whole body Smo deletion. Three categories of
FP/TB: Typical FP/TB, Atypical FP/TB and Atypical FP/No TB are assessed. Percentage numbers are quantification of the three FP/TB types
in a half tongue (total FP = 28). (A’-C’) X-Gal staining in the same sections demonstrates elimination of Gli1'*** HH-responding cells from
FP basal and perigemmal cell regions in all the three FP/TB types. HHIP expression in Atypical FP with or without TB (arrows) and not in
Typical FP/TB suggests a requirement of both SHH and Glil reduction for ectopic HHIP expression. Asterisks in B denote non-specific
staining post X-Gal reactions. Dotted lines outline the base of the epithelium. Scale bar in A applies to all images. (D-F) Antibody detection
of endogenous HHIP (red) and TB cells (K8, green) after Vehicle and 16d sonidegib treatment followed by 14 days Recovery (discontinuation
of drug). Percentage numbers are quantification of Typical FP/TB and Atypical FP/No TB during Recovery from previous findings.* There is
no HHIP expression in Typical FP/TB in Vehicle (D) or after Recovery (E). Ectopic HHIP expression is apparent in Atypical FP/No TB even
after stopping the drug treatment for 14 days (F). (G-I) X-Gal staining in Gli1"*“ reporter mouse in Vehicle and Sonidegib treated Recovery

group showed usual Gli1"*“

expression, in FP basal, perigemmal and stromal cells, in Vehicle (G) and in the recovered Typical FP/TB (H).
In Atypical FP/No TB, while Gli1'*Z expression is not restored in FP epithelium (I) HHIP expression is maintained at the FP apex (F). Thus,
if Gli1"*“* cells are resumed during recovery the ectopic HHIP expression is simultaneously lost, and when there is no Gli1"** activity HHIP

is retained. Dotted lines outline the base of the epithelium. Yellow dotted lines label the surface of epithelium. Scale bar applies to all images
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independent fashion in FILIF to limit the range of HH
signaling, and that their ectopic expression following HPI
acts to regulate a cellular transformation of FP to
FILIF-like.

HHIP is a secreted HH pathway antagonist.'*'® How-
ever, it differentially localizes to the cell surface and
within the extracellular matrix depending on interactions
with heparan sulfate proteoglycans (HSPGs)."> Using a

Il. Atypical FP/No TB
21d Chorda tympani/lingual nerve cut

FIGURE 8
Hhip in fungiform papilla after chorda

Ectopic expression of

tympani/lingual nerve cut. (A-F)
Immunostaining of the chorda tympani,
CT (P2X3, green) and lingual, LN nerves
(NF, green), and taste bud cells (K8, red)
in Control (no nerve cut) side of tongue
and in contralateral tongue after 21 days
of CT/LN nerve cut. Three types of
fungiform papilla (FP)/taste bud

(TB) are assessed: I. Typical FP/TB,

II. Atypical FP/TB and III. Atypical
FP/No TB. In Control, in Typical FP/TB,
the CT nerve innervates TB (A) while
the LN nerve is widely distributed to FP
epithelial cells (D). After nerve cut, in
Atypical FP with or without the TB, the
CT nerve is eliminated (B,C) and LN
nerve fibers are much reduced (E,F).
(D'-F') X-Gal staining in Hhip"**%"*
reporter demonstrates expression in
FILIF (Control) in Typical FP/TB and an
ectopic expression at/near the FP apical
region after the CT/LN nerve cut in
Atypical FP/TB and Atypical FP/No TB
(arrows). (G-I) HHIP immunostaining
(red) resembles Hhip expression in
Control tongue and in contralateral
tongue after CT/LN nerve cut (arrows).
K8 labels TB cells (green). Yellow dotted
lines label the surface of epithelium in
A-I. White dotted lines outline the base
of the epithelium in A-I. Scale bar in A
applies to the images in B and

C. (J) Percentage of Typical FP/TB,
Atypical FP/TB, and Atypical FP/No TB
in Control and CT/LN nerve cut.

O Control (3)
021d CT/LN cut (3)
*

(K) Percentage of total FP with ectopic
Hhip expression in Hhip'* reporter, in
Control and after CT/LN nerve cut.

(L) Percentage of total FP with ectopic
HHIP expression in Control and after
CT/LN nerve cut. Statistical analysis is
independent sample t-test (*P < .001;
**P < .01). Numbers in parentheses are

HHIP number of animals analyzed

combination of a Hhip'*? reporter and HHIP antibody,

we demonstrate that HHIP remains closely associated
with the cells that produce this HH pathway antagonist.
These data suggest that the cell surface-associated HSPGs
synthesized by these cells contain the appropriate
sulfation patterns necessary to bind and retain HHIP in
close proximity to its site of production. That these cells
also express Ptchl indicates a level of redundancy to
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FIGURE 9 SHH expression after chorda tympani (CT)/lingual
(LN) nerve cut. (A) Antibody detection of SHH (red) and taste bud
cells (K8, green) in the Control side of tongue, in Typical FP/TB,
and (B) in contralateral tongue, in Atypical FP/No TB after 21 days
of CT/LN nerve cut. There is loss of SHH in association with loss of
TB cells

prevent inappropriate activation of HH signaling in the
FILIF. Given that Ptchl and Hhip are simultaneously
expressed in these cells in a HH-independent fashion,
future experiments examining GLI-independent inputs
into their expression will yield important insights into
the transcriptional regulation of their expression in
FILIF.

HH pathway inhibition pharmacologically, geneti-
cally or with nerve cut results in ectopic Hhip expression
in the FP apex where TB had been located, in addition to
a sustained expression in the FILIF. Notably, ectopic
Hhip is not detected in the underlying stroma during
HPI; this suggests either that there are epithelial-specific
inputs to Hhip gene expression, or that additional,
stromal-specific inputs continue to repress Hhip despite
the loss of HH pathway activity.

Although there is known Hhip expression in other tis-
sues'>?’ this is the first detailed demonstration in the
tongue. Strikingly, the lingual expression pattern of Hhip
is in the nongustatory FILIF papillae only, in contrast to
expression of HH signaling elements, Glil, Gli2 and
Ptchl, in FP, CV and FOL taste papillae.

3.1 | Cell type-specific regulation of HH
pathway components in the adult tongue

We have identified distinct Gli expression in tongue epi-
thelium: Glil is expressed in basal and perigemmal cells
of the FP, but sharply ends at the base of the FP epithe-
lium, before the start of the inter-FP region, creating a
distinct border for FP epithelium. In contrast, Gli2 is
expressed throughout basal cells of the tongue including
FP and FILIF (Figure 4C,C’). Therefore, transcriptional
targets of these two key effectors of HH signaling might
overlap in FP, but presumably are different in FILIF. We

have shown that Glil expression is dependent on Gli2
and that GliI deletion did not disrupt FP/TB* suggesting
that GLI2 is primarily a transcriptional activator while
Glil is a target gene of the HH pathway in tongue. As
Gli2 deletion and suppression did not alter HHIP expres-
sion in FILIF, and elimination of Glil is required for
ectopic HHIP expression in FP, it is likely that Hhip is
not a transcriptional target of either GLI1 or GLI2 in the
tongue.

Our data also demonstrate that Ptchl and Glil are
expressed in distinct domains in the adult tongue. That
is, whereas both Ptchl and Glil are expressed in a HH-
responsive fashion in epithelial cells near the TB in FP,
and in stromal cells underlying this epithelium, Ptchl is
additionally expressed in the FILIF epithelium. Impor-
tantly, this FILIF expression is HH-independent (i.e., it is
maintained after pharmacologic HH pathway blockade),
suggesting a separate transcriptional input for FILIF-
specific Ptchl expression in the adult tongue. These data
highlight the need to better understand the transcrip-
tional regulation of HH targets in adult lingual organs,
including the differences in epithelial and stromal activa-
tion of HH targets, as well as HH-dependent induction of
Glil and Ptchl in FP, and HH-independent induction of
Ptchl and Hhip in FILIF.

3.2 | FILIF and restricted HH antagonist
expression

FILIF are unique in coincident expression of both Hhip
and Ptchl. These non-gustatory organs, without TB and
without HH ligand in the epithelium, are the most
numerous of the four main types of lingual papillae (FP,
CV, FOL, and FILIF). FILIF function in bolus manipula-
tion and other oral sensory functions.>>*® Most studies
on homeostatic regulation of lingual organs that have
focused on the taste papillae and included investigations
of FILIF are mainly during embryonic/developmental
stages.”! The basal epithelial cells of each FILIF differ-
entiate to oriented tapering columns with discrete bound-
aries for anterior and posterior suprabasal layers.*
Although several keratins and transcription factors are
expressed in FILIF,>*'>? they are not limited to the
FILIF papillae per se but rather are throughout the entire
lingual epithelium or only the buttress columns between
FILIF.>**? The anterior cell column differs from the pos-
terior in having keratohyalin granules in granular cell
layers and “soft” keratins**** that provide structural flex-
ibility and tissue-specific functions.** Within the FILIF
we have demonstrated that Hhip gene and protein, and
Ptchl expressions are restricted in a specific set of cells of
the anterior papilla face only.
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Atypical FP/TB (1)
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FIGURE 10 Ectopic HHIP correlates with loss of HH signaling after chorda tympani/lingual nerve cut. (A) X-Gal staining from
Gli1"*?* reporter in Control Typical FP/TB illustrates HH signaling in FP basal, perigemmal and stromal cells. (A") HHIP immunostaining
(red) in the same sections demonstrates expression in FILIF only (white arrows). (A”) Merged images with TB cells (K8, green) indicate
absence of HHIP and presence of Gli1"*# in Typical FP/TB. (B-E) After 21 days of chorda tympani (CT)/lingual (LN) nerve cut, X-Gal
staining from Gli1"*“*/* reporter illustrates graded loss of HH signaling in FP basal and perigemmal cells. (B'-E’) HHIP immunostaining
(red) in the same sections demonstrates an ectopic expression at FP apex in addition to the expression in FILIF (white arrows). (B"-E”)
Merged images of Gli1'**#, HHIP, and TB cells (K8, green) indicate opposing expression patterns of Gli1"*“ and HHIP. (B-D) In Atypical
FP/TB three different expression patterns of Gli1*“ and HHIP are observed. (B-B”) Gli1"**“ cells are retained in FP walls and there is no
HHIP expression. (C-C") Gli1“ cells are gradually lost from one side of FP wall and HHIP expression is observed at the FP apex on the
same side where Gli1* is eliminated. (D-D") Gli1'* cells are completely eliminated from FP walls and perigemmal cells, and HHIP
ectopically expressed at both sides of FP apex bracketing the TB remnant. (E-E”) In Atypical FP/No TB there are no Gli1*“ cells in FP and
acquisition of HHIP in the entire FP apical area
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FIGURE 11 HH-dependent and HH-independent Ptchl expression revealed after HH pathway inhibition. (A) X-Gal staining in Ptch1®?*

mouse gavaged with Vehicle reveals expression in fungiform papilla (FP) basal, perigemmal and stromal cells and in a subset of filiform papillae
(FILIF) cells. (A’) HHIP immunostaining (red) and TB cells (K8, green) in the same sections demonstrate HHIP expression in FILIF only (white
arrow). (A”) Merged images with Ptchl lacZ indicate overlap with HHIP in FILIF. (B-D) After Sonidegib treatment for HH pathway inhibition, X-
Gal staining from Ptch1'““ veporter demonstrates retained expression in FILIF while the expression in FP basal and perigemmal cells is lost.
There is remaining Ptch expression in FP apical basal layer (Atypical FP/TB, black arrows) and an ectopic expression in basal and suprabasal
layers at a former TB-bearing location (Atypical FP/No TB, black arrows). (B'-D’) HHIP immunostaining (red) and TB cells (K8, green) in the
same sections demonstrate ectopic HHIP expression at FP apex (yellow dotted lines). (B"-D") Merged images of Ptch1"%, HHIP and K8 indicate
partial co-expression pattern of Ptch1'®Z and HHIP (yellow dotted lines). Black/white dotted lines outline the base of the epithelium. Asterisks
denote non-specific staining post X-Gal reactions. (E) Percentage of total FP with Typical and Ectopic Ptchl lacZ oxpression in Vehicle and after
Sonidegib treatment. Statistical analysis is independent sample #-test. (*P < .001). Numbers in parentheses are number of tongues analyzed
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3.3 | HH signaling, inhibition, and HHIP
expression

Conspicuously, the nongustatory FILIF are the only lin-
gual papillae where there is no HH ligand in the epithe-
lium and where HH signaling is inactive, and they are
the sole locations for HHIP expression. This is intriguing
because HH signaling is reported to regulate Hhip tran-
scription of HHIP.'>'®*> Within the gustatory FP, SHH
ligand is within TB cells and signals via paracrine signal-
ing to perigemmal cells and cells of the FP basal epithe-
lial compartment.® However, TB cells are not present in
FILIF papillae and thus there is no resident epithelial
ligand to drive HH signaling in these papillae. On the
other hand, SHH ligand is also expressed in lingual
nerves and ganglia (TG and GG)."*’ The LN nerve, with
soma in the TG, innervates FILIF and could possibly be a
source of HH ligand.’

To address interactions between HH signaling and
HHIP expression, we used various models including
pharmacologic SMO inhibition, genetic deletion of Smo
and Gli2, expression of a Gli2 repressor, and severing the
CT/LN nerve. These approaches suppressed HH signal-
ing, eliminated TB and therefore SHH ligand in FP epi-
thelium, and with nerve cut experiments eliminated TB
and innervation and thus two sources of SHH. In all of
the inhibition models the specific HHIP expression pat-
tern was retained in FILIF. Thus, although Hhip is a
transcriptional target of HH signaling, inhibition of path-
way activity via Smo inhibition/deletion and Gli2 dele-
tion/suppression or elimination of SHH ligand by CT/LN
nerve cut does not affect its expression in FILIF. Overall
our data indicate HH pathway component-independent
expression of HHIP in FILIF.

Strikingly, in all of the models of HH signaling inhi-
bition there was ectopic HHIP expression at the FP
apex. Our data with short term Smo deletion indicated
that the absence of HH pathway activity alone did not
induce ectopic HHIP, as observed in Typical FP/TB
after whole body Smo deletion for 5 days. However,
HHIP emerged in Atypical FP without TB or TB rem-
nants simultaneously with loss of Gli1'*“ from the FP
epithelium. Similarly in our recovery studies where
HH signaling inhibition is discontinued, HHIP was
only in Atypical FPs and not in recovered Typical
FP/TB. Typical TB express SHH which is reduced or
eliminated in Atypical FPs after HH signaling inhibi-
tion.>” Our data suggest a required reduction/
elimination of SHH ligand and Glil+ HH-responding
cells for ectopic HHIP expression in lingual FP. HHIP
is reported to have an inverse relationship with SHH
and Glil expression during angiogenesis also.*®
Absence of SHH in Atypical FP/No TB in parallel with

ectopic HHIP reinforces the idea that maintenance of
HHIP expression in FILIF does not require SHH
ligand. Previous in vitro studies also indicated that
HHIP maintenance is independent of interaction
between SHH and HHIP."®

3.4 | Proposals for HH signaling and
HHIP interactions

Our study reveals dynamic changes in Hhip and
Ptchl expression during HH pathway inhibition in
the adult tongue. Based on these data, we propose
the following model—in control tissue, FP are HH-
dependent structures with SHH in TB basal cells, and
Glil in epithelial and perigemmal cells (Figure 12A).
In contrast, FILIF are HH-independent organs that
express HH pathway antagonists. When HH pathway
inhibition results in a partial elimination of Glil+
cells in Atypical FP/TB, corresponding ectopic HHIP
was only in cells that lack Glil (Figure 12B). Once
Glil+ cells are eliminated from both sides of FP
walls with complete loss of SHH, the entire FP apex
gained HHIP expression and acquired FILIF-like con-
ical morphology (Figure 12C). Given that HHIP is
observed in FILIF where SHH and Glil+ HH-
responding cells are not expressed we propose that
HHIP might inhibit HH signaling in FILIF by antago-
nizing SHH and downstream Glil+ HH-responding
cells (Figure 12D). On the contrary, in FP the HH
pathway activity as illustrated by Glil+ cells inhibits
HHIP expression. Moreover, it seems that intact SHH
also attenuates HHIP directly or indirectly by activat-
ing Glil+ cells (Figure 12E).

Secreted SHH ligand acts via paracrine signaling to
Gli1'*“* cells in the perigemmal TB region and in the
basal epithelial cells of the FP walls (Figure 12E).>* Nota-
bly, beyond the FP epithelial walls there is no Glil+
expression. Thus, we also propose that the secreted
antagonist HHIP signals through the FILIF basal epithe-
lial cells to the basal-most epithelial point of the rete peg,
at the juncture where FP and FILIF morphologies meet.
In the FP basal epithelial cells, secreted SHH could inter-
nalize and degrade HHIP as reported in vitro,'® thus lim-
iting our ability to visualize this population of HHIP.
HHIP-mediated sequestration of SHH would prevent fur-
ther signaling (Figure 12E). Redundant HH pathway
antagonism by PTCH1 would further block HH signaling,
resulting in the formation of a FILIF structure. Impor-
tantly, there is precedent for HH pathway inhibition in
the formation of other structures, specifically the devel-
oping pancreas, where combined HHIP and PTCH1 func-
tion also play a key role.*”*® Work from Castillo et al.*
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Summary diagrams for HH signaling activity and HHIP expression in Control and after HH pathway inhibition, and

models for proposed mechanism of action. (A-C) HH signaling components in fungiform (FP) and filiform (FILIF) papilla. (A) Control: In
Typical FP/TB, SHH ligand (green) is present with the TB basal cells. Glil+ HH-responding cells (blue) are in FP basal epithelial and
perigemmal cells. HHIP (red) is within FILIF only. Hedgehog pathway inhibition: (B) In Type II Atypical FP/TB there is reduction of SHH+
cells from TB, loss of GliI+ cells in one side of the FP wall and associated ectopic HHIP expression at the FP apex on the same side as loss of
Gli1+ cells. (C) When Glil+ cells are completely eliminated from the FP walls along with loss of SHH in Type III Atypical FP/No TB,
ectopic HHIP expression occurs in the FP apex in a location previously occupied by the TB. The FP has acquired a conical FILIF-like

morphology. (D) In a proposed mechanism of action: In FP, SHH directly and/or indirectly via activating Gli1+ cells inhibits HHIP

expression in the papilla. In FILIF, HHIP blocks expression of SHH and downstream Glil activity. (E) We propose that the SHH ligand is

secreted along FP basal epithelial cells signaling to Gli1+ cells of the FP wall. Concurrently, HHIP from a FILIF cell subset is secreted along

basal epithelial cells and inhibits HH signaling. At the rete peg region of the FP/FILIF epithelia, signaling via Gli1+ cells is inhibited

driving SHH expression in K14+ lingual epithelium and
from Lu et al.” using systemic treatment with the HH
agonist, SAG both result in the formation of ectopic TB-
like structures in non-taste FILIF. It is important to note
that these “ectopic TB” are K8+ cell clusters with no
nerve fibers or a taste pore. These data raise the question
of whether ectopic SHH signaling leads to disruption of
FILIF differentiation or transformation of FILIF to FP. It
is possible that HHIP functions not to protect FILIF but
to regulate TB numbers. To distinguish between these
possibilities, FILIF-specific conditional deletion of Ptchl
and/or Hhip (and possibly Ptch2)'* will be necessary.

4 | EXPERIMENTAL PROCEDURES

41 | Animals

All animal use and care procedures followed guidelines
of the National Institutes of Health and approved proto-
cols of the University of Michigan Institutional Animal
Care and Use Committee. Male and female mice, aged
8 to 12 weeks, were used.

4.2 | Mouse models/strains

4.2.1 | lacZ reporters

Mice carrying lacZ alleles for the target gene/HH
responding Glil (Gli1'*#'"), transcriptional activator, Gli2
(Gli2'*#/ ), HH-receptor Ptch1 (Ptch1'*“/"), and HH antag-
onist Hhip (Hhip'**") were maintained on mixed
(C57BL/6J and 129S4/SvJael) backgrounds. For each
reporter, observations were made in at least three mice.

422 | HH pathway inhibition (HPI)

SMO inhibition with Sonidegib

C57BL/6] mice were treated with 20 mg/kg sonidegib
(ChemieTek, CT-LDE225) prepared in vehicle containing
PEG400/5% dextrose (Sigma-Aldrich) in H,O (75:25,
vol/vol) or Vehicle alone for 16 days by daily oral gavage
to pharmacologically inhibit SMO.** For Recovery exper-
iments, sonidegib treatment was discontinued after
16 days and animals were maintained on standard diet
for 14 days.”*
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epi-Smo deletion, cSmoKO

Mice for doxycycline-dependent, Cre-driven deletion of
Smo (K5—rtTA;tetO-Cre;Smoﬂ/ ﬂ) from K5+ basal epithe-
lium were studied after 15 to 24 days. SmoKO, Smo whole
body deletion (R26™2""4/*:tetO-Cre;Smo™™)* for 5 days
was used for short term HPI.

epi-Gli2 deletion, cGli2KO

Mice for doxycycline-dependent, Cre-driven deletion of
Gli2 (K5-rtTA;tetO-Cre;Gli2"") in K5-expressing basal
cells” were studied after 35 days.

epi-Gli2 suppression, cGli2ZAC4: Mice for
doxycycline-dependent, dominant-negative repression of
GLI targets in K5-expressing, basal epithelial cells
(K5—rtTA;tetO—GliZAC4)2 were investigated after 28 days.

Littermates negative for K5-rtTA and/or tetO-Cre were
used as controls for genetic HPI models.

K5-rtTA mice were obtained from Adam Glick
(Pennsylvania State University). These strains were
obtained from The Jackson Laboratory: Gli1"*?* (stock
no: 008211); Gli2'*#* (stock no: 007922); Ptch1'®#*
(stock no: 00308); Hhip'*#'* (stock no: 006241); Smo™"
or Smo™A™/ (stock no: 004526); Gli2"" (stock no:
007926); tetO-Cre (stock no: 006224); R26™2"T4/+ or Be.
Cg-Gt(ROSA)26Soy™(MTA™M2)ac/l (stock  no:  006965).
tetO-Gli2AC4 mice were generated using a mouse
Gli2AC4 cDNA.” Doxycycline was given in chow at 6 g
doxycycline/kg chow (Bio-Serv), continuously through-
out the treatment period. For each mouse model, 1 to
2 tongues were analyzed per Control and Experimental
group. From 8 to 30 fungiform papillae per tongue were
analyzed.

4.3 | Nerve cut experiments

Gli1"*?/* | Gli2"*?* and Hhip"®?'" reporter mice were
used for nerve cut studies. The chorda tympani (CT) and
lingual (LN) nerves are approached via a ventral incision
in the neck, with the anesthetized mouse in a supine
position.”® Unilateral denervation of the combined CT
and LN nerve was made using aseptic conditions. A few
mm of the CT/LN nerve, where it runs deep in the neck,
were removed to permanently interrupt the nerves. On
the uncut, contralateral Control side, the nerves were
fully exposed and the neck incision then closed without
further disturbance. Animals were maintained on a
water-circulating heating pad until fully awake and mov-
ing comfortably. Analgesic injections were used for 24 to
48 hours post-surgery. Tongue tissues were analyzed
21 days after the CT/LN nerve cut. Observations were
made in at least three experimental and three control

mice. Actual animal numbers analyzed are included in
the graphs.

4.4 | Tissue analyses

Tongues were collected from adult mice and at specified
time points for HPI models and nerve cut studies, and
prepared for tissue analysis.

44.1 | Tissue dissection and processing

Mice were euthanized with CO, overdose. Tongues on
mandibles and soft palates were dissected and fixed at
4°C in 4% PFA in PBS and processed for histology, immu-
nostaining, or X-Gal staining as described previously.>”
Fixed tongues were dissected into the anterior tongue,
distal to the intermolar eminence, and a posterior tongue
piece that included the CV and FOL papillae. The ante-
rior tongue piece was then bisected down the midline, or
median furrow, to yield two half pieces.

44.2 | Histology

The anterior half tongue, the CV/FOL, and the soft palate
were fixed overnight for paraffin embedding, serial sec-
tioning at 6 pm, in sagittal plane (anterior half, FP) or
horizontal plane (posterior CV/FOL), or at 10 pm in coro-
nal plane (soft palate) and staining with H&E for mor-
phological analysis.

44.3 | Immunostaining

The anterior half tongue, the CV/FOL and the soft palate
were fixed for 2 to 5 hours, cryoprotected with 30%
sucrose in PBS and embedded in O.C.T. Serial sagittal
sections (FP), horizontal sections (CV/FOL), or coronal
sections (soft palate) were cut at 10 pm.>> Immuno-
reactions were performed as described.”” Primary anti-
bodies were used to identify HH-antagonist HHIP
(1:5000, developed in Allen lab'*; 1:500, AF1568, R&D
Systems), TB cells (K8, 1:1000 TROMA1, DSHB), HH
ligand (SHH, 0.1 pg/mL, AF464, R&D Systems), and
nerves (Neurofilament-H, NF 1:1000, NB300-135, Novus
Biologicals; P2X3, 1:2000, NB100-1654, Novus Biologi-
cals). Secondary antibodies were Alexa Fluor conjugates
488 or 568 (Life Science Technologies, 1:500). Sections
were mounted with Vectashield mounting medium
containing DAPI.
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444 | X-Gal staining

Tongues were fixed for 2 hours. For whole tongue X-Gal
staining, tissues were incubated in X-Gal solution for
18 to 72 hours at 37°C, washed with PBS and imaged.
For tongue sections, tissues were cryoprotected and
processed as described for immunostaining. LacZ
reporter activity was visualized by incubating tongue sec-
tions in X-Gal solution for 18 to 48 hours. X-Gal staining
of sections was followed by immunostaining of TB cells
(K8), HH-antagonist (HHIP), or innervation (NF).

44.5 |
analyses

Hhip gene and protein expression

Sectioned FP, CV or FOL taste papillae, and the soft pal-
ate were evaluated for the presence or absence of X-Gal
expression for Hhip"® or HHIP immunostaining.

4.5 | Imaging

Whole tongues were imaged with a Leica M165FC stereo-
microscope and CellSens software. Tissue section images
were acquired with a Nikon Eclipse 80i microscope and
Nikon DS Ri2 camera system and NIS software. Adjust-
ments were made for brightness and contrast in parallel
across photomicrographs in one figure. Figure panels
were assembled with Adobe Photoshop.

5 | DATA ANALYSIS FOR NERVE
CUT EXPERIMENT

51 | Quantification of fungiform
papillae (FP) and taste buds (TB)

K8+ TB cell immunostaining was used to define three
different FP/TB categories: (I) Typical FP/TB,
(II) Atypical FP/TB, and (III) Atypical FP/No TB. These
categories are illustrated in Figures 5 to 7 and explained
in Section 2.

We studied six tongues at 21 day after CT/LN nerve
cut or Control group. Data are reported as percentage of
FP/TB Type I, 11, or 111, in a half tongue.

5.2 | Quantitation of Hhiplacz/_|_

HHIP protein expression

gene and

We quantified presence of Hhip expression after X-Gal
staining of Hhip“’" tongue tissues in CT/LN nerve cut
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and contralateral Control group. Three tongues were ana-
lyzed per treatment group. FP in complete serial sections
were studied for lacZ+ cells and counted. Data are
reported as percentage of FP positive for Hhip'*? " cells
in the entire half tongue.

We used antibodies to HHIP to label HH-antagonist
cells in FP. Two Gli1““** and one Gli2"**" mice at
21 days after CT/LN nerve cut were examined. Complete
half tongues, Control and Cut side, were screened for
HHIP+ cells. FP, with any cells of the serial
section positive for HHIP were counted and the data are
presented as percentage of FP expressing HHIP. Average
number of FP counted for each half tongue was 27.

5.3 | Data analysis for sonidegib
experiment in Ptch1'*““ mice

X-Gal staining of Ptch1'®?* reporter tongue reveals
expression in FP basal, perigemmal and stromal cells and
was categorized as Typical expression (Figure 11A). After
HPI with sonidegib, ectopic and some remaining lacZ
expression was observed in FP and categorized as Ectopic
expression (Figure 11B-D). FP in complete serial sections
were studied for quantitation. We counted Typical and
Ectopic Ptchl expression after X-Gal staining of Ptch1'*?/
* tongue tissues in Vehicle and Sonidegib treated groups.
Numbers of tongues analyzed are included in the graph
for Figure 8. Data are reported as percentage of FP hav-
ing Typical or Ectopic Ptchl lacz/+ expression. An average
of 20 FP were counted per tongue.

5.4 | Statistics

For analysis of FP/TB count, Hhip'*“" and HHIP
expression between two groups (Control and CT/LN
nerve cut), and Typical and Ectopic Ptchl expression we
used the independent sample t-test to compare differ-
ences between treatments. Actual numbers of mice/
tongues examined for statistical analyses are included in
graphs. Data in Figures are presented as mean + SEM.
Significance levels of *P < .001 and **P < .05 were used.
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