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Horizontal Basal Cell-Specific Deletion
of Pax6 Impedes Recovery of the Olfactory
Neuroepithelium Following Severe Injury
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In the mammalian olfactory epithelium (OE), olfactory receptor neurons (ORNs) are continuously regenerated
throughout the animal’s lifetime. Horizontal basal cells (HBCs) in the OE express the epithelial marker keratin
5 (K5) and the stem cell marker Pax6 and are considered relatively quiescent tissue stem cells in the OE. Pax6 is
a key regulator of several developmental processes in the central nervous system and in sensory organs.
Although Pax6 is expressed in the OE, its precise role remains unknown, particularly with respect to stem cell-
like HBCs. To investigate the function of Pax6 in the developmental and regenerative processes in the OE, we
generated conditional Pax6-knockout mice carrying a loxP-floxed Pax6 gene. Homozygous Pax6-floxed mice
were crossed with K5-Cre transgenic mice to generate HBC-specific Pax6-knockout (Pax6-cKO) mice. We
confirmed that the deletion of Pax6 expression in HBCs was sufficiently achieved in zone 1 of the OE in Pax6-
cKO mice 3 days after methimazole-induced severe damage. In this condition, regeneration of the OE was
dramatically impaired; both OE thickness and the number of ORNs were significantly decreased in the re-
generated OE of Pax6-cKO mice. These results suggest that Pax6 expression is essential for HBCs to differ-

entiate into neuronal cells during the regeneration process following severe injury.

Introduction

LFACTION (ie, the ability to sense odorants) is one of the

most evolutionarily conserved senses among the animal
kingdom. The vertebrate olfactory system comprises the ol-
factory epithelium (OE), the olfactory bulb, and the olfactory
cortex [1]. In the mammalian OE, olfactory receptor neurons
(ORNs) are continuously regenerated by physiological turn-
over and are replaced following damage to the OE [2,3];
these processes continue throughout the animal’s lifetime.
Therefore, the OE is an attractive model for studying adult
neurogenesis [4]. In the OE, two subpopulations of basal cells
have been proposed to function as tissue stem cells; globose
basal cells (GBCs) are the major proliferating cell population
within the adult OE, and horizontal basal cells (HBCs) are
relatively quiescent cells that lie just above the basal lamina.
HBCs express the epithelial markers keratin 5 (K5) and CD54
(also known as ICAM-1), and HBCs express the stem cell
markers Pax6 and Sox2 [5-8]. Although the evidence col-
lected to date is far from conclusive, it has been suggested
that HBCs are the tissue stem cells in the OE because HBCs

can self-renew and generate neuronal and non-neuronal cells,
including the GBCs, in vivo (both during normal turnover
and following OE injury) as well as in vitro [4,9-11]. HBCs
express the transcription factor p63, which is essential for the
proliferation of epithelial stem cells that give rise to the
thymus and epidermis [12]. Recently, two interesting studies
clarified the role of p63 in the regulation of HBC’s cellular
dynamics [13,14]; however, despite these and other studies,
the detailed mechanisms that underlie HBC differentiation
and proliferation remain unclear.

The transcription factor Pax6 is highly conserved among
vertebrates and is essential for a wide variety of develop-
mental processes within the central nervous system (CNS),
sensory organs, and the endocrine system [15-19]. Homo-
zygous Pax6 mutant mice (Pax6°“"5*) and rats (Pax6™>"")
lack eyes and nasal structures, and these animals die im-
mediately after birth with the same pathology as the labo-
ratory-generated Pax6-knockout mouse (Pax6 ") [20-23].
In the adult OE, Pax6 is expressed in several cell types,
including HBCs, GBCs, sustentacular cells (SUSs), and
Bowman’s gland cells (BGs) [5,6]. Thus, understanding the
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role of Pax6 in tissue stem cell-like HBCs is clearly im-
portant, even though the OE of heterozygous Pax6>®’*
mice is normal in appearance [24].

In this study, we investigated the role of Pax6 in HBCs
during normal development and following severe OE dam-
age in adult animals. We generated Pax6-floxed (Pax6"")
mice by homologous recombination in embryonic stem (ES)
cells from the C57BL/6 background. Homozygous mice
(Pax6"%~) were obtained by crossing male and female
Pax6"** mice, and these homozygotes were crossed with
Keratin5-Cre transgenic mice (K5-Cre™” ™) [25] to generate
HBC-specific Pax6-knockout mice (K5-Cre ™™ :: Paxt/™~,
these mice are referred to here as “‘Pax6-cKO” mice). We
could not evaluate the role of Pax6 in HBCs during the
normal OE development because Pax6 deletion in HBCs
might not perfectly be induced (see below). However, we
successfully deleted Pax6 expression in HBCs in zone 1
of the OE in Pax6-cKO mice 3 days after methimazole-
induced severe damage. In this condition, we observed severe
impairment in regeneration of the OE with the significantly
reduced number of ORNs. These results suggest that Pax6
plays a necessary role in HBCs for their proper differentiation
into olfactory cells, particularly into neuronal cells during the
OE regeneration process. Thus, these findings reveal a novel
essential role for Pax6 in tissue stem cells.

Materials and Methods
Animals

Pax6™* mice were generated by homologous recombi-
nation using the ES cell line RENKA, which was established
from the C57BL/6N mouse strain [26]. The targeting vector
was constructed as follows (Fig. 1A). First, three fragments
(the 5" arm, the floxed-out region, and the 3’ arm) were
subcloned using polymerase chain reaction (PCR) from the
genomic DNA of the C57BL/6 mouse. A 0.85-kb region
containing exon 5 that contains a part of the DNA-binding
paired domain was used for the floxed-out region. The two
homologous genomic DNA fragments (the 5" and 3’ arms)
were 3.3 and 7.3kb in size, respectively. These three PCR
products were inserted into a vector containing the neo-
mycin resistance (neo) cassette flanked by two Flp recog-
nition target (frt) sites and two loxP sites. The floxed-out
exon 5 fragment was inserted between the second fi site and
the second loxP site.

Homologous recombination in the ES cells and produc-
tion of chimeric founder mice were performed as described
previously [26]. Recombinant clones were confirmed by
Southern blot analysis (Fig. 1B). The resulting chimeric
mice were mated to FLP66 transgenic mice on the C57BL/6
strain [27] to remove the neo cassette.

The Pax6"** mutant allele was detected using PCR (Fig.
1C) with the following primers: P6-loxF 5-TGGTAACA
GTGTACAAACTG-3" and P6-loxR2 5-CTGACCTTGCC
TAAAGTAG-3". Amplification of the wild-type and mutant
alleles generates 269- and 392-bp fragments, respectively.

To delete Pax6 expression selectively in HBCs, we gen-
erated HBC-specific conditional Pax6 knockout mice using
K5-Cre mice (a generous gift from Dr. Junji Takeda, Osaka
University) [25]. Heterozygous K5-Cre™’~ mice were mated
with Pax6°* mice to obtain heterozygous K5-Cre*’™ ::
Pax6®”* mice, which were then crossed with Pax6/*%~
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mice to obtain homozygous HBC-specific Pax6-knockout
mice (K5-Cre*’™ ::Pax6"~, referred to hereafter as Pax6-
cKO mice). Littermates of the Pax6¢"*** mice were used as
control animals (Fig. 1D). Six-week-old mice were used in
this study.

All of the experimental procedures used in this study were
approved by the Ethics Committee for Animal Experiments
of Tohoku University Graduate School of Medicine (No.
2013-201), and all animals were treated in accordance with
the National Institutes of Health’s guidelines for the care
and use of laboratory animals.

Induction of OE lesions

OE lesions were induced as described previously [7]. In
brief, methimazole (63760 Fluka; Sigma-Aldrich) was di-
luted to Smg/mL in 0.9% NaCl and injected intraperitone-
ally into the mice at 50 mg/kg body weight. The mice were
then sacrificed 3 or 42 days postinjury (dpi).

Tissue preparation

The tissues were prepared essentially as described previ-
ously [7]. Deeply anesthetized mice were transcardially
perfused with cold phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde (PFA, P6148; Sigma-Aldrich) in
PBS. The nose was removed and postfixed in 4% PFA in
PBS overnight at 4°C and then decalcified in 10% ethyle-
nediaminetetraacetic acid disodium salt dihydrate (EDTA,
345-01865; Dojindo Laboratories) for 4 days at 4°C. After
sequential incubation in 10% and 30% sucrose in PBS (w/v),
the tissues were embedded in the optimum cutting tem-
perature compound (Tissue-Tek O.C.T. Compound, Sakura
Finetek) and snap-frozen on dry ice. Coronal sections (5 pm
in thickness) were cut using a model CM3050 cryostat
(Leica Instruments), mounted on MAS-coated glass slides
(Superfrost; Matsunami), and stored at —80°C for subse-
quent analysis.

Histological analysis

The sections were stained with hematoxylin and eosin
(H&E) and visualized using a light microscope (BZ-9000;
Keyence). Immunohistochemistry was performed as previ-
ously described, with slight modifications [7]. The sections
were first washed in 0.1% Triton X-100/Tris-buffered saline
(TBS) to remove the O.C.T. compound. For staining with
the Pax6, Ki-67, Sox2, and p63 antibodies, the sections were
boiled in 0.01 M citrate buffer (pH 6.0) for 15min. The
sections were then blocked with 3% bovine serum albumin/
0.3% Triton X-100/TBS for 30 min at room temperature.
The following primary antibodies were used: rabbit anti-
Pax6 (1:1,000 [28]), rabbit anti-Keratin5 (1:500, PRB-160P;
Covance), rabbit anti-Ki-67 (1:500, NCL-Ki67p; Novocas-
tra), goat anti-Sox2 (1:500, AF2018; R&D systems), goat
anti-Sox10 (1:200, AF2864; R&D systems), goat anti-
NQOL1 (1:400, ab2346; Abcam), goat anti-OMP (1:1,000,
019-22291; Wako), armenian hamster anti-ICAM-1 (CD54)
(1:200; BD Biosciences), and mouse anti-p63 (1:200,
sc8431; Santa Cruz Biotechnology). Following an overnight
incubation in the primary antibodies at 4°C, the sections
were washed and then incubated in the following secondary
antibodies (where appropriate) for 1 h at room temperature:
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FIG. 1. Generation of Pax6** mice and HBC-specific Pax6-knockout mice. (A) Schematic of the Pax6 allele (wild type),
the floxed neo-containing allele (Pax6/**/neo), and the floxed (neo-excised) allele (Pax6). The Pax6"*; neo allele
contains two loxP sites flanking exon 5 in Pax6, and the neo gene is flanked by two frt sequences. The neo gene was
removed by crossing Pax6*; neo mice with FLP66 mice, which express Flp recombinase. The location and orientation of
the P6-loxF and P6-10xR2 PCR primers are indicated as closed triangles; the location of the 5" probe used for Southern blot
analysis is also indicated. (B) Southern blot analysis of genomic DNA from wild-type and Pax6""**; neo ES clones. Genomic
DNA was digested with Scal and probed with the 5" probe, as shown in (A). (C) PCR analysis of the genomic DNA isolated
from the progeny, using the P6-loxF and P6-1oxR2 primers. The wild-type and mutant alleles produce 269- and 392-bp
amplification products, respectively. (D) Breeding scheme for the generation of HBC-specific Pax6-knockout mice. K5-
Cre*’~ :.'Paxé};"’ * mice were crossed with Pax6™°* mice to obtain K5-Cre*’™ ::Pax6*"** (Pax6-cKO) offspring.
Littermates of the Pax6*** mice were used as control mice. (E) Schematic representation of the experimental paradigm.
Six-week-old (6W) mice were injected with methimazole (50 mg/kg body weight). The mice were then sacrificed and
analyzed at 3 or 42 days postinjury (dpi). HBC, horizontal basal cell; PCR, polymerase chain reaction.
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Cy3-conjugated donkey anti-rabbit (1:400; Jackson Im-
munoResearch), Cy3-conjugated goat anti-armenian ham-
ster (1:400; Jackson ImmunoResearch), FITC-conjugated
donkey anti-rabbit (1:400; Jackson ImmunoResearch), Alexa
Fluor 488 donkey anti-mouse (1:400; Invitrogen), Biotin-SP
donkey anti-rabbit (1:1,000; Jackson ImmunoResearch),
and/or Biotin-SP donkey anti-goat (1:1,000; Jackson Im-
munoResearch). The nuclei were counterstained with 47,6-
diamidino-2-phenylindole (DAPI) (1:2,000; Sigma-Aldrich),
and the slides were mounted with coverslips using a
mounting medium (VECTASHIELD; Vector Labs). For the
enzyme-based antibody visualization technique, the signal
was visualized using the avidin-biotin complex (VEC-
TASTAIN Elite ABC Kit; Vector Labs) and 3,3’-diamino-
benzidine (DAB); the nuclei were counterstained with
hematoxylin, and the slides were mounted with the mounting
medium (Entellan New; Merck). Light images of the H&E-
stained and enzyme antibody-stained sections were obtained
using an HS All-in-One fluorescence microscope (BZ-9000;
Keyence) with BZ-H1C analysis software (Keyence). Im-
munofluorescence images were obtained using a laser-
scanning confocal microscope (LSM 5-PASCAL; Zeiss)
and LSM Image Browser analysis software (Zeiss). The
images were compiled using Adobe Photoshop software
(Adobe Systems, Inc.).

OE thickness measurement and cell counting

To measure OE thickness, we used >3 sections per ani-
mal from three to five animals; total basement membrane
(BM) length was > 2,800 um. Each OE was divided into two
regions (zone 1, the dorsomedial region; zones 2-4, the
ventrolateral region) using NQO1 (NAD(P)H dehydroge-
nase [quinone] 1) staining; NQO1-positive fields were de-
fined as zone 1 [29]. Using BZ-HIC analysis software
(Keyence), we calculated the OE area (from the basal lamina
to the nasal lumen) of zone 1 or zones 24 at the nasal
septum, and we measured the total length of the BM. OE
thickness (in microns) was calculated by dividing the OE
area (in microns?) by total BM length (in microns).

The mean number of HBCs in the area of zone 1 (or zones
2-4) at the nasal septum was estimated by counting the
mean number of p63-positive cells/field in 9-14 randomly
selected fields at 63 x magnification (for normal OE at 6
weeks of age, n=3) or 100 x magnification (for regenerating
OE at 3dpi, n=3).

To measure the percentage of Pax6-positive HBCs (ie,
p63-positive cells that were also Pax6 positive), the number
of cells that were positive for both Pax6 and p63 was di-
vided by the total number of p63-positive cells (at least 80
cells per animal were counted) lining the nasal septum at
zone 1 or zones 2-4 (n=3 animals); this value was then
multiplied by 100. Because Pax6 expression in HBCs is
relatively weak in zone 1 compared to the background
signal, we defined any cells that lacked or had considerably
low Pax6 expression as Pax6 negative. Images were ana-
lyzed using the Keyence BZ-HIC or LSM Image Browser
software program to merge channels and measure the per-
centage of double-positive cells.

To analyze the proliferative ability of HBCs in zone 1 at
3dpi, the percentage of Ki-67-positive basal cells against
the total number of basal cells was calculated in the area just
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above the BM lining the nasal septum (150 cells per animal,
n=2-3 animals). We used the BZ-9000 at 20 x magnifica-
tion and analyzed the images using the BZ-HIC software
program.

The mean number of NQO1-positive cells in zone 1 in the
nasal septum was calculated by dividing the total number of
NQO1-positive cells by total BM length (in mm); a mini-
mum of 3 sections per animal (n=3-5 animals with total
BM length >3,600 um) was used. The mean number of
Sox10-positive cells in zone 1 in the nasal septum was
calculated by dividing the total number of Sox10-positive
cells by total BM length (in mm); a minimum of 3 sections
per animal (n=3-5 animals with total BM length > 3,600
pm) was used. We obtained the images using the BZ-9000
at 20 X magnification with the BZ-HI1C software program.

Statistical analysis

All data are presented as the mean * the standard error of
the mean. A two-sample Student’s t-test or Welch’s r-test
was used to compare the data from different groups; P <0.05
was considered to be statistically significant.

Results
Generation of HBC-specific Pax6-knockout mice

To examine the specific function of Pax6 in the devel-
opment and regeneration of the OE, we first created con-
ditional Pax6-knockout mice using the Cre/loxP conditional
gene deletion system. We generated Pax6** mice in which
exon 5 is flanked by loxP sites (Fig. 1A—C). Excision of the
floxed exon 5 in Cre recombinase-expressing cells creates a
frameshift mutation that introduces a premature stop co-
don at codon 11. The mammalian Pax6 gene also encodes
a spliced isoform (Pax6-5a) that encodes an additional
14 amino acids. Thus, the excised exon 5 also generates a
premature stop codon at codon 16 in Pax6 mRNA con-
taining exon Sa.

To knockout Pax6 expression specifically in HBCs, we
used K5-Cre mice [25]. Expression of the K5 promoter in
HBCs begins at the late embryonic stage [7,30]. Using
conventional reporter mice (CAG-CAT-EGFP mice) [31],
we confirmed the expression and activity of K5-Cre in
nearly all HBCs in both zone 1 and zones 2—4 (data not
shown).

Normal OE development in HBC-specific
Pax6-knockout mice

To analyze the effect of deleting Pax6 expression in
HBCs on OE development, we examined the OE in 6-week-
old Pax6"* and Pax6-cKO mice. Low-magnification
H&E images of coronal nasal sections from Pax6/"”/* and
Pax6-cKO mice are shown in Figure 2A and B, respectively.
Representative high-magnification H&E images of zone 1
and zones 2—4 are shown in Figure 2A1 and B2. Zone 1 was
distinguished from zones 2—4 using the zone 1-specific anti-
NQOI antibody (Fig. 2C-F) [29]. Based on this analysis, we
found no obvious anatomical differences in any region of
the OE between the two genotypes (Fig. 2A-F).

Next, we measured the percentage of p63-positive HBCs
that also expressed Pax6 to determine the specificity of our
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FIG. 2. The OE of HBC-specific Pax6-knockout mice. (A-F) Images of hematoxylin and eosin-stained coronal sections
from the OE of 6-week-old Pax6 "~ mice (control; A) and K5-Cre*’™ ::Pax6/*°* mice (Pax6-cKO; B). (C-F) NQO1
was stained as a marker for zone 1. (G, H) Pax6 and p63 expression in the OE of control and Pax6-cKO mice. In the OE of
control mice, Pax6 was observed in HBCs, GBCs, SUSs, and BG cells (G). The majority of HBCs coexpressed p63 and
Pax6 (G, white arrows). In the Pax6-cKO OE, many of the HBCs lacked Pax6 expression (H, yellow arrows), and the
percentage of Pax6-positive HBCs was significantly lower in zone 1 compared to control mice (I, left); the percentage of
Pax6-positive HBCs was also significantly reduced in zones 2—4 in the Pax6-cKO mice, although to a lesser extent than in
zone 1 (I, right). (J) OE thickness did not differ significantly between control and Pax6-cKO mice in zone 1 or zones 2—4.
(K) The absolute number of p63-positive HBCs did not differ significantly between control and Pax6-cKO mice in either
zone 1 or zones 2—4. The dotted line in (A—H) indicates the basal lamina. Scale bars represent 1,000 pm (A-B), 200 um (A2,
B2, D, F), and 50 um (G-H). *P<0.05; ***P<0.001. BG, Bowman’s gland; GBCs, globose basal cells; LP, lamina
propria; OE, olfactory epithelium; NQO1, NAD(P)H dehydrogenase [quinone] 1; SUSs, sustentacular cells. Color images
available online at www.liebertpub.com/scd
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HBC-specific Pax6-knockout strategy. In the OE of control
mice, Pax6 expression was observed in HBCs, GBCs, SUSs,
and BGs (Fig. 2G); the majority of HBCs expressed both
p63 and Pax6 (Fig. 2G, arrows). In the Pax6-cKO OE (Fig.
2H), the percentage of Pax6-positive HBCs was reduced to
56.2% in zone 1 (Fig. 21, left). We found no apparent change
in Pax6 expression in any other cell types. We also observed
a significant reduction in Pax6-positive HBCs in zones 2—4
in the Pax6-cKO mice (Fig. 2I, right).

Despite the significant loss of Pax6 expression in the OE
of Pax6-cKO mice, OE thickness did not differ significantly
between the Pax6"**""* and Pax6-cKO mice in either zone
1 or zones 2-4 (Fig. 2J). Moreover, the number of p63-
positive HBCs did not differ significantly between the
Pax6""* and Pax6-cKO mice in either zone 1 or zones
2-4 (Fig. 2K). These results suggest that the decrease of
Pax6-expressing HBCs does not seem to affect the normal
development of the OE. This may be caused by the com-
pensation of HBC population that escaped from the Pax6
deletion due to the limitation of the Cre-loxP system; there
may be an insufficiency of Cre expression or there may be
HBC progenitors (possibly Pax6 positive) that already exist
before K5-Cre activity initiates [14].

HBCs in the OE of Pax6-cKO mice
have self-renewal capacity

To evaluate the role of Pax6 in HBCs with respect to
regeneration of the OE following injury, we induced severe
damage to the OE of Pax6"**/** and Pax6-cKO mice and
monitored regeneration of the OE (Fig. 1E). We used the
standard approach of injecting methimazole (a drug used to
treat hyperthyroidism) intraperitoneally; in mice, methima-
zole triggers the degeneration and subsequent regeneration
of the OE from HBCs [4,7]. Methimazole treatment causes
death of a large percentage of differentiated OE cells within
24 h, but generally spares the HBCs [13].

Using this experimental paradigm, we first examined the
percentage of p63-positive and Pax6-positive HBCs at 3 days
postinjury (3 dpi). We stained OE sections of Pax6/iox/fiox
(Fig. 3A, B) and Pax6-cKO (Fig. 3C, D) with anti-p63 and
anti-Pax6 antibodies; the nuclei were counterstained with
DAPIL. In the Pax6"/"* mice, p63-positive cells were de-
tected in the basal layer just above the basal lamina (Fig.
3A, B), and Pax6-positive cells were observed in various
cell types within the layers of the OE (Fig. 3A, B). Nearly
all p63-positive cells expressed Pax6 at 3dpi (white ar-
rowheads). In contrast, in the Pax6-cKO mice, the majority
of p63-positive cells in zone 1 were negative for Pax6 (Fig.
3C, yellow arrowheads), although there seemed similar
numbers of p63-positive cells both in Pax6/”/* and Pax6-
cKO mice (see below). As we expected for Pax6-cKO mice,
more p63-positive HBCs in zones 2—4 were Pax6-positive
compared to zone 1 (Fig. 3D). A quantitative analyses re-
vealed that the percentage of HBCs coexpressing p63 and
Pax6 in zone 1 was significantly lower in the Pax6-cKO
mice (16.9% +5.7%) comparing to the Pax6""* mice
(99.8% £0.2%) (Fig. 3E, left). In contrast, we found no
difference between the Pax6"**""** and Pax6-cKO mice with
respect to zones 2—4 (Fig. 3E, right).

To examine the self-renewal capacity of HBCs, we
carefully counted the absolute number of p63-positive
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HBCs at 3 dpi. Our analysis shows that the number of p63-
positive HBCs in zone 1 did not differ significantly between
the Pax6"*"* and Pax6-cKO mice (Fig. 3F). These results
suggest that in the injured OE of Pax6-cKO mice, the self-
renewal capacity of HBCs is almost intact.

We next examined the expression of the proliferation
marker Ki-67 and the stem cell marker Sox2 in the OE of
Pax6"°* and Pax6-cKO mice at 3dpi (Fig. 3G-J). Most
surviving basal cells (ie, HBCs and GBCs) are proliferative
and express the stem cell markers Pax6 and Sox2 3 days
after injury [6]. We found that nearly all of the cells in the
OE were positive for a proliferation marker Ki-67 and a
neural stem cell marker Sox2 in both Pax6"*/** (Fig. 3G,
H) and Pax6-cKO (Fig. 31, J) mice at 3 dpi. To quantify the
percentage of proliferating HBCs in zone 1, we counted the
number of Ki-67-positive basal cells just above the BM. The
percentages of Ki-67-positive HBCs were almost 100%
both in the Pax6"** (97.3% +0.8%) and Pax6-cKO mice
(98.5% £0.5%) (Fig. 3K). Indeed, we found no apparent
difference between the two genotypes with respect to the
expression of either Ki-67 or Sox2. Taken together, our
results show that the HBCs retain their proliferative capacity
at 3dpi in zone 1 where Pax6 expression in HBCs was
specifically deleted.

HBC-specific Pax6-knockout mice have severely
impaired OE regeneration

Finally, we assessed the long-term regenerative capacity
of the OE in Pax6/*"** (Fig. 4A, D-F) and Pax6-cKO (Fig.
4B, G-I) mice by examining the OE at 42 dpi. Consistent
with our previous results [7], in Pax6"% mice, the OE had
recovered nearly fully in both zone 1 and zones 2—4 within
42 days of injury (Fig. 4A). In contrast, the regenerative
capacity of the OE was severely impaired in zone 1 of the
Pax6-cKO mice (Fig. 4B, G-I). A quantitative analysis re-
vealed that the OE in zone 1 was significantly thinner in
Pax6-cKO mice (26.3 1.9 um) compared to the Pax6" >
mice (50.5%3.7 um) (Fig. 4C, left); in contrast, we found no
significant difference in OE thickness in zones 2—4 (Fig. 4C,
right). It is known that the OE lesion using methimazole
disrupts the GBC population and produces multiple types of
cells derived from HBCs [4]. Thus, our deletion of Pax6
function in HBCs is considered to severely impair the
capacity of the OE to regenerate after severe injury.

To investigate the regeneration process of the OE in
Pax6-cKO mice in further detail, we performed immuno-
histochemical staining using various cell type-specific
markers. We found fewer OMP-positive mature ORNSs
(mORNSs) in zone 1 of Pax6-cKO mice (Fig. 4G) compared
to Pax6""** mice (Fig. 4D). To quantify the number of
ORNSs, we used the zone 1-specific marker NQOI1 [32]. The
number of NQO1-positive ORNs in zone 1 was significantly
lower in the Pax6-cKO mice (20.2%5.3/mm) compared to
the Pax6"/"* mice (106.4+11.7/mm) (Fig. 4J, left). We
also measured the number of BG cells. Since we found a
specific expression of Sox10, a transcription factor that
regulates the development of neural crest cells [33] in BGs
in the OE of Pax6™°* mice (Fig. 4F), we measured the
number of Sox-10-positive cells as the number of BG cells.
In zone 1, the number of Sox10-positive BG cells was sig-
nificantly lower in the Pax6-cKO mice (22.3+3.7/mm)
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Pax6""M°* mice (control) (zone 1, A; zones 2—4, B) and K5-Cre '™ ::Pax6""* mice (Pax6-cKO) (zone 1, C; zones 24,
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Pax6 (white arrowheads). In contrast, in the Pax6-cKO mice, Pax6 expression was nearly undetectable in the majority of
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Pax6-positive in zone 1 (left) and zones 2—4 (right). (F) Summary of the number of p63-positive HBCs in zone 1. (G=J)
Immunohistochemical analysis of the proliferation marker Ki-67 and the stem cell marker Sox2 in the OE of control (G, H)
and Pax6-cKO (I, J) mice at 3 dpi. Note that nearly all OE cells were positive for both Ki-67 and Sox2 in both the control
and Pax6-cKO mice. (K) The percentages of Ki-67-positive HBCs were almost 100% both in the Pax6**/*** and Pax6-cKO
mice. The dotted line in (G=J) indicates the basal lamina. Scale bars represent 20 um (A-D) and 40pum (H, J).
##%P<0.001. Color images available online at www.liebertpub.com/scd

compared to the Pax6"”"* mice (43.9+0.9/mm) (Fig. 4,
right). Finally, basal cells (ie, HBCs and GBCs) and SUSs in
the regenerated OE express Sox2 [6]. Although the back-
ground signal was relatively high in the regenerated OE, we
observed strong Sox2 expression in all three cell types in the
Pax6"°* mice (Fig. 4E). Interestingly, in the Pax6-cKO
mice, in addition to normal Sox2 expression in the basal
cells and SUSs, Sox2 was also expressed in cells located in
the middle layer of the OE (Fig. 4H). This expression pat-

tern has never been reported in wild-type mice; in normal
OE, only Sox2-negative immature and mature ORNs are
localized in the middle layer [6]. Taken together, our data
suggest that deleting Pax6 in HBCs inhibits the differenti-
ation of stem cell-like HBCs to mature OE cells (ie, mORNs
and BG cells). These results also suggest that deleting Pax6
in HBCs severely impairs the ability of HBCs to differen-
tiate during the regenerative process following severe OE
damage. We also observed the difference of Pax6-positive
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FIG. 4. HBC-specific Pax6-knockout severely impairs the long-term regeneration of the OE. (A, B) Images of NQOI1-
immunostained coronal sections of the OE from Pax6"*** mice (control; A) and K5-Cre™’™ ::Pax6/*°* mice (Pax6-
cKO; B) at 42 days postinjury (42 dpi). In the control mice, the OE had recovered nearly completely in both zone 1 and
zones 2—4 (A). In contrast, regeneration of the OE was severely impaired in zone 1 in the Pax6-cKO mice (B). (C) Summary
of OE thickness in zone 1 and zones 2—4. (D-I) Images of immunostained sections from zone 1 of control (D-F) and Pax6-
cKO (G-I) mice. The sections were stained using antibodies against OMP (D, G), Sox2 (E, H), and Sox10 (F, I). The
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Summary of the number of NQO1-positive ORNs (left panel) and Sox10-positive BG cells (right panel) in zone 1. (K-N)
Expression of Pax6 (green) and ICAM-1 (magenta) in zone 1 of control (K, L) and Pax6-cKO (M, N) mice at 42 dpi. In the
control OE, ICAM-1-positive HBCs express Pax6 (white arrows), while there are Pax6-negative HBCs in the Pax6-cKO OE
(vellow arrows). Pax6-positive SUSs and SUS-like cells (green) localize at the apical area of the OE in the control and
Pax6-cKO mice. The dotted line in (A, B, D-I, and K-N) indicates the basal lamina. Scale bars represent 1,000 um (A, B),
200 um (A2, B2), 40 um (F, I), and 30 pum (L, N). *P <0.05; ***P <0.001; n.s., not significant. mORNSs, mature olfactory
receptor neurons. Color images available online at www.liebertpub.com/scd
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SUSs in Pax6*/~ (Fig. 4K, L) and Pax6-cKO (Fig. 4M,
N) mice at 42 dpi. In Pax6"% mice, Pax6-positive SUSs
were abundantly localized at the apical area of the OE in the
normaly reconstructed region (Fig. 4K), and Pax6-positive
SUS-like cells were localized at the apical area of the OE in
the severely damaged region (Fig. 4L). Similary, Pax6-
positive SUSs and Pax6-positive SUS-like cells were also
localized at the apical area of the OE in Pax6-cKO (Fig. 4M,
N). These results suggest that HBC-specific deletion of Pax6
does not seem to affect the regeneration of Pax6-positive
SUSs in the apical area of the OE.

Discussion

In this study, we report that deleting Pax6 specifically in
HBCs in zone 1 of the OE impairs the ability of HBCs (ie,
the tissue stem-like cells in the OE) to differentiate into
mature cells during the regenerative process following se-
vere OF damage. Although we could not evaluate the role of
Pax6 in HBCs in zones 2—4 due to insufficient deletion of
Pax6 in these areas, our findings are instrumental to un-
derstand how HBCs regenerate after injury.

Pax6 is a multifunctional protein that regulates the pro-
liferation and differentiation of neural stem/progenitor cells
(NSCs) in the CNS by regulating the expression of sev-
eral downstream genes, including Fabp7, Ngn2, and Wnt7b
[16,34-37]. Pax6 is also expressed in astrocytes in late
embryogenesis and postnatally, and deleting Pax6 causes
cells to retain their NSC-like properties and inhibits astro-
cyte maturation [28]. Expression of Pax6 in NSCs continues
both in the developing CNS to mature astrocytes and in the
adult CNS [28], which suggests that Pax6 is required for
cells in the CNS to retain their stem cell-like properties
and differentiate into glial lineage cells. In contrast, over-
expressing Pax6 gives rise to spiking neuroblasts in non-
neurogenic regions in an adult mouse model of mild tran-
sient brain ischemia [38]. Thus, the essential role of Pax6 in
the CNS is highly context dependent. Pax6 also plays an
important role as a multilevel regulator of ocular devel-
opment [17]. In the retina, Pax6 directly controls the tran-
scriptional activation of retinogenic bHLH factors and
mediates the full retinogenic potential of retinal progenitor
cells [39]. As discussed above, Pax6 regulates the prolifer-
ation and differentiation of stem/progenitor cells depending
on the context within the CNS (including the retina), which
is consistent with our finding that Pax6 is important in the
olfactory system, in which Pax6 regulates the ability of
tissue stem cells in the OE to differentiate into neuronal
lineage cells.

Under normal conditions, HBCs are quiescent tissue stem
cells in the OE, and a dual origin of HBCs—that is, from the
olfactory placode and neural crest—has recently been re-
ported [7,40,41]. Our group has reported that the main
population of HBCs gradually change from placode-derived
cells to neural crest-derived ones during postnatal matura-
tion both in zone 1 and zones 24 [7,41]. However, dis-
tinctive characteristics of these HBCs are still unknown.
Future studies on the dual origin of HBCs could contribute
to understand the regeneration capacity of HBCs. The stem
cell dynamics of HBCs are regulated by the transcrip-
tion factor p63 [13,14]. Although p63-knockout mice lack
HBC differentiation in the OE, other cell types in the OE—
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including neurons—are essentially normal [14]. This finding
suggests that HBCs are not required for the formation of the
majority of the OE during development, which is consistent
with our observation that the OE of HBC-specific Pax6-
cKO mice (even though their knockout is not thorough) has
no obvious structural abnormalities at 6 weeks of age. In a
previous study of regenerated OE in K5-CrePR::Rosa26""
mice on the p63'*”"** background, YFP-positive cells that
differentiated from HBCs were observed in both neuronal
and non-neuronal cells, including ORNs and GBCs; how-
ever, HBC markers were strikingly absent from these YFP-
lineage cells [13]. The authors concluded that p63 is
required for maintaining HBC fate, but is not required
for HBC differentiation in the OE during regeneration. In
contrast, although the self-renewal capacity of HBCs was
not affected in our Pax6-cKO mice (Fig. 3F), we found that
HBC differentiation in the OE during regeneration was se-
verely impaired following damage to the OE. Taken to-
gether, these finding suggest that Pax6 and p63 play distinct
roles in the self-renewal and differentiation of HBCs.

The transcription factor Sox2 is important for maintaining
ES cells and for inducting pluripotent stem cells [42,43].
Deleting Sox2 in the brain causes neurodegeneration and
impaired neurogenesis in adult mice [44]. On the other hand,
constitutively expressing SOX2 inhibits neuronal differen-
tiation and causes cells to retain their neural progenitor
properties [45]. In addition, overexpressing Sox2 drives the
differentiation of neural progenitors into astroglia, but in-
hibits neurogenesis in the developing neocortex [46].
Therefore, Sox2 also plays an essential context-dependent
role in the CNS. Sox2 forms a complex with its partners to
function, and Pax6 is one of the factors that interact with
Sox2 in both stem/progenitor cells (eg, NSCs in the CNS
and optic cup progenitor cells) and terminally differentiated
cells (eg, lens cells) [16,47-49]. In the OE, Pax6 and Sox2
are coexpressed in HBCs, GBCs, and SUSs, and they are
believed to suppress neuronal differentiation [6]. In our
Pax6-cKO mice, we found that Sox2 was expressed ectop-
ically in many cells in the OE (cells in which neurogenesis
was severely impaired during OE regeneration). This finding
is consistent with previous studies that reported that high
Sox2 expression blocks neuronal differentiation and pro-
motes glial differentiation [45,46]. Taken together, we hy-
pothesize that appropriate Pax6 expression in HBCs is
required for the cells to differentiate into neuronal line-
age cells by suppressing Sox2 expression during OE re-
generation.

In recent decades, regeneration in sensory organs such as
the eyes, ears, and nose has received considerable attention,
and the reprogramming process used in the regeneration of
sensory receptor cells appears to be similar among these
organs [50]. A recent study found that Pax6+/Sox2+/
Nestin+ multipotent retinal stem cells (RSCs) in the adult
mouse retina are capable of producing functional photore-
ceptor cells [51]. Moreover, in humans, PAX6 and p63 are
coexpressed in K5-positive limbal stem/progenitor cells
(LSCs), which can differentiate into corneal epithelial cells,
and WNT7A acts as an upstream regulator of PAX6, regu-
lating corneal epithelium differentiation [52]. Finally,
transfecting PAX6 into cultured skin epithelial stem cells
differentiates the cells into corneal epithelial-like cells;
conversely, deleting PAX6/WNT7A in LSCs causes
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abnormal skin epidermis-like differentiation [52]. These
results obtained from research in the ocular system have
several features in common with our findings. First, Pax6
and Sox2 are coexpressed in tissue stem cells (RSCs,
HBCs). Second, Pax6, p63, and K5 are coexpressed in tissue
stem cells (LSCs, HBCs). Third, deleting Pax6 expression
causes abnormal differentiation of tissue stem cells (LSCs,
HBCs).

Based on these findings, we hypothesize that Pax6 func-
tions as a master regulator in the differentiation of a variety
of tissue stem cells in several sensory organs. Future studies
will be designed to identify the specific molecular mecha-
nisms that underlie the balance between maintaining tissue
stem cells and inducing their appropriate differentiation.
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