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SUMMARY

The horizontal basal cells (HBCs) of olfactory epithelium (OE) serve as reservoirs for stem cells during OE regeneration, through prolif-
eration and differentiation, which is important in recovery of olfactory function. However, the molecular mechanism of regulation of
HBC proliferation and differentiation after injury remains unclear. Here, we found that yes-associated protein (YAP) was upregulated
and activated in HBCs after OE injury. Deletion of YAP in HBCs led to impairment in OE regeneration and functional recovery of olfaction
after injury. Mechanically, YAP was activated by S1P/S1PR2 signaling, thereby promoting the proliferation of HBCs and OE regeneration
after injury. Finally, activation of YAP signaling enhanced the proliferation of HBCs and improved functional recovery of olfaction after
OE injury or in Alzheimer’s disease model mice. Taken together, these results reveal an S1IP/S1PR2/YAP pathway in OF regeneration in

response to injury, providing a promising therapeutic strategy for OE injury.

INTRODUCTION

The adult mammalian olfactory epithelium (OE) has long
been known for its unique characteristic of actively gener-
ating neurons throughout life from basal stem cells (Choi
and Goldstein, 2018; Schwob et al., 2017). Olfactory sen-
sory neurons (OSNs) in the nasal cavity are highly vulner-
able to the insults of external environments such as
inspired chemicals, toxins, and viruses including SARS-
Cov-2 (Zhangetal., 2021). Basal stem cells in the basal layer
of OF, including horizontal basal cells (HBCs) and globose
basal cells (GBCs), possess robust regenerative ability to
replenish injury-induced loss of OSNs. HBCs are mitoti-
cally quiescent under physiological conditions but acti-
vated after severe OE injury (Iwai et al.,, 2008; Leung
et al., 2007; Schwob et al., 1995), whereas GBCs are mitot-
ically active and responsible for OF regeneration under
most conditions (Huard and Schwob, 1995). Under OE
injury, such as exposure to methyl bromide or ablation
with methimazole, HBCs act as stem cells and can be acti-
vated to facilitate differentiation, proliferation, and migra-
tion of OE cells during regeneration (Herrick et al., 2017;
Joiner et al., 2015; Schnittke et al., 2015). HBCs are marked
by the expression of p63, keratin5/14 (K5/14), and intercel-
lular adhesion molecule 1 (Carter et al., 2004; Fletcher
etal., 2011; Holbrook et al., 1995), and in vitro experiments
have shown that they have multipotent potential to
generate diverse cell types of OE (Carter et al., 2004). Recent

studies have further demonstrated that engrafted HBCs
produce all OE cell types, confirming HBC’s multipotency
(Peterson et al., 2019). However, the regenerative potential
of OE is diminished during aging, leading to anosmia in
some diseases, such as Alzheimer’s disease (AD) (Attems
et al., 2015; Doty, 2018). Although recent studies based
on genetic strategies have shown that transcription factors
such as p63 (Fletcher et al., 2011; Schnittke et al., 2015),
Wnt signaling (Chen et al.,, 2014; Fletcher et al., 2017),
Notch signaling (Herrick et al., 2017), and inflammation
signaling (Chen et al., 2017, 2019) contribute to OE regen-
eration after injury, the mechanism underlying the prolif-
eration and differentiation of these basal stem cells in OE
response to injury is complex and not fully understood.
Yes-associated protein (YAP) and its paralog, the tran-
scriptional co-activator with PDZ-binding motif (TAZ),
which is also known as WW-domain-containing transcrip-
tion regulator 1 (WWTR1), act as transcriptional co-activa-
tors and well-known downstream effectors of the highly
conserved Hippo pathway, are expressed in the stem/pro-
genitor cells of vertebrate tissues, and control cell prolifera-
tion, tissue homeostasis, and organ size (Andl et al., 2017;
Elbediwy and Thompson, 2018; Moya and Halder, 2019;
Rognoni and Walko, 2019). Activation of YAP signaling
has been shown to promote the proliferation of epidermal
stem cells and progenitor cells (Rognoni and Walko, 2019;
Schlegelmilch etal., 2011), whereas YAP deletion in K14-ex-
pressing mice led to fewer stem cells within the epidermis,
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fewer hair follicles, and faster death due to failure of the
epidermal barrier, indicating the essential role of YAP in
skin stem cell regeneration (Elbediwy and Thompson,
2018; Rognoni and Walko, 2019; Schlegelmilch et al.,
2011). Moreover, YAP is highly expressed and required for
the self-renewal of cultured embryonic stem cells as well
as the suppression of differentiation (Lian et al., 2010).
However, existing evidence also shows that knockdown of
YAP and TAZ in the skin of mice by small interfering RNA
does not affect the development and function of the skin
(Lee et al.,, 2014). In addition, YAP knockout in neural
stem cells (NSCs) is not required for their proliferation
(Huang et al., 2016). Interestingly, the S1PR1/RhoA/YAP
pathway promotes the proliferation of olfactory ensheath-
ing cells, and is involved in development of the olfactory
nerve layer, and growth and axonal projection of olfactory
neurons into the olfactory bulb (OB) (Bao et al., 2020). How-
ever, it is still largely unclear whether YAP signaling is
involved in OF regeneration after injury.

In the present study, we found that YAP deletion in HBCs
impaired OE regeneration and olfactory functional recov-
ery in the methimazole-induced OE injury model. More-
over, sphingosine 1-phosphate (S1P) activated YAP and
promoted the proliferation of HBCs and OE regeneration
after injury. Finally, activation of YAP signaling enhanced
the proliferation of HBCs and improved functional recov-
ery of the olfactory system after injury or in AD model
mice. Therefore, this study provides novel insights into
the mechanism of OE regeneration, providing a promising
therapeutic strategy for OE injury.

RESULTS

YAP is upregulated and activated in the HBCs of OE
after acute injury
To explore the potential effects of YAP on OE regeneration
after injury, we performed double immunostaining, which
showed that YAP was highly expressed in p63* (a marker of
HBC:s) cells of adult OE (Figure 1A), but not or very lowly
expressed in LSD1* cells (a marker of GBCs) (Figure 1B),
GAP43* cells (a marker of immature olfactory sensory neu-
rons [iOSNs]) (Figure 1C), and OMP* cells (a marker of
mature olfactory sensory neurons [mOSNs]) (Figure 1D).
These results suggest that YAP is mainly expressed in HBCs.
A methimazole-induced OE injury model was used to test
the function of YAP in HBCs. Consistent with a previous
study (Ogawa et al., 2014), administration of methimazole
caused the death of OE cells within 24 h and OE was grad-
ually recovered within 4 weeks after injury (Figures S1A and
S1B). Moreover, the buried pellet behavioral assay revealed
that methimazole indeed impaired the olfactory function
(Figures S1C and S1E).

Based on this model, western blot results showed that
YAP was significantly upregulated from 3 days post lesion
(dpl) (Figures 1E and 1G), while the p-YAP/YAP ratio was
decreased from 3 dpl (Figures 1E and 1F). Interestingly,
TAZ/WWTR1 was significantly upregulated after OE injury
from 3 dpl (Figures 1H and 1I), indicating that TAZ might
also be activated in OE after injury. Immunohistochemistry
also showed that YAP was significantly increased in a time-
dependent manner from O to 14 dpl (Figures 1J and 1K).
Additionally, co-immunostaining analysis found that YAP
was significantly increased and displayed the nuclear loca-
tion in HBCs from 1 dpl (Figures 1L and 1M). Taken
together, these results suggest that YAP is upregulated and
activated in HBCs after acute OE injury.

Normal development of OF and olfactory function in
YAP*®-CKO mice

YAP**.CKO mice were generated by crossing the YAPY!
with K5-Cre transgenic mice (Figures S2A and S2B). YAP
was indeed efficiently knocked out in p63* and K5* (a
marker of HBCs) cells of YAP*S.CKO mice (Figures S2C
and S2D). However, there was no significant difference in
body weight between YAP”" and YAP®S-CKO mice during
development (Figure S2E). Furthermore, YAP deletion in
K5* cells also did not affect the development of skin (Fig-
ures S2F and S2G). Consequently, H&E staining showed
that the morphology and thickness of OF were comparable
between the YAPYf and YAP*-CKO mice (Fi gure S3A). The
buried pellet test revealed that there was no significant dif-
ference between YAP”' and YAP**-CKO mice in the per-
centage of mice that found food in allotted time
(Figure S3B) and the time taken to find food (Figure S3C).
Moreover, YAP deletion in HBCs also did not affect the dis-
tribution and number of HBCs (Figures S3D and S3E),
GAP43* iOSNs (Figure S3F), OMP* mOSNs (Figure S3G),
and Sox9™" cells (a marker of Bowman’s gland duct cells)
(Figure S3H). These results suggest that YAP deletion in
HBCs does not affect the development of OE and olfactory
function.

YAP deletion in HBCs impairs OF regeneration and
functional recovery of the olfactory system after injury
As shown in Figures 2A and 2B, OE gradually regenerated in
YAP"! mice after injury and almost recovered at 28 dpl.
However, OE failed to completely recover in YAP*S-CKO
mice within 28 days after injury. Moreover, the buried pel-
let test showed that the percentage of mice that found food
was significantly decreased (Figure 2C), and the time
consumed to find food was markedly prolonged in YAP*®-
CKO mice from 14 to 28 dpl (Figure 2D). These results sug-
gest that YAP deletion in HBCs impairs OF regeneration
and functional recovery of the olfactory system after injury.
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Figure 1. YAP is upregulated and activated in HBCs after acute OE injury

(A-D) Double immunostaining of YAP (green) and p63 (red) (A), YAP (green) and LSD1 (red) (B), YAP (green) and GAP43 (red) (C), and YAP
(green) and OMP (red) (D) in the OE of 2-month-old C57BL/6 mice.

(E) Western blot detected the expression of p-YAP and YAP in the OE of 2-month-old C57BL/6 mice at 0, 3, 5, 7, and 14 dpl.

(F and G) Quantitative analysis of the relative p-YAP/YAP (F) and YAP (G) levels as shown in (E) (n = 8 blots from 4 mice per group,
normalized to the 0 dpl group).

(H) Western blot detected the expression of TAZ in the OE of 2-month-old C57BL/6 mice at 0, 3, 5, 7, and 14 dpl.

(I) Quantitative analysis of the relative TAZ level as shown in (H) (n = 15 blots from 5 mice per group, normalized to the 0 dpl group).
(J) Immunohistochemistry detected the expression of YAP in the OE of 2-month-old C57BL/6 mice at 0, 3, 7, and 14 dpl.

(K) Quantitative analysis of the relative YAP density as shown in (J) (n = 10 sections from 5 mice per group).

(L) Double immunostaining of YAP (green) and p63 (red) in the OE of 2-month-old C57BL/6 mice at 0, 2, 5, and 14 dpl.

(M) Quantitative analysis of the percentage of both YAP* and p63™ cells over p63* cells as shown in (L) (n = 9 sections from 3 mice per
group).

Images of selected regions are shown at higher magnification. Data are mean + SEM, one-way ANOVA with Bonferroni’s post tests,
compared with 0 dpl group; *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars, 20 pm.

YAP deletion in HBCs reduces their proliferation and
the regeneration of OSNs and inhibits axonal
projection of OSNs into OB after injury

Given that YAP is involved in self-renewal of stem cells (Yao
et al., 2014), the proliferation of HBCs was examined after
injury in both YAP”" and YAP**-CKO mice. As expected,
double immunostaining showed that the percentage of
Ki67* or PH3* (markers of cell proliferation) cells was signif-
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icantly decreased in HBCs of YAP**-CKO mice from 1 dpl to
5dpl (Figures 3A and 3D). However, TUNEL staining showed
that there was no significant difference in the apoptosis of
HBCs after injury between YAP"f and YAP*S-CKO mice (Fig-
ures 3E and 3F). These results indicate that YAP deletion in
HBCs reduces their proliferation after injury.

To further investigate whether YAP deletion in HBCs
affected their differentiation after OE injury, we conducted
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Figure 2. YAP deletion in HBCs impairs OE
regeneration and functional recovery of
the olfactory system after injury

(A) H&E staining of the OE obtained from 2-
month-old YAP”" and YAP**-CKO mice at 0, 3,
5, 14, and 28 dpl.

(B) Quantitative analysis of the thickness of
OE as shown in (A) (n = 10 sections from 5
mice per group).

(C) Percentage of mice that found cookies
over total observed 2-month-old YAP”f (n=9
mice) or YAP**-CKO mice (n = 10 mice) in the
buried pellet test at 0, 3, 5, 10, 14, and 28
B dpl.

t5 (D) Quantitative analysis of the time to
locate food of 2-month-old YAP”" (n = 9
mice) and YAP**-CKO mice (n = 10 mice) at 0,
3,5, 10, 14, and 28 dpl in the buried pellet
test.

Data are mean + SEM, two-way ANOVA with
Bonferroni’s post tests, compared with YAPY/*
group; **p < 0.01, ***p < 0.001. Scale bars,
20 pm.

immunostaining, which revealed a significant decrease in
the number of GAP43* iOSNs in the YAP**-CKO mice
from 7 dpl to 28 dpl (Figures 4A and 4B). Moreover, the
number of OMP* mOSNs was also significantly reduced
in YAP¥S-CKO mice from 14 dpl to 28 dpl (Figures 4A and
4C). However, the number of Sox9* Bowman'’s gland duct
cells was not affected in the YAP**-CKO mice at 14 dpl (Fig-
ures 4D and 4E). These results suggest that YAP deletion in
HBCs reduces the number of OSNs after OE injury, prob-
ably due to reduction of HBC proliferation.

To examine the effects of YAP in HBCs on the axonal pro-
jections to the glomeruli of newly generated OSNs, we
measured the OMP-positive areas within individual
glomeruli of OB at 0, 7, and 14 dpl. Previous studies have
shown that the OMP-positive area within the individual
glomeruli in OB decreases at 7 and 14 dpl, probably due
to the clearance of the degenerative olfactory axons after
injury (Kikuta et al., 2015). Consistently, the positive area
of OMP signal in OB decreased at 7 and 14 days after injury
(Figures 4F and 4G), and the decrease was more signifi-
cantly in YAP*5-CKO mice (Figures 4F and 4G). These re-
sults therefore suggest that YAP deletion in HBCs results
in less projection of axons from newly generated OSNs.

The upstream signaling molecule S1PR2 is expressed
in HBCs and activates YAP in OE after injury

Given that S1P, being upstream of YAP, plays a prominent
role in cell proliferation (Cheng et al.,, 2018; Liu et al.,
2018; Yu et al, 2016), to explore whether S1P/YAP

ol
0dpl 3dpl 5dpl 10 dpl 14dpl 28 dpl

signaling enhances OE regeneration, S1P was applied to
the methimazole-treated YAP”' and YAP®S-CKO mice.
Although S1P treatment did not improve functional recov-
ery of the olfactory system (Figure 5A), it indeed accelerated
OE regeneration of YAP"" mice; however, it failed to pro-
mote OE regeneration of YAP**-CKO mice (Figures 5B
and 5C). Furthermore, S1P treatment promoted the prolif-
eration of HBCs in YAP" mice but not in YAP*S-CKO mice
at 1 dpl and 2 dpl (Figures 5D and SE). Additionally, there
was a significant increase in GAP43" iOSNs and OMP*
mOSNs after S1P treatment at 14 dpl in YAP! mice but
not in YAP*>-CKO mice (Figures 5F-5I).

Double immunostaining further showed that SIPR1 was
not expressed in HBCs but in lamina propria (LP) (Fig-
ure S4A); however, S1IPR2 was mainly expressed in HBCs
(Figure S4B). Additionally, the expression of S1PR2 in
HBCs was significantly increased from 3 dpl to 14 dpl (Fig-
ures S4C and S4D), and the expression pattern of SIPR2 in
HBC:s after injury was similar to that of YAP, indicating that
S1PR2 might be an upstream molecule of YAP signaling
(Figure S4E).

Moreover, the levels of YAP in HBCs as well as YAP* HBCs
were reduced after JTEO13 (an antagonist of SIPR2) treat-
ment from 5 dpl to 14 dpl (Figures S4F-S4I). In addition,
OE became significantly thinner after treatment with
JTEO13 at 14 dpl (Figures 6A and 6B). The buried pellet
test showed that JTEO13 treatment significantly increased
the possibility of failure (Figure 6C) and prolonged the
time taken to find food at 14 dpl (Figure 6D). Furthermore,
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Figure 3. YAP deletion in HBCs reduces the proliferation of HBCs in OE after injury
(A and B) Double immunostaining of Ki67 (green) and p63 (red) (A) or PH3 (green) and K5 (red) (B) in the OE of 2-month-old YAP”f and

YAP*>-CKO mice at 0, 1, 2, 14, and 28 dpl.

(Cand D) Quantitative analysis of the percentage of Ki67* and p63* cells over total p63* cells (C), or PH3* and K5 cells over total K5* cells
(D) in the OE of 2-month-old YAP”f and YAP¥®-CKO mice at 0, 1, 2, 3, 5, 14, and 28 dpl as shown in (A) and (B) (n = 10 sections from 5 mice

per group).

(E) Cell apoptosis detected by TUNEL staining in the OE of 2-month-old YAP”f and YAP*5-CKO mice at 0, 5, and 14 dpL.
(F) Quantitative analysis of the density of TUNEL" cells as shown in (E) (n = 15 sections from 5 mice per group).
Data are mean + SEM, two-way ANOVA with Bonferroni’s post tests, compared with YAP”® group; **p < 0.01, ***p < 0.001. Scale bars,

20 pm.

the percentage of Ki67* or PH3™ cells in HBCs was reduced
after JTEO13 treatment at 3 dpl and 5 dpl (Figures 6E-6H).
There was a significant reduction in the number of
GAP43* iOSNs after JTEO13 treatment at 7 dpl to 14 dpl
(Figures 61 and 6]). Moreover, the number of OMP* mOSNs
was also significantly reduced in the JTEO13 group at 14 dpl
(Figures 6l and 6K). These results suggest that SIP/S1PR2/
YAP signaling promotes HBC proliferation and OE regener-
ation after injury.

Activation of YAP promotes HBC proliferation, OE
regeneration, and functional recovery of the olfactory
system after acute injury or in AD model mice

To test whether activation of YAP signaling promotes OE
regeneration after injury, we applied XMU-MP-1, an inhib-
itor of MST1 and MST2. As expected, XMU-MP-1 treatment
indeed significantly activated YAP in HBCs at 3 dpl and 7
dpl (Figures 7A-7C and 7F), and decreased the p-MOB1/
MOBI1 and p-YAP/YAP ratio (Figures 7C-7E). Interestingly,
XMU-MP-1 treatment increased the thickness of OE (Fig-
ures 7G and 7H) and promoted functional recovery of the
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olfactory system at 7 dpl (Figure 7I). Furthermore, the pro-
liferation of HBCs was increased at 3 dpl by XMU-MP-1
treatment (Figures 7J-7M). The number of GAP43" OSNs
was significantly increased at 7 dpl by XMU-MP-1 treat-
ment (Figures 7N and 70). These results suggest that YAP
activation promotes OFE regeneration and functional recov-
ery of the olfactory system after acute injury.

Recent studies have shown that Ap appears in OE after 1—-
2 months of age, coinciding with the degeneration of OSNs
in AD model mice and patients as well as rapid decrease in
the OE thickness (Bahar-Fuchs et al., 2010; Wu et al., 2013;
Yoo etal., 2017). To explore the therapeutic effect of YAP on
olfactory dysfunction in AD, we used APP/PS1 model mice.
Thioflavin-S staining revealed a widespread distribution of
AP plaques in cortex and hippocampus of AD model mice
(Figure S5A). Interestingly, there was a significant decrease
in YAP expression of AD model mice (Figures S5B and S5C).
The buried pellet test also showed that, to a certain extent,
the olfactory function of these mice was improved (Fig-
ure S5D). Furthermore, XMU-MP-1 treatment promoted
the proliferation of HBCs (Figures SSE and SSF) and the
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Figure 4. YAP deletion in HBCs reduces the regeneration of OSNs after OE injury

(A) Double immunostaining of GAP43 (green) and OMP (red) in the OF of 2-month-old YAP”f and YAP*5-CKO mice at 0, 7, and 14 dpL.
(B and C) Quantitative analysis of the density of GAP43* (B) or OMP* (C) cells in the OE of 2-month-old YAP”f and YAP*>-CKO mice at 0, 3, 7,
14, and 28 dpl (n = 9 sections from 5 mice per group).

(D) Immunostaining of Sox9 (green) in the OF of 2-month-old YAP”" and YAP¥®-CKO mice at 0 and 14 dpl.

(E) Quantitative analysis of the density of Sox9™ cells as shown in (D) (n = 11 sections from 5 mice per group).

(F) Immunostaining of OMP (red) in the OB of 2-month-old YAP"*and YAP*5-CKO mice at 0, 7, and 14 dpl. EPL, external plexiform layer; GL,
glomerular layer.

(G) Quantitative analysis of the percentage of area that showed OMP™ area over granule cell layer (GCL) area as shown in (F) (n =11 sections
from 5 mice per group).

Images of selected regions are shown at higher magnification. Data are mean + SEM, two-way ANOVA with Bonferroni’s post tests,
compared with YAP”f group; *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars, 20 pm.

regeneration of GAP43* iOSNs and OMP* mOSNs (Figures er, after OE injury, the S1IP/S1PR2/YAP signaling triggers
S5G-S5I) in AD model mice. These results suggest that OE regeneration and improves functional recovery of the
YAP activation is sufficient to induce the proliferation of olfactory system by promoting the proliferation and differ-
HBCs, promote OE regeneration, and improve functional entiation of HBCs (Figure S6).

recovery of the olfactory system in AD model mice. YAP signaling controls the regeneration of tissues, espe-
cially those characterized by rapid regeneration and
DISCUSSION renewal capability (Mendoza-Reinoso and Beverdam,

2018), such as the epidermis. In addition, previous studies
In this study, our findings reveal that YAP in HBCs is not showed that the distribution of YAP in epidermal tissue is
required for development of the olfactory system. Howev- similar to that of keratin, suggesting that YAP is mainly
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Figure 5. S1P promotes OE regeneration after injury through YAP signaling

(A) Quantitative analysis of the time to locate food in the buried pellet test in control-treated YAP”" (n = 10 mice), S1P-treated YAP”" (n =
10 mice), control-treated YAP*®-CKO (n = 10 mice), and S1P-treated YAP**-CKO 2-month-old mice (n = 7 mice).

(B) H&E staining of the OF of control-treated 2-month-old YAP" and YAP>-CKO mice and S1P-treated 2-month-old YAP”" and YAP**-CkO
mice.

(C) Quantitative analysis of the thickness of OE as shown in (B) (n = 10 sections from 5 mice per group).

(D) Double immunostaining of PH3 (green) and K5 (red) in the OE of control-treated 2-month-old YAP”" and YAP**-CKO mice and
S1P-treated 2-month-old YAP”f and YAPX5-CKO mice at 0, 1, 2, 3, and 14 dpl.

(E) Quantitative analysis of the percentage of both PH3™ and K5 cells over K5 HBCs as shown in (D) (n = 10 sections from 5 mice per
group).

(F and H) Immunostaining of GAP43 (green) (F) or OMP (green) (H) in the OE of control-treated 2-month-old YAP”® and YAP*5-CKO mice
and S1P-treated 2-month-old YAP”" and YAP**-CKO mice at 14 dpl.

(G and I) Quantitative analysis of the density of GAP43" cells (G) or OMP" cells (I) per mm? as shown in (F) and (H) (n = 8 sections from 5
mice per group).

Images of selected regions are shown at higher magnification. Data are mean + SEM, two-way ANOVA with Bonferroni’s post tests,
compared with control group; *p < 0.05, **p < 0.01. Scale bars, 20 pm.

distributed in the basal cells of the epidermis (Akladios
et al., 2017). Similarly, the present study showed that YAP
was highly expressed in the HBCs of OE but not in OSNs
and GBCs (Figure 1). Additionally, YAP knockout in the
HBCs had no effect on the development of OE and olfac-
tory functions (Figure S3). These results were consistent
with those from previous studies, which have shown that
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YAP knockout in stem cells did not affect the proliferation
of NSCs (Huang et al., 2016), pancreatic stem cells (Zhang
et al.,, 2014), and small intestinal stem cells (Azzolin
et al., 2014). However, several other studies have shown
that YAP is necessary for the regeneration of epithelial
stem cells after injury (Hageman et al., 2020). In mouse
epidermal basal cells, YAP has been shown to play a key
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Figure 6. Inhibition of S1IPR2 impairs OE regeneration and functional recovery of the olfactory system after injury

(A) H&E staining of the OE obtained from control- and JTEO13-treated 2-month-old C57BL/6 mice at 0, 5, and 14 dpl.

(B) Quantitative analysis of the thickness of OE as shown in (A) (n = 7 sections from 4 mice per group).

(C) Percentage of mice that found cookies over total observed control-treated (n = 8 mice) or JTE013-treated 2-month-old C57BL/6 mice
(n =7 mice) in the buried pellet test at 14 dpl (Student’s t test).

(D) Quantitative analysis of the time to locate food in control-treated (n = 8 mice) or JTEO13-treated 2-month-old C57BL/6 mice (n =7
mice) at 14 dpl in the buried pellet test (Student’s t test).

(Eand F) Double immunostaining of Ki67 (green) and p63 (red) (E) or PH3 (green) and K5 (red) (F) in the OE of control- and JTE013-treated
2-month-old C57BL/6 mice at 0, 3, and 5 dpl.

(G and H) Quantitative analysis of the percentage of both Ki67* and p63™ cells (G) or PH3* and K5" (H) cells over p63* or K5* HBCs as shown
in (E) and (F) (n = 10 sections from 4 mice per group).

(I) Double immunostaining of GAP43 (green) and OMP (red) in the OE of control- and JTE013-treated 2-month-old C57BL/6 mice at 0, 7,
and 14 dpl.

(J and K) Quantitative analysis of the density of GAP43™ (J) or OMP* (K) cells at 0, 3, 7, and 14 dpl (n = 6 sections from 4 mice per group).
Images of selected regions are shown at higher magnification. Data are mean + SEM, two-way ANOVA with Bonferroni’s post tests unless
otherwise indicated, compared with control group; *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars, 20 pm.
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Figure 7. Activation of YAP signaling by XMU-MP-1 promotes OE regeneration and functional recovery of the olfactory system after
injury

(A) Immunohistochemistry detected the expression of YAP in the OE of control- and XMU-MP-1-treated 2-month-old C57BL/6 mice at 0, 3,
and 7 dpl.

(B) Quantitative analysis of the relative YAP density as shown in (A) (n = 6 sections from 6 mice per group).

(C) Western blot detected the expression of p-MOB1, MOB1, p-YAP, and YAP in OE of control- and XMU-MP-1-treated 2-month-old C57BL/6
mice at 7 dpl.

(D and F) Quantitative analysis of the relative p-MOB1/MOB1 (D), p-YAP/YAP (E), and YAP (F) levels as shown in (C) (normalized with
control group, n = 8 blots from 4 mice per group, Student’s t test).

(G) H&E staining of the OE obtained from control- and XMU-MP-1-treated 2-month-old C57BL/6 mice at 0, 3, and 7 dpl.

(H) Quantitative analysis of the thickness of OE as shown in (G) (n = 12 sections from 6 mice per group).

(I) Quantitative analysis of the time to locate food of control-treated (n = 10 mice) and XMU-MP-1-treated 2-month-old C57BL/6 mice (n=
13 mice) in the buried pellet test at 7 dpl (Student’s t test).

(J and K) Double immunostaining of Ki67 (green) and p63 (red) (J) or PH3 (green) and K5 (red) (K) in the OE of control- and XMU-MP-1-
treated 2-month-old C57BL/6 mice at 0 and 3 dpl.

(L and M) Quantitative analysis of the percentage of both Ki67* and p63* (L) or PH3* and K5* (M) cells over p63™ or K5* HBCs as shown in
(J) and (K) (n = 13 sections from 6 mice per group).

(N) Immunostaining of GAP43 (green) in the OE of control- and XMU-MP-1-treated 2-month-old C57BL/6 mice at 7 dpl.
(0) Quantitative analysis of the density of GAP43™ cells as shown in (N) (n = 12 sections from 6 mice per group, Student’s t test).

Images of selected regions are shown at higher magnification. Data are mean + SEM, two-way ANOVA with Bonferroni’s post tests unless
otherwise indicated, compared with control group; *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars, 20 um.

role in the formation of a positive feedback loop with the after drug- or irradiation-induced injury (Gregorieff et al.,
epidermal growth factor receptor to promote the prolifera- 2015; Taniguchietal., 2015). Furthermore, previous studies
tion of basal stem cells after injury (Elbediwy et al., 2016). have shown that TAZ/WWTR1 is also important for stem/
Additionally, YAP in the stem cells of the small intestine progenitor cell functions, and loss of either YAP or TAZ
has been reported to be involved in intestinal regeneration individually had no visible phenotype, confirming that
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the two proteins act in a redundant fashion in this tissue
(Elbediwy et al.,, 2016). Consistently, our studies also
showed that YAP and TAZ were both significantly upregu-
lated in OE after injury (Figure 1), indicating that YAP
and TAZ might be important in OF after injury. Addition-
ally, we found that the deletion of YAP in HBCs reduced
their proliferation (Figure 3) and impaired the recovery of
olfactory function (Figure 2) in the methimazole-induced
OE injury model. These results indicate that YAP signaling
in HBCs is required for OF regeneration after injury.

S1P is a sphingolipid metabolite with a wide range of bio-
logical activities and mainly secretes lipid mediators in the
extracellular environment (Yu et al., 2012). S1PRs/YAP
signaling plays an important role in various physiological
and pathological conditions (Liu et al., 2018; Yu et al.,,
2012). In this study, S1PR1 was shown to be expressed in
the LP but not in OE. SIPR2 was mainly expressed in
HBCs and significantly upregulated in HBCs after injury
(Figure S4). Moreover, treatment with JTEO13 significantly
inhibited the expression of YAP in HBCs (Figure S4), and
attenuated the proliferation of HBCs and the regeneration
of OSNs, thereby delaying regeneration of OE and the re-
covery (Figure 6). Notably, S1P was also shown to be gener-
ated in both blood and endothelial cells (Tukijan et al.,
2018), which can release S1P into the circulation. There-
fore, it is possible that after OE injury, the injured sites
and/or the surrounding tissues such as blood vessels release
S1P. Interestingly, although the exogenous application of
S1P did not significantly improve the olfactory function re-
covery after injury (Figure 5), it indeed accelerated the
regeneration of OF in the YAP”! group; however, S1P failed
to promote regeneration of OE in YAP**-CKO mice (Fig-
ure 5). Taken together, our results show that S1P/S1PR2/
YAP signaling promotes the OF regeneration.

Previous studies including those from Schwob’s lab
found that Notch-mediated downregulation of p63 is
necessary and sufficient for the activation of HBCs and pro-
motion of OF regeneration (Herrick et al., 2017, 2018; Pack-
ard et al., 2011). Interestingly, some studies about crosstalk
between p63 and the Hippo/YAP pathway were recently
published (Saladi et al., 2017). In different subsets of head
and neck squamous cell carcinomas, YAP has been shown
to be alternatively dysregulated by Akt phosphorylation
and cytoplasmic sequestration or through transcriptional
repression by ANp63. Dysregulation of YAP, in turn, pro-
moted cell proliferation and migration (Ehsanian et al.,
2010). On the other hand, YAP can also positively regulate
p63 in airway epithelial cells to tune airway epithelial size
and architecture (Zhao et al.,, 2014). Interestingly, some
studies have reported that YAP represses ANp63 through
ZEB2 to inhibit squamous cells trans-differentiation in
Lkbl-deficient lung adenocarcinoma (Gao et al., 2014).
These previous results indicate that YAP might act as a

negative upstream regulator of p63, leading to the activa-
tion of HBCs, thereby enhancing functional recovery in
OE. Nonetheless, the specific regulatory mechanisms
need to be explored further in future.

This study also sought to elucidate the therapeutic effect
of YAP on the functional recovery of the olfactory system.
We found that activation of YAP enhanced the prolifera-
tion of HBCs and promoted OE regeneration after injury
(Figure 7) or in AD model mice (Figure S5). Recent studies
have shown that Ap appears in OE at 1-2 months of age,
coinciding with the rapid decrease in OE thickness and
degeneration of OSNs in both AD model mice and patients
(Kovacs et al., 1999; Yoo et al., 2017). Therefore, these data
indicate that AD model mice suffer from chronic OE injury
that leads to olfactory dysfunction and might be consid-
ered as a special kind of disease model for chronic OE
injury. In summary, YAP may be a potential novel thera-
peutic target for the management of olfactory dysfunction
caused by acute or chronic OE injury.

EXPERIMENTAL PROCEDURES

Mouse breeding and genotyping

YAP®S-CKO mice were obtained by crossing the floxed YAP allele
(YAPYY) with K5-Cre transgenic mice (gifted from Prof. Xiao Yang’s
lab, Chinese Academy of Military Science, Beijing, China) (Yan
et al.,, 2015). AD model mice (APP/PS1 mice) were purchased
from Shanghai Model Organisms Center. Animal tests were
approved by the Animal Bioethics Committee of Wenzhou Medi-
cal University and Hangzhou Normal University.

The methimazole-induced OE injury model

In brief, methimazole (#301507, Sigma) was dissolved in PBS
(10 mg/mL in stock solution) and administered to 2-month-old
mice at a dose of 75 mg/kg by intraperitoneal injection. Post-injec-
tion care was then provided.

Injection of drugs and reagents

After methimazole injection, mice were treated with JTEO013
(#10009458, Cayman), XMU-MP-1 (HY-100526, MCE), or S1P
(HY-108496, MCE). JTEO13 was dissolved in PBS containing
DMSO (5%) and BSA (3%) before being injected intraperitoneally
at a dose of 3 mg/kg per day after injury (Japtok et al., 2015).
XMU-MP-1 was dissolved in DMSO and injected intraperitoneally
at a dose of 1 mg/kg, given every 2 days after injury (Xie et al,,
2020). S1P was dissolved in 0.001% BSA and injected subcutane-
ously at a dose of 1 mg/mL, given every 7 days after injury (Ro-
viezzo et al., 2015).

Behavioral test and analysis

In brief, cookies were put in cages 3 days before testing. In addition,
mice were subjected to a fast for 18-20 h with water as the only pro-
vision, and transferred into the cages followed by acclimation for
5 min in a quiet and gloomy environment. A piece of cookie was
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buried 2.3-2.5 cm below the surface of a 3-cm-deep layer of clean
bedding material, and the location of the food pellet was changed
regularly in a random pattern. The mice were considered to have
successfully completed the task after grasping the buried food
with their forepaws and/or teeth. The time of completion was
defined as the duration within which a mouse found the food after
being transferred into the cage. Subjects that failed to find the food
particles within 5 min were considered to have abnormal olfactory
function.

Western blotting

OE tissues were lysed in lysis buffer for 30 min on ice. The lysis buffer
consisted of 50 mM Tris-HCI (pH 7.4), 150 mM NacCl, 1% NP-40,
0.5% Triton X-100, 5 mM sodium fluoride, 1 mM EDTA, 1 mM phe-
nylmethylsulfonylfluoride, 2 mM sodium orthovanadate, and a
protease inhibitor cocktail (P8340, Sigma). The lysates were then
centrifuged at 12,000 rpm for 30 min to obtain the suspended pro-
teins. The proteins were extracted after adding 5x loading buffer
and denatured at 100°C for 10 min before being separated by SDS-
PAGE (8%-12%). The proteins were then transferred into nitrocellu-
lose membranes (Life Sciences) and immersed in 5% skim milk for
blocking at room temperature for 1 h, followed by an overnight in-
cubation with primary antibodies at 4°C, then rinsed with Tris-buff-
ered saline with Tween 20 and incubated for 1 h at room temperature
after adding the appropriate secondary antibodies (1:5,000, Bio-
Rad). Primary antibodies included anti-p-YAP (Ser127, 1:1,000,
#4911, CST), anti-YAP (1:1,000, ab205270, Abcam), anti-TAZ
(1:1,000, DF4653, Affinity), anti-MOB1 (1:1,000, #13730, CST),
and anti-p-MOB1 (Thr35, 1:1,000, #8699, CST). Anti-GAPDH
(1:5,000, #2118, CST) and anti-B-actin (1:10,000, A5316, Sigma)
were used as loading controls. Protein bands were detected through
ECL (Bio-Rad), and analyzed by Quantity One software (Bio-Rad).

Immunostaining

After perfusion with 0.1 M PBS followed by 4% PFA, the OE tissues
were fixed with fresh 4% PFA after which they were decalcified us-
ing 10% EDTA in PBS at 4°C for 5 days. All tissues were also dehy-
drated using 30% sucrose in PBS until they sank. The OE tissues
were then sectioned in 20-pm-thick sections. Sections were washed
three times with PBS and fixed with fresh 4% PFA for 30 min. The
antigens were repaired for 30 min at 90°C using sodium citrate an-
tigen retrieval solution (Solarbio). The tissue sections were
immersed in 0.3% Triton X-100 and 5% BSA for blocking at
room temperature and processed by incubation with primary anti-
bodies at 4°C overnight (Ho et al., 2019; Inokuchi et al., 2017; Ito-
Ishida et al., 2018; Xie et al., 2020). Primary antibodies included
anti-YAP (1:200, WHO0010413M1, Sigma), anti-YAP (1:200,
ab205270, Abcam), anti-p63 (1:200, CM 163A, Biocare Medical),
anti-p63 (1:200, sc-25268, Santa Cruz Biotechnology), anti-K5
(1:200, ab52635, Abcam), anti-GAP43 (1:500, ab16053, Abcam),
anti-OMP  (1:500, #544-10001, Wako), anti-SIPR1 (1:200,
ab23695, Abcam), anti-SIPR2 (1:200, 21180-AP, Proteintech),
anti-Ki67 (1:300, AB9260, Millipore), anti-Ki67 (1:200, ab16667,
Abcam), anti-PH3 (1:500, ab14955, Abcam), anti-Sox9 (1:500,
ab185966, Abcam), and anti-LSD1 (1:200, ab17721, Abcam). The
sections were washed three times with PBS and incubated with
the corresponding secondary antibodies (1:1,000, Invitrogen) for
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1 h. Images were acquired by a SLIDEVIEW VS$200 microscope
(Olympus, Germany) and confocal microscopes (Nikon, Japan),
and analyzed by Image J or Adobe Photoshop CC 14.0 software.

Statistical analysis

All the data presented represent results from at least three indepen-
dent experiments. GraphPad Prism software was used for statistical
analysis, and Student'’s t test, one-way ANOVA, or two-way ANOVA
were utilized. Statistical significance was defined as p < 0.05.
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