@’PLOS | ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Maurya DK, Henriques T, Marini M,
Pedemonte N, Galietta LJV, Rock JR, et al. (2015)
Development of the Olfactory Epithelium and Nasal
Glands in TMEM16A™ and TMEM16A™* Mice. PLoS
ONE 10(6): €0129171. doi:10.1371/journal.
pone.0129171

Academic Editor: Johannes Reisert, Monell
Chemical Senses Center, UNITED STATES

Received: October 9, 2014
Accepted: May 5, 2015
Published: June 11, 2015

Copyright: © 2015 Maurya et al. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This study was supported by a grant (to
AM) from the Italian Ministry of Education,
Universities, and Research (MIUR). The funders had
no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

Development of the Olfactory Epithelium and
Nasal Glands in TMEM16A” and TMEM16A"
" Mice

Devendra Kumar Maurya'®, Tiago Henriques', Monica Marini?, Nicoletta Pedemonte?, Luis
J. V. Galietta?, Jason R. Rock®, Brian D. Harfe*, Anna Menini' *

1 Laboratory of Olfactory Transduction, SISSA, International School for Advanced Studies, Trieste, Italy,
2 |stituto Giannina Gaslini, Genova, Italy, 3 Department of Anatomy, UCSF School of Medicine, San
Francisco, CA, United States of America, 4 Department of Molecular Genetics and Microbiology Genetics
Institute, University of Florida, College of Medicine, Gainesville, FL, United States of America

a Current address: Department of Molecular Biology, Umea University, Umea, Sweden
* menini@sissa.it

Abstract

TMEM16A/ANO1 is a calcium-activated chloride channel expressed in several types of epi-
thelia and involved in various physiological processes, including proliferation and develop-
ment. During mouse embryonic development, the expression of TMEM16A in the olfactory
epithelium is dynamic. TMEM16A is expressed at the apical surface of the entire olfactory
epithelium at embryonic day E12.5 while from E16.5 its expression is restricted to a region
near the transition zone with the respiratory epithelium. To investigate whether TMEM16A
plays a role in the development of the mouse olfactory epithelium, we obtained the first
immunohistochemistry study comparing the morphological properties of the olfactory epi-
thelium and nasal glands in TMEM16A”" and TMEM16A*'* littermate mice. A comparison
between the expression of the olfactory marker protein and adenylyl cyclase 1l shows that
genetic ablation of TMEM16A did not seem to affect the maturation of olfactory sensory
neurons and their ciliary layer. As TMEM16A is expressed at the apical part of supporting
cells and in their microvilli, we used ezrin and cytokeratin 8 as markers of microvilli and cell
body of supporting cells, respectively, and found that morphology and development of sup-
porting cells were similarin TMEM16A” and TMEM16A** littermate mice. The average
number of supporting cells, olfactory sensory neurons, horizontal and globose basal cells
were not significantly different in the two types of mice. Moreover, we also observed that the
morphology of Bowman'’s glands, nasal septal glands and lateral nasal glands did not
change in the absence of TMEM16A. Our results indicate that the development of mouse ol-
factory epithelium and nasal glands does not seem to be affected by the genetic ablation of
TMEM16A.
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Introduction

TMEM16A/ANO1, a member of the family of transmembrane proteins with unknown func-
tion 16 [1,2], has been recently identified as a calcium-activated chloride channel [3-5].
TMEM16A is expressed in several types of cells of secretory epithelia, smooth muscle cells [6-
8], as well as in cells of sensory systems: cochlea [9-10], retina [11-13], nociceptive neurons
[14-15], vomeronasal sensory epithelium [11,16-17], and olfactory epithelium [11,16,18].
TMEM16A is involved in several types of physiological processes [6-7] including proliferation
and development.

A role of TMEM16A in proliferation had been already suggested before its identification
as a calcium-activated chloride channel. Indeed, TMEM16A was reported to be overex-
pressed in some malignant tumors and was known by different names, such as DOG1 (Dis-
covered On Gastrointestinal stromal tumor protein 1 [19-20]), TAOS2 (Tumor Amplified
and Overexpressed Sequence 2 [21]) overexpressed in oral squamous cell carcinomas, and
ORAOV?2 (Oral Cancer Overexpressed 2 [22]) overexpressed in oral and esophageal squa-
mous cell carcinomas. In addition to a potential role for TMEM16A in proliferation, sug-
gested by the overexpression of this channel in some tumors, TMEM16A has also been
shown to be a regulator of cell proliferation in healthy cells. Indeed, Stanich et al [23] showed
that TMEM16A regulates proliferation of interstitial cells of Cajal at the G,/S transition of
the cell cycle.

Some studies also indicated a possible role of TMEM16A in the development of the trachea
[24] and the cochlea [10]. Rock et al [24] showed that TMEM16A is expressed in the epitheli-
um of the developing trachea and in the embryonic tracheal muscle of mice. Furthermore, the
same authors produced knockout mice for TMEM16A and showed that these mice have alter-
ations in the formation of tracheal cartilage rings and die within one month, possibly because
of tracheomalacia. In addition to providing a mouse model of tracheomalacia, these results
point out to the possible role of TMEM16A in epithelial and smooth muscle cell organization
in development [24]. Reduced transepithelial current and accumulation of mucus in the tra-
chea of these mice indicate that TMEM16A also play a role in secretory processes [25,26]. Ad-
ditional alterations caused by TMEM16A loss of function include block of gastrointestinal
peristalsis and reduced nociception [15,27].

Another study [10], suggested that TMEM16A plays a developmental role in the mouse
postnatal developing cochlea. Indeed, these authors showed that supporting cells in the great-
er epithelial ridge of the cochlea exhibited spontaneous calcium-dependent volume changes
that were inhibited by anion channel blockers, indicating that volume changes may be related
to the activity of calcium-activated chloride channels. Moreover, volume changes were corre-
lated with the time course and location of TMEM16A expression in the cochlea, suggesting
that TMEM16A may be the pacemaker of spontaneous activities in postnatal developing
cochlea.

Based on previous studies showing that TMEM16A plays a role in cell proliferation and in
development [7,10,24] and on our previous observation that at embryonic day E12.5
TMEM16A immunoreactivity was present at the apical surface of the entire olfactory epitheli-
um, whereas from E16.5 TMEM16A immunoreactivity was restricted to a region near the
transition zone with the respiratory epithelium [18], we investigated whether TMEM16A
plays a role in the development of the olfactory epithelium. For this purpose, we used immu-
nohistochemistry to identify morphological properties of the olfactory epithelium and nasal
glands during mouse embryonic development and at postnatal age in TMEM16A™" and
TMEMI16A™ mice.

PLOS ONE | DOI:10.1371/journal.pone.0129171  June 11,2015 2/20



@’PLOS | ONE

TMEM16A and Olfactory Epithelium Development

Materials and Methods
Ethics Statement

All animals were handled in accordance with the Italian Guidelines for the Use of Laboratory
Animals (Decreto Legislativo 27/01/1992, no. 116) and European Union guidelines on animal
research (No. 86/609/EEC). Experimental procedures were notified to and approved by the
Italian Ministry of Health, Directorate General for Animal Health. The work has been per-
formed on the explanted tissues from sacrificed mice and did not require ethical approval, as
stated by the Italian law (decree 116/92). The entire procedure is in accordance with the regula-
tions of the Italian Animal Welfare Act, with the relevant EU legislation and guidelines on the
ethical use of animals and is approved by the local Authority Veterinary Service.

Experiments were performed on TMEM16A™" and TMEM16A*'* littermate mice obtained
by breeding TMEM16A*"" mice generated by Rock et al. [24]. Male and female mice were put
together for mating in the evening and separated the next morning. If a vaginal plug was ob-
served in the morning, that day was designated as embryonic day 0.5 (E0.5). Once the mouse
was positive for vaginal plug, on the prerequisite embryonic day the mouse was anaesthetized
by CO, inhalation, followed by cervical dislocation. Embryos were removed from the uterus
and decapitated. The head region was further processed for immunohistochemistry. For post-
natal mice, date of birth was defined as postnatal day 0 (P0). Postnatal mice were anaesthetized
by CO, inhalation and decapitated. Nose was separated from the rest of head and further
processed.

Genotyping protocol

To check the genotype of mouse for Tmem16a gene, genotyping for deletion of exon-12 of
Tmem1l6a and insertion of PGK-neo cassette was done. Genomic DNA was isolated from the
mouse tails by using 5’PRIME Kit (Eppendorf, Milano, Italy), according to manufacturer’s pro-
tocol. PCR was carried out in a total volume of 25 pl under the following conditions for 40 cy-
cles: 94°C for 5 min (for 1 cycle), 94°C for 30 sec, 60°C for 30 sec and 72°C for 30 sec. The final
reaction mixture contained 100 ng of genomic DNA, using Taq Polymerase Master Mix
(VWR, Milano, Italy). Two separate PCRs were required to identify homozygous knockout
mouse: one for the mutant allele (PGK-neo instead of exon-12) and one for the wild type allele.
Wild type allele size was 330 bp and mutant allele was 450 bp. DNA was separated by electro-
phoresis on 1.5% agarose gel with ethidium bromide.

Primers used:

WT (f): 5" ~CCTATGACTGCCAGGGACGCCC-3"
WT(rev): 5 ~TGTTCCTGTCCCTGCAATGCGG-3’
Mut (f): 5 ~GACGCCCTCCATTGACCC-3

Mut (rev): 5’ ~-GCAGTAGAAGGTGGCGCGAAG-3'

Immunohistochemistry

For E12.5 and E14.5 whole head region and for E16.5, E18.5 and P4 dissected out nose was
fixed in 4% paraformaldehyde prepared in 0.01 M phosphate-buftered saline (PBS) for over-
night at 4°C. Tissues with olfactory epithelium were equilibrated at 4°C in 30% (wt/vol) sucrose
until the tissue sank to base in solution for cryoprotection. Then the tissue was embedded in O.
C.T. (Bio-optica, Milano, Italy) and stored at —80°C. Before sectioning on cryostat, O.C.T.
blocks were kept at —20°C for at least 12 hours. With a cryostat, 12-14 um coronal sections
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were cut and stored (-80°C) for further use. For antigen retrieval, sections were usually treated
with SDS 0.5% (wt/vol) in PBS for 15 min. However, for the following primary antibodies:
cytokeratin 8, sox2, Ki67, and cytokeratin 5, heat-induced antigen retrieval was used. Sections
in 0.01 M citrate buffer (pH 6.0) were heated in a microwave oven for 20 min. After cooling,
sections were rinsed three times in PBS. Sections were incubated in a blocking solution [2%
FBS (vol/vol) and 0.2% (vol/vol) Triton X-100 in PBS] for 90 min, and then with the primary
antibody (diluted in the blocking solution) overnight at 4°C. Sections were then rinsed with
0.1% (vol/vol) Tween 20 in PBS (PBS-T) and incubated with the fluorophore-conjugated sec-
ondary antibody (diluted in PBS-T) for 2 h at room temperature. After washing with PBS-T,
sections were treated with 0.1 ug/ml DAPI for 30 min, washed with PBS-T, and mounted with
Vectashield (Vector Laboratories, Burlingame, CA). Postnatal mice tissues were fixed for 6
hours and processed as described for the embryonic tissues. As far as possible, different embry-
onic and postnatal tissues were processed in parallel at the same time to avoid any discrepan-
cies in results.

For each age, sections were analyzed from at least three mice obtained from at least
two litters.

All chemicals, unless otherwise stated, were purchased from Sigma, Milano, Italy.

The primary antibodies used in this study are listed in Table 1.

Secondary antibodies

The following secondary antibodies obtained from Invitrogen (Eugene, OR, USA), were used:
donkey anti-rabbit Alexa Fluor 488 (1:500; catalog no. A21206), donkey anti-goat Alexa Fluor
594 (1:500; catalog no. A11058), goat anti-rabbit Alexa Fluor 594 (1:500; catalog no. A11037),
goat anti-mouse Alexa Fluor 488 (1:500; catalog no. A11001)

Table 1. Primary antibodies used in this study.

Primary antibody

Rabbit polyclonal TMEM16A
Goat polyclonal TMEM16A
Rabbit polyclonal adenylyl

cyclase Il (ACIII)
Goat polyclonal olfactory

marker protein (OMP)

Mouse monoclonal ezrin
?abbit monoclonal cytokeratin
Rabbit polyclonal aquaporin 5
Goat polyclonal sox2

Goat polyclonal Ki67

Rabbit polyclonal cytokeratin 5

doi:10.1371/journal.pone.0129171.t001

Immunogen Dilution Manufacturer/catalog number/lot
number or clone

Synthetic peptides corresponding to amino acid residues 424-519, 1:50 Abcam/ab53212/GR71118-3

628-731 and 904-986 of human TMEM16A

Synthetic peptide corresponding to amino acid residues 825-875 of 1:50 Santa Cruz Biotech/sc-69343/

human TMEM16A HO0713

Synthetic peptide corresponding to amino acid residues 1125-1144 1:100 Santa Cruz Biotech/sc-588/ KO608

of human ACIII

Purified natural rat OMP 1:1000 Wako Chemicals/ 544-10001/
IUP1001

Synthetic peptide corresponding to amino acid residues 362—-585 of 1:100 Abcam/ab4069/3C12

human ezrin

Synthetic peptide corresponding to amino acid residues 300-350 of 1:150 Novus Biologicals/NB110-56919/

human cytokeratin 8 EP1628Y

Synthetic peptide corresponding to 17 amino acid sequence in the 1:150 Calbiochem/178615/D00140208

cytoplasmic region of rat aquaporin 5

Synthetic peptide corresponding to amino acid residues 277-293 of 1:50 Santa Cruz Biotech/sc-17320/

human sox2 A1314

Synthetic peptide mapping near the C-terminus of Ki67 of mouse 1:150 Santa Cruz Biotech/ sc-7846/

origin C2012

Synthetic peptide sequence derived from the C-terminus of the 1:200 BioLegend/ 905501/ D14FF0122

mouse keratin 5 protein
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Imaging

Immunoreactivity was usually visualized with a confocal microscope (TCS SP2; Leica) using
40X/1.25NA or 63X/1.4NA oil immersion objectives. Images were acquired using Leica soft-
ware (at 1,024 x 1,024 pixel resolution). All images were taken as average of z-stacks of 1-2 um
thickness. Images in Fig 7 were obtained with a Nikon Eclipse 90i microscope using a Plan Apo
VC 60X/1.4NA oil immersion objective. Images were prepared and assembled in Inkscape ver-
sion 0.48.2. Images were not modified other than to level illumination. Only DAPI signals were
enhanced, to show the anatomy of the olfactory epithelium. In any case, data were not altered
because of the above adjustments.

Cell counting

To determine cell density, the number of nuclei in a 150 x 150 um? area of the olfactory epithe-
lium was counted with image] 1.48v software. As nuclei of the olfactory epithelium have vari-
ous shapes, we counted the cells manually using the cell counter tool of image] 1.48v. Eight
coronal sections of 16 um thickness were collected from each animal. For E14.5 every fourth
section was collected, while for E16.5, E18.5 and P4 every seventh section was collected. Ap-
proximately 40-47 areas were selected from the septum and turbinates in each animal to count
the cells. Areas were chosen randomly at different epithelial thicknesses. In each group at least
three animals were used.

Number of cells are reported as average £ SEM. Statistical significance was determined
using paired or unpaired Student’s t-tests and p values <0.05 were considered significant.

Results

Fig 1A shows a schematic diagram of a nose coronal section illustrating the localization of the
olfactory epithelium, respiratory epithelium, and various types of glands. The olfactory epithe-
lium is mainly composed of olfactory sensory neurons, supporting cells, and basal cells, as
schematized in Fig 1B.

In agreement with our previous observations [18], TMEM16A is expressed at E12.5 at the
entire apical surface of the olfactory epithelium (Fig 1C), whereas at P4 it is expressed only in a
region of the olfactory epithelium near the transition zone with the respiratory epithelium [Fig
1(D, D1, D2)]. Moreover, Gritli-Linde et al [28] showed a dynamic expression of Tmem16a
during embryonic development, with the highest expression at E12.5, which greatly decreased
after E18.5. TMEMI16A has been shown to be involved in various physiological processes, in-
cluding cell proliferation and development. In the developing olfactory epithelium, mitotic
cells are abundant at the apical surface at E12.5 [29,30], and the majority of mitoses occur in
the apical layer up to about E14, whereas later proliferative activity is transferred to the basal
layer [31,32]. Based on these observations, we investigated the hypothesis that TMEM16A may
play a role in cell proliferation and development of the mouse olfactory epithelium by compar-
ing results obtained with TMEM16A”" and TMEM16A™'" littermates.

Expression of AClIl and OMP in TMEM16A”" and TMEM16A** mice

In a first set of experiments, we investigated the expression of TMEM16A and ACIII, a well-
known ciliary marker protein in olfactory sensory neurons [33-35]. In the olfactory epithelium
of TMEM16A ™" mice, TMEM16A immunoreactivity was absent, thus confirming the loss of
TMEM16A and the specificity of the antibody for this protein, while ACIII was expressed at
the apical surface of the olfactory epithelium (Fig 2).
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Fig 1. Schematic representations and confocal images of nose coronal sections. A: Schematic diagram of a nose coronal section showing the olfactory
epithelium, respiratory epithelium, Bowman’s glands, nasal septal glands, and lateral nasal glands. B: The pseudostratified olfactory epithelium is mainly
composed of supporting cells, olfactory sensory neurons and basal cells. Supporting cells have columnar cell bodies, microvilli at the apical side, and reside
in the most apical region of the epithelium. Mature and immature olfactory sensory neurons are bipolar neurons with a single dendritic process projecting
toward the apical surface of the epithelium. In mature olfactory sensory neurons, several cilia protrude from the dendritic knob. Two types of basal cells reside
near the basal lamina: horizontal basal cells (HBCs) that are attached to the basal lamina, and globose basal cells (GBCs) that are located above the HBC
layer. C-D: confocal images of coronal sections of the olfactory epithelium at E12.5 and P4. C: At E12.5, TMEM16A was expressed at the surface of the
entire olfactory epithelium. D: At P4, TMEM16A immunoreactivity was present only in the olfactory regions toward the respiratory epithelium. Arrows in (D)
indicate the transition between olfactory and respiratory epithelium. The apical surface of the olfactory epithelium was well stained by adenylyl cyclase IlI
(ACIII). Higher magnification images taken from the boxed areas are shown in D1 and D2. Cell nuclei were stained by DAPI. Scale bars: C = 50 ym;

D =100 ym; D1-D2 =20 pm.

doi:10.1371/journal.pone.0129171.9001

In TMEMI16A** mice, Fig 1C and 1D and Fig 2 confirm our previous results [18], showing
that TMEM16A was expressed at E12.5 at the apical surface of the entire olfactory epithelium
(Fig 1C), whereas from E16.5 to postnatal age it was expressed only in a region of the olfactory
epithelium near the transition zone with the respiratory epithelium (Fig 1D and Fig 2). Fig 2B
shows that at E14.5 both ACIII and TMEM16A were expressed at the apical surface of the ol-
factory epithelium, with ACIII present in small clusters and TMEM16A expressed in a layer
just below the ACIII clusters (Fig 2B). At subsequent days of development ACIII
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TMEM16A™- TMEM16A**

ACII|

ACIII

Fig 2. Expression of TMEM16A and ACIIl in the olfactory epithelium of TMEM16A” and TMEM16A**
littermate mice. Confocal images of coronal sections of the olfactory epithelium from a region near the
transition zone with the respiratory epithelium at E14.5, E16.5, E18.5 and P4. A, C, E, G: No
immunoreactivity to TMEM16A was detectable in TMEM16A” mice (goat anti-TMEM16A). B, D, F, H:
TMEM16A expression in TMEM16A** mice was below adenylyl cyclase Il (ACIII) expression and did not
overlap with ACIIl. TMEM16A immunostaining is discontinuous because of interruption by dendritic knobs of
olfactory sensory neurons. Expression of ACIII was similar in both types of mice. Images are averages of z-
stacks of ~1.0 um thickness. Cell nuclei were stained by DAPI. Scale bars =5 pm.

doi:10.1371/journal.pone.0129171.g002

immunoreactivity increased and at P4 the two antibodies stained distinct layers at the apical
surface without any overlap (Fig 2H).

The expression of ACIII in TMEM16A”" and TMEM16A™'" littermates between E14.5 and
P4 appears to be largely similar (Fig 2A-2H). As ACIII is expressed in the cilia of olfactory sen-
sory neurons, genetic ablation of TMEMI16A does not seem to cause any large change in the
development of the ciliary layer in the olfactory epithelium.

To further evaluate whether TMEM16A has an influence on the maturation of olfactory
sensory neurons during development, we used the olfactory marker protein (OMP) as the typi-
cal marker for mature olfactory sensory neurons [36]. A small number of OMP immunoposi-
tive neurons were present at E14.5 both in TMEM16A”" and TMEM16A** embryos (Fig 3A
and 3B). With development, the density of mature neurons increased and firmly packed OMP
positive neurons were present at postnatal stage in both types of mice (Fig 3A-3H).
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TMEM16A™- TMEM16AH*

Fig 3. Olfactory sensory neurons in the developing olfactory epithelium of TMEM16A™ and
TMEM16A** mice. Mature olfactory sensory neurons express the olfactory marker protein (OMP). Confocal
images of coronal sections of the olfactory epithelium at E14.5, E16.5, E18.5 and P4 from TMEM1 6A7 (A, C,
E, G)or TMEM16A** (B, D, F, H) mice. In both mice, at E14.5 a limited number of mature neurons was
present (A, B), but the number progressively increased from E16.5 to P4 (C-H). ACIII signals were seenin
the cilia protruding from the dendritic knob of mature olfactory sensory neurons (A-H). Mature neurons
expressing OMP and cilia marked by ACIII were similarin TMEM16A™ and TMEM16A*'* littermates. Images
are averages of z-stacks of ~1.5 ym thickness. Cell nuclei were stained by DAPI. Scale bars =5 pm.

doi:10.1371/journal.pone.0129171.g003

These results indicate that genetic ablation of TMEM16A does not seem to affect the matu-
ration of neurons and cilia in the olfactory epithelium (Figs 2 and 3).

Supporting cells in TMEM16A” and TMEM16A** mice

We have previously reported that TMEM16A is localized at the apical part of supporting cells
and in their microvilli [18]. Here, we investigated whether TMEM16A has an influence on the
development of supporting cells. We used cytokeratin 8, ezrin and sox2 as markers for support-
ing cells. Fig 4A shows that cytokeratin 8, a cytoskeleton protein, stained cells with the typical
morphology of supporting cells, characterized by large cell bodies with the shape of an inverted
flask located in the apical region of the epithelium and processes reaching the basal part of the
epithelium, although microvilli at the apical surface were not marked by cytokeratin 8. Further-
more, we performed a double-labeling experiment using OMP (Fig 4B) and found that cytoker-
atin 8 and OMP immunoreactivity did not overlap (Fig 4A-4C), indicating that cytokeratin 8

PLOS ONE | DOI:10.1371/journal.pone.0129171  June 11,2015 8/20



ol e
@ ) PLOS | ONE TMEM16A and Olfactory Epithelium Development

Fig 4. Markers for supporting cells. A-C: Cytokeratin 8 marked cells with the typical morphology of
supporting cells. Double staining of cytokeratin 8 with OMP showed no co-localization. D: Microvilli of
supporting cells stained by ezrin were not stained by cytokeratin 8. E: Double staining of cytokeratin 8 with
sox2 shows that sox2 is a nuclear marker for supporting cells whose nuclei are located in the apical region of
the epithelium. Sox2 also stains nuclei of basal cells. Coronal sections of the olfactory epithelium of wild type
mice at P60 (A-C), or P4 (D, E). Images are averages of z-stacks of ~1.5 uym thickness. Cell nuclei were
stained by DAPI. Scale bars: A-C, D=5 pm; E=10 uym.

doi:10.1371/journal.pone.0129171.9004

does not label olfactory neurons and is a good marker for supporting cells. Fig 4D further con-
firms that cytokeratin 8 immunoreactivity was absent in microvilli, as illustrated by the absence
of overlap with ezrin immunoreactivity. Fig 4E shows that sox2 is a good marker for the nuclei
of supporting cells, although it also stains nuclei of basal cells located near the basal lamina of
the olfactory epithelium, in agreement with previous reports [37-39].

To examine the anatomical organization of supporting cells in TMEM16A ™ and
TMEM16A*"* littermates, we first stained the olfactory epithelium with cytokeratin 8. Fig 5A-
5D shows large similarities in the organization of supporting cells. Furthermore, a comparison
among microvilli of supporting cells marked by ezrin (Fig 5E-5H) also shows a similarity in
TMEM16A”" and TMEM16A*'* littermates. Moreover, Fig 5F and 5H confirms our previous
observation that TMEMI16A was mainly localized to the proximal part of microvilli of support-
ing cells and to the apical part of supporting cells [18].

PLOS ONE | DOI:10.1371/journal.pone.0129171  June 11,2015 9/20
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TMEM16A™- TMEM16A**

Fig 5. Expression of TMEM16A, cytokeratin 8 and ezrin in the olfactory epithelium of TMEM16A™ and
TMEM16A** littermate mice. Confocal images of coronal sections of the olfactory epithelium from a region
near the transition zone with the respiratory epithelium at E16.5 and P4 from TMEM16A™ (A, C, E, G) or
TMEM16A*"* (B, D, F, H). No immunoreactivity to TMEM16A was detectable in TMEM16A ™ mice. A-D:
Supporting cells marked by cytokeratin 8 were similar in both types of mice. In TMEM16A** mice, TMEM16A
(goat anti-TMEM16A) and cytokeratin 8 immunoreactivity did not overlap (B, D), whereas TMEM16A
expression (rabbit anti-TMEM16A) partially overlapped with ezrin immunopositive signals (F, H). Supporting
cells marked by cytokeratin 8 and microvilli marked by ezrin were similar in both types of mice. Images are
averages of z-stacks of ~1.5 pm thickness. Cell nuclei were stained by DAPI. Scale bars =5 pm.

doi:10.1371/journal.pone.0129171.g005
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To obtain a quantitative comparison among various cell types in the olfactory epithelium we
counted supporting cells, neuronal cells, and basal cells in TMEM16A”" and TMEM16A*'*
mice. Moreover, since from E16.5 to postnatal age TMEMI16A expression in the olfactory epi-
thelium of TMEM16A™* mice is restricted to a region near the transition zone with the respi-
ratory epithelium, we evaluated whether cell numbers change in different regions by
comparing cell count analysis obtained in regions with and without TMEMI16A expression.
Corresponding regions were selected for cell counting in TMEM16A™ mice.

It is well known that sox2 stains both nuclei of supporting and basal cells and that these
cells can be distinguished on the basis of their shape and position in the olfactory epithelium
[37-39], as schematically shown in Fig 1B. To count supporting cells we considered oval-
shaped nuclei stained by sox2 at the apical part of the olfactory epithelium (Fig 4E).

The average number of supporting cells at E14.5 was 45 + 2 in TMEM16A*"* mice, not sig-
nificantly different from the value of 48 + 2 in TMEM16A ™" mice (p-value > 0.05, Fig 6A). It
may be of interest to note that the average number of supporting cells decreased as the age in-
creased, reaching the value of 32 + 2 at E18.5 for both TMEM16A™* and TMEM16A™" mice
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Fig 6. Cell densities in the olfactory epithelium of TMEM1 6A™" and TMEM16A*/* littermate mice. Comparison among the average number of supporting
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doi:10.1371/journal.pone.0129171.9006

PLOS ONE | DOI:10.1371/journal.pone.0129171 June 11,2015 11/20



@’PLOS | ONE

TMEM16A and Olfactory Epithelium Development

(p-value < 0.05, Fig 6A). At every age, the average number of supporting cells was not signifi-
cantly different between TMEM16A** and TMEM16A™ mice (Fig 6A). For ages between
E16.5 and P4, we also compared the average number of supporting cells in regions of the olfac-
tory epithelium near and far from the transition zone with the respiratory epithelium and did
not find a significant difference, as shown in Fig 6B.

To obtain a quantitative estimate of olfactory sensory neurons (both mature and immature),
we counted nuclei that were not stained by sox2 and were located in the middle layer, between
the basal and the apical region of the olfactory epithelium. The average number of olfactory
sensory neurons at E14.5 was 185 + 8 in TMEM16A"'* mice, not significantly different from
the value of 170 + 14 in TMEM16A ™" mice (Fig 6C). At every age, the average number of neu-
rons was not significantly different between TMEM16A™* and TMEM16A ™" mice (Fig 6C). As
observed for supporting cells for ages between E16.5 and P4, also the average number of olfac-
tory sensory neurons in regions of the olfactory epithelium near and far from the transition
zone with the respiratory epithelium was not significant different, as shown in Fig 6D.

Furthermore, we estimated the number of horizontal and globose basal cells at P4. Horizon-
tal basal cells lie near the basal lamina, while globose basal cells are located above the layer of
horizontal basal cells (Fig 1B). We used cytokeratin 5 to identify horizontal basal cells [40-41],
and Ki67 to stain globose basal cells (Fig 7A-7F). Ki67 is a marker of proliferating cells in all
phases of the proliferating cycle, except for GO, that is often used as a marker for globose basal
cells [42-45].

At P4, the average number of horizontal basal cells was 7 + 1 in TMEM16A*"* mice, not sig-
nificantly different from the value of 8 + 1 in TMEM16A ™" mice (Fig 7G). The average number
of globose basal cells was 15 + 1 in TMEM16A™* mice, not significantly different from the
value of 15 + 2 in TMEM16A ™" mice (Fig 7G). Furthermore, we also compared the average
numbers in regions near and far from the transition zone with the respiratory epithelium and
did not find a significant difference, as shown in Fig 7H.

In addition, in agreement with previous studies, we found that very few horizontal basal
cells are immunopositive for proliferating markers in the normal olfactory epithelium [40]. In-
deed, out of 2787 cells stained by cytokeratin 5 in TMEM16A™* and TMEM16A ™" mice we
found only 16 cells (0.006%) co-stained by Ki67.

Taken together, these results indicate that genetic ablation of TMEM16A does not signifi-
cantly affect the average number of olfactory sensory neurons and supporting cells during
mouse embryonic development and at postnatal age. Moreover, the average number of hori-
zontal basal cells and globose basal cells at P4 also remained similar in the presence and in the
absence of TMEM16A.

Bowman and nasal glands in TMEM16A” and TMEM16A** mice

We investigated the expression of TMEM16A in Bowman’s glands, nasal septal glands, and lat-
eral nasal glands, whose localization is schematically represented in Fig 1A, and used aquaporin
5 as a marker for these glands [46].

Fig 8A and 8D shows that aquaporin 5 stained the internal wall of the duct of a Bowman’s
gland as well as microvilli of supporting cells. Previous reports showed expression of
TMEM16A in the duct of Bowman’s glands and in the luminal surface of nasal septal glands
and lateral nasal glands [16]. However, in TMEM16A** mice, we did not find expression of
TMEM16A in Bowman’s glands, whereas the luminal surface of nasal septal glands and lateral
nasal glands expressed both TMEM16A and aquaporin 5 (Fig 8B and 8C). A comparison with
results from TMEM16A ™" mice shows that immunostaining of aquaporin 5 remains un-
changed, whereas TMEM16A immunoreactivity was absent (Fig 8D-8F). The morphology of
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Fig 8. Expression of TMEM16A in various nasal glands of TMEM16A”- and TMEM16A*"* littermate
mice. Expression of TMEM16A and aquaporin 5 in the Bowman’s gland (BG), nasal septal gland (NSG) and
lateral nasal gland (LNG) of TMEM16A” and TMEM16A** littermate mice. A, D: aquaporin 5
immunopositive signals were seen in Bowman’s glands in P4 mice. Aquaporin 5 expression in glands and
ducts is clearly visible. TMEM16A immunoreactivity (goat anti-TMEM16A) was not present in Bowman’s
glands of TMEMA1 6A™ nor of TMEM16A** littermate mice (A, D). However, aquaporin 5 and TMEM16A were
co-expressed in nasal septal glands (B) and lateral nasal glands (C) of TMEM16A*"* mice. No
immunoreactivity to TMEM16A was detectable in TMEM16A” mice (E, F). Glands marked by aquaporin 5
were similar in both types of mice. Images are averages of z-stacks of thickness of ~2.0 um for A, D, or ~1 ym
for B, C, E, F. Cell nuclei were stained by DAPI. Scale bars = 10 ym.

doi:10.1371/journal.pone.0129171.9008

Bowman’s gland, nasal septal glands and lateral nasal glands remained the same in both types
of mice.

Thus, the absence of TMEM16A does not seem to influence the development of Bowman’s
glands, nasal septal glands and lateral nasal glands.
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Discussion

In this study, we have obtained for the first time immunohistochemistry data comparing mor-
phological and anatomical properties of the olfactory epithelium and of Bowman’s and nasal
glands during mouse embryonic development and at postnatal ages in TMEM16A*'* and
TMEM16A™ mice.

Olfactory sensory neurons and supporting cells

As TMEM16A™" mice die before reaching P30 and 90% of them die before P9, we restricted
our study up to the age of P4. In the first part of this study, we showed that the development
and the morphology of olfactory sensory neurons were similar between TMEM16A*"* and
TMEM16A ™" mice. Interestingly, an in vitro study suggested that TMEM16A is involved in the
early phase of ciliogenesis [47]. In the olfactory epithelium, we did not find expression of
TMEM16A in the cilia of olfactory sensory neurons [18]. Furthermore, the similar morphology
of cilia and knobs in TMEM16A** and TMEM16A ™" mice indicates that TMEM16A does not
mediate ciliogenesis in olfactory sensory neurons.

To investigate whether TMEM16A has an influence on the development of supporting cells
we first used cytokeratin 8 as a marker for supporting cells. Cytokeratin 8 or keratin 8 is a sub-
type of keratin intermediate filaments. It is type II (basic) keratin and is found associated with
type I (acidic) cytokeratin 18 and cytokeratin 19 in various epithelial cells [48-50]. We found
that cytokeratin 8 is a selective marker for supporting cells of the olfactory epithelium, indeed
cytokeratin 8 immunostaining revealed cells with the typical morphology of supporting cells
and, in addition, did not overlap with the immunopositive signals of OMP that stains mature
olfactory sensory neurons. As cytokeratin 8 stains the cytoskeleton, its use allows the investiga-
tion of changes in supporting cell cytoskeleton during development. Both cytokeratin 8 and
cytokeratin 18 are the abundant intermediate filament subtypes during mouse embryonic de-
velopment [51]. Using cytokeratin 8 as a marker for supporting cell cytoskeleton, we found
that at E14.5 the cytoskeleton was loosely organized and individual filaments of the cytoskele-
ton could be observed (data not shown). In postnatal mice, cytokeratin 8 immunopositive cyto-
skeletons became densely packed and supporting cells’ nuclei aligned in the top layer of the
olfactory epithelium. In TMEM16A*"* mice, TMEM16A expression was observed just above
the cytokeratin 8 immunopositive signals, but we did not found any overlap in their expression
(Fig 5). TMEM16A”" mice were devoid of TMEM16A expression, but cytokeratin 8 expression
pattern remained very similar to that observed in TMEM16A™'" littermate mice, indicating
that organization and morphology of supporting cells were not largely affected by the absence
of TMEM16A.

TMEM16A has been shown to interact with ezrin in salivary gland epithelial cells [52]. We
confirmed our previous observation that TMEM16A was expressed in the apical part of sup-
porting cells and in their apical microvilli marked by ezrin [18]. Double staining of TMEM16A
with ezrin showed that at E16.5 TMEM16A and ezrin immunoreactivity largely overlapped,
whereas at later ages TMEM16A was only expressed in the proximal part of microvilli. A very
similar pattern of expression was observed in TMEM16A™”" mice. A comparison between ezrin
expression in microvilli in TMEM16A*"* and TMEM16A ™" littermate mice indicates that mi-
crovilli development did not seem to be largely altered by the absence of TMEMI16A.

It is of interest to note that TMEMI16A, ezrin and cytokeratin 8 expressed in supporting
cells, but cytokeratin 8 immunoreactivity did not even partially overlap with TMEM16A or
ezrin immunoreactivity (Fig 4D, and Fig 5A-5D). An explanation for the absence of overlap
between cytokeratin 8 and TMEM16A may arise from the ultrastructural study of the mor-
phology of supporting cells by Frisch [53]. Indeed, Frisch [53] reported that, at the apical part
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of supporting cells, the cytoplasm seems to be strongly gelated and devoid of cellular organelles.
Indeed, we observed a space between ezrin and cytokeratin 8 immunoreactivity (Fig 4D),
which resembles the apical organelle free area described by Frisch [53]. TMEM16A was ex-
pressed in the free apical region of supporting cells and in the proximal part of microvilli (Fig
5). A similar free space without cellular organelles just below microvilli has also been reported
in intestinal brush border cells [54].

TMEM16A plays a role in cell proliferation in several systems. For example, proliferation of
interstitial cells of Cajal in TMEM16A ™" mice has been shown to be severely affected by the ab-
sence of TMEM16A [23]. In addition, TMEMI16A is widely known for its role in carcinogenic
tumor proliferation [19-22,55,56]. Several studies from cancerous cell lines showed that cell
proliferation was severely affected by reducing TMEMI16A expression with siRNA or inhibiting
its activity by using TMEM16A blockers [23,57,58], although other studies showed that
TMEMI16A overexpression did not affect proliferation [55,58-60].

In the olfactory epithelium, Gritli-Linde et al [28] showed that Trmem16a expression was
high at E12.5, but greatly decreased after E18.5. We observed TMEM16A expression in sup-
porting cells all over the olfactory epithelium during early stages of development (E12.5 and
E14.5), whereas from E16.5 onward TMEM16A expression became restricted toward the tran-
sition zone between the olfactory and the respiratory epithelium [18]. In the early stages of de-
velopment dividing cells are abundant in the apical part of the olfactory epithelium [31,32] and
TMEMI6A may play a role in cell division. Based on these observations, we counted the num-
ber of supporting cells and of olfactory sensory neurons and found that at E14.5 the average
number of supporting cells was significantly higher than average values at later stages of devel-
opment. However, similar values were estimated in TMEM16A** and TMEM16A ™ littermate
mice, indicating that TMEM16A did not play a role in this process.

The average number of olfactory sensory neurons was not significantly different from E14.5
to P4 and between TMEM16A™" and TMEM16A ™" mice. In addition, the average number of
globose basal cells and of horizontal basal cells at P4 remained similar in the two types of mice
indicating that TMEM16A expression does not affect proliferation in the olfactory epithelium.

Bowman’s and nasal glands

TMEM16A is expressed in various secretory epithelia and glands and regulates anion secretion
[25-27,61-62]. The nasal cavity contains several types of secretory glands, such as Bowman’s
glands, nasal septal glands and lateral nasal glands. The olfactory epithelium is directly exposed
to changes in environment and prone to getting in contact with hazardous chemicals and sti-
muli. The apical part of the olfactory epithelium is always covered with mucus, which continu-
ously eliminates the unwanted molecules from the surface. Mucus is primarily secreted by
Bowman’s gland and supporting cells are involved in mucus secretion and ionic composition
maintenance [53,63].

Aquaporin 5, a water channel, is expressed in Bowman’s gland and supporting cells’ micro-
villi [46,64]. We observed aquaporin 5 expression in the duct cells and secretory acinar cells of
Bowman’s gland both in TMEMI16A*"* and TMEM16A ™" littermate mice (Fig 8). We could
distinguish only a limited number of completely formed Bowman’s glands at E16.5 (data not
shown), while at E18.5 and in postnatal mice, numerous Bowman’s glands were present. We
did not find TMEM16A expression in Bowman’s glands between E16.5 and P4. However, one
study showed expression of TMEM16A in Bowman’s glands in adult mice and rats [16]. As the
majority of TMEM16A™" mice die by P9, our study was limited to P4, and we cannot exclude
the possibility that TMEMI16A is expressed in Bowman’s glands in adult mice. We found that
at P4 nasal septal glands and lateral nasal glands showed a strong TMEM16A immunopositive
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signal. In both types of glands TMEM16A was expressed in the apical region of secretory acinar
cells and in the luminal surface of the glands, where it coexpressed with aquaporin 5 (Fig 8).

In TMEM16A”" mice, aquaporin 5 immunopositive signals were similar to those observed
in TMEM16A*"* mice showing that the morphology of Bowman’s glands, nasal septal glands
and lateral nasal glands was not largely modified by the absence of TMEM16A.

Conclusions

In conclusion, our data provide the first immunohistochemistry study comparing the develop-
ment of the olfactory epithelium in TMEM16A** and TMEM16A ™" littermate mice during
embryonic development. We did not find any significant difference in the olfactory epithelium
up to P4 between the two types of mice, indicating that TMEM16A does not seem to be in-
volved in proliferation and development of the olfactory epithelium. As TMEM16A”" mice die
soon after birth, preventing functional and behavioral studies in adult mice, the development
and use of conditional knockout mice for TMEM16A will allow planning of additional experi-
ments to improve our present knowledge of the function of TMEM16A in the olfactory system.

Acknowledgments

We thank Prof. Staffan Bohm (Department of Molecular Biology, Umea University, Sweden)
for his kind generosity allowing DKM to perform experiments on basal cells in his laboratory.
We thank Prof. Sidney Simon (Duke University, Durham, USA) and all members of the labora-
tory at SISSA for constructive discussions. We would also like to acknowledge the help of Elet-
tra Grdina, Angela Morriello and Angel Pascual Camerota for their support in mice breeding
at the SISSA animal house facility.

Author Contributions

Conceived and designed the experiments: DKM, AM. Performed the experiments: DKM, TH.
Analyzed the data: DKM, TH, AM. Contributed reagents/materials/analysis tools: MM, NP,
LJVG, JRR, BDH. Wrote the paper: DKM, LJVG, JRR, BDH, AM.

References

1. Tsutsumi S, Kamata N, Vokes TJ, Maruoka Y, Nakakuki K, Enomoto S, et al. The novel gene encoding
a putative transmembrane protein is mutated in gnathodiaphyseal dysplasia (GDD). Am J Hum Genet.
2004; 74 (6):1255—1261. doi: 10.1086/421527 PMID: 15124103

2. Galindo BE, Vacquier VD. Phylogeny of the TMEM16 protein family: some members are overex-
pressed in cancer. Int J Mol Med. 2005; 16 (5):919-924. doi: 10.3892/ijmm.16.5.919 PMID: 16211264

3. Caputo A, CaciE, Ferrera L, Pedemonte N, Barsanti C, Sondo E, et al. TMEM16A, a membrane protein
associated with calcium-dependent chloride channel activity. Science. 2008; 322 (5901):590-594. doi:
10.1126/science.1163518 PMID: 18772398

4. Schroeder BC, Cheng T, Jan YN, Jan LY. Expression cloning of TMEM16A as a calcium-activated
chloride channel subunit. Cell. 2008; 134 (6):1019-1029. doi: 10.1016/j.cell.2008.09.003 PMID:
18805094

5. Yang YD, ChoH, Koo JY, Tak MH, Cho Y, Shim WS, et al. TMEM16A confers receptor-activated calci-
um-dependent chloride conductance. Nature. 2008; 455 (7217):1210-1215. doi: 10.1038/nature07313
PMID: 18724360

6. HuangF, Wong X, Jan LY. International Union of Basic and Clinical Pharmacology. LXXXV: calcium-
activated chloride channels. Pharmacol Rev. 2012; 64 (1):1-15. doi: 10.1124/pr.111.005009 PMID:
22090471

7. Pedemonte N, Galietta LJV. Structure and function of TMEM16 proteins (anoctamins). Physiol Rev.
2014; 94 (2):419-459. doi: 10.1152/physrev.00039.2011 PMID: 24692353

8. JangY, Oh U. Anoctamin 1 in secretory epithelia. Cell Calcium. 2014; 55 (6):355-361. doi: 10.1016/j.
ceca.2014.02.006 PMID: 24636668

PLOS ONE | DOI:10.1371/journal.pone.0129171  June 11,2015 17/20



@' PLOS | ONE

TMEM16A and Olfactory Epithelium Development

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Jeon JH, Park JW, Lee JW, Jeong SW, Yeo SW, Kim IB. Expression and immunohistochemical locali-
zation of TMEM16A/anoctamin 1, a calcium-activated chloride channel in the mouse cochlea. Cell Tis-
sue Res. 2011; 345 (2):223-230. doi: 10.1007/s00441-011-1206-6 PMID: 21779783

YiE, Lee J, Lee CJ. Developmental Role of Anoctamin-1/TMEM16A in Ca(2+)-Dependent Volume
Change in Supporting Cells of the Mouse Cochlea. Exp Neurobiol. 2013; 22 (4):322-329. doi: 10.
5607/en.2013.22.4.322 PMID: 24465148

Billig GM, Pal B, Fidzinski P, Jentsch TJ. Ca2+-activated Cl- currents are dispensable for olfaction. Nat
Neurosci. 2011; 14 (6):763—769. doi: 10.1038/nn.2821 PMID: 21516098

Mercer AJ, Rabl K, Riccardi GE, Brecha NC, Stella SL Jr, Thoreson WB. Location of release sites and
calcium-activated chloride channels relative to calcium channels at the photoreceptor ribbon synapse.
J Neurophysiol. 2011; 105 (1):321-335. doi: 10.1152/jn.00332.2010 PMID: 21084687

Jeon JH, Paik SS, Chun MH, Oh U, Kim IB. Presynaptic Localization and Possible Function of Calcium-
Activated Chloride Channel Anoctamin 1 in the Mammalian Retina. PLoS ONE. 2013; 8 (6):€67989.
doi: 10.1371/journal.pone.006798 PMID: 23840801

Liu B, Linley JE, Du X, Zhang X, Ooi L, Zhang H, et al. The acute nociceptive signals induced by brady-
kinin in rat sensory neurons are mediated by inhibition of M-type K+ channels and activation of Ca2
+-activated Cl- channels. J Clin Invest. 2010; 120 (4):1240-1252. doi: 10.1172/JC141084 PMID:
20335661

ChoH, Yang YD, Lee J, Lee B, Kim T, Jang Y, et al. The calcium-activated chloride channel anoctamin
1 acts as a heat sensor in nociceptive neurons. Nat Neurosci. 2012; 15 (7):1015-1021. doi: 10.1038/
nn.3111 PMID: 22634729

Dauner K, Lissmann J, Jeridi S, Frings S, Méhrlen F. Expression patterns of anoctamin 1 and anocta-
min 2 chloride channels in the mammalian nose. Cell Tissue Res. 2012; 347 (2):327-341. doi: 10.
1007/s00441-012-1324-9 PMID: 22314846

Dibattista M, Amjad A, Maurya DK, Sagheddu C, Montani G, Tirindelli R, et al. Calcium-activated chlo-
ride channels in the apical region of mouse vomeronasal sensory neurons. J Gen Physiol. 2012; 140
(1):3-15. doi: 10.1085/jgp.201210780 PMID: 22732308

Maurya DK, Menini A. Developmental expression of the calcium-activated chloride channels
TMEM16A and TMEM16B in the mouse olfactory epithelium. Dev Neurobiol. 2014; 74 (7):657—675.
doi: 10.1002/dneu.22159 PMID: 24318978

West RB, Corless CL, Chen X, Rubin BP, Subramanian S, Montgomery K, et al. The novel marker,
DOGH1, is expressed ubiquitously in gastrointestinal stromal tumors irrespective of KIT or PDGFRA mu-
tation status. Am J Pathol 2004; 165 (1):107—113. doi: 10.1016/S0002-9440(10)63279-8 PMID:
15215166

Espinosal, Lee C-H, Kim MK, Rouse BT, Subramanian S, Montgomery K, et al. A novel monoclonal an-
tibody against DOG1 is a sensitive and specific marker for gastrointestinal stromal tumors. Am J Surg
Pathol. 2008; 32 (2):210-218. doi: 10.1097/PAS.0b013e3181238cec PMID: 18223323

Huang X, Godfrey TE, Gooding WE, McCarty KS Jr, Gollin S. Comprehensive genome and transcrip-
tome analysis of the 11q13 amplicon in human oral cancer and synteny to the 7F5 amplicon in murine
oral carcinoma. Genes Chromosomes Cancer. 2006; 45 (11):1058—1069. doi: 10.1002/gcc.20371
PMID: 16906560

Kashyap MK, Marimuthu A, Kishore CJH, Peri S, Keerthikumar S, Prasad TS, et al. Genome wide
mRNA profiling of esophageal squamous cell carcinoma for identification of cancer biomarkers. Cancer
Biol Ther. 2009; 8 (1):36—46. doi: 10.4161/cbt.8.1.7090 PMID: 18981721

Stanich JE, Gibbons SJ, Eisenman ST, Bardsley MR, Rock JR, Harfe BD, et al. Ano1 as a regulator of
proliferation. Am J Physiol Gastrointest Liver Physiol. 2011; 301 (6):G1044—1051. doi: 10.1152/ajpgi.
00196.2011 PMID: 21940901

Rock JR, Futtner CR, Harfe BD.The transmembrane protein TMEM16A is required for normal develop-
ment of the murine trachea. Dev Biol. 2008; 321 (1):141-149. doi: 10.1016/j.ydbio.2008.06.009 PMID:
18585372

Rock JR, ONeal WK, Gabriel SE, Randell SH, Harfe BD, Boucher RC, et al. Transmembrane protein
16A (TMEM16A) is a Ca2+-regulated Cl- secretory channel in mouse airways. J Biol Chem. 2009; 284
(22):14875-14880. doi: 10.1074/jbc.C109.000869 PMID: 19363029

Ousingsawat J, Martins JR, Schreiber R, Rock JR, Harfe BD, Kunzelmann K. Loss of TMEM16A
causes a defect in epithelial Ca2+-dependent chloride transport. J Biol Chem. 2009; 284 (42):28698—
28703. doi: 10.1074/jbc.M109.012120 PMID: 19679661

Huang F, Rock JR, Harfe BD, Cheng T, Huang X, Jan YN, et al. Studies on expression and function of
the TMEM16A calcium-activated chloride channel. Proc Natl Acad Sci U S A. 2009; 106 (50):21413—
21418. doi: 10.1073/pnas.0911935106 PMID: 19965375

PLOS ONE | DOI:10.1371/journal.pone.0129171

June 11,2015 18/20



@' PLOS | ONE

TMEM16A and Olfactory Epithelium Development

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49,

Gritli-Linde A, Vaziri Sani F, Rock JR, Hallberg K, Iribarne D, Harfe BD, et al. Expression patterns of the
Tmem16 gene family during cephalic development in the mouse. Gene Expr Patterns. 2009; 9
(3):178—191. doi: 10.1016/j.gep.2008.11.002 PMID: 19059364

Cuschieri A, Bannister LH. The development of the olfactory mucosa in the mouse: light microscopy. J
Anat. 1975; 119 (Pt 2):277-286. PMID: 1133096.

Taniguchi K, Taniguchi K. Embryonic and postnatal differentiation of olfactory epithelium and vomero-
nasal organ in the Syrian hamster. J Vet Med Sci Jpn Soc Vet Sci. 2008; 70 (1):57-64. doi: 10.1292/
jvms.70.57 PMID: 18250573

Smart IH. Location and orientation of mitotic figures in the developing mouse olfactory epithelium. J
Anat. 1971; 109 (Pt 2):243-251. PMID: 5558232.

Farbman Al. Developmental biology of olfactory sensory neurons. Semin Cell Biol. 1994; 5 (1):3—10.
PMID: 8186394.

Wong ST, Trinh K, Hacker B, Chan GC, Lowe G, Gaggar A, et al. Disruption of the type Il adenylyl cy-
clase gene leads to peripheral and behavioral anosmia in transgenic mice. Neuron. 2000; 27 (3):487—
497. doi: 10.1016/S0896-6273(00)00060-X PMID: 11055432

Col JAD, Matsuo T, Storm DR, Rodriguez I. Adenylyl cyclase-dependent axonal targeting in the olfacto-
ry system. Development. 2007; 134 (13):2481-2489. doi: 10.1242/dev.006346 PMID: 17537788

Zou D-J, Chesler AT, Pichon CEL, Kuznetsov A, Pei X, Hwang EL, et al. Absence of Adenylyl Cyclase
3 Perturbs Peripheral Olfactory Projections in Mice. J Neurosci. 2007; 27 (25):6675-6683. doi: 10.
1523/JNEUROSCI.0699-07.2007 PMID: 17581954

Keller A, Margolis FL. Immunological studies of the rat olfactory marker protein. J Neurochem. 1975;
24 (6):1101-1106. PMID: 805214.

Guo Z, Packard A, Krolewski RC, Harris MT, Manglapus GL, Schwob JE. Expression of pax6 and sox2
in adult olfactory epithelium. J Comp Neurol. 2010; 518 (21):4395-4418. doi: 10.1002/cne.22463
PMID: 20852734

Gokoffski KK, Wu H-H, Beites CL, Kim J, Kim EJ, Matzuk MM, et al. Activin and GDF11 collaborate in
feedback control of neuroepithelial stem cell proliferation and fate. Development. 2011; 138
(19):4131-4142. doi: 10.1242/dev.065870 PMID: 21852401

Krolewski RC, Packard A, Jang W, Wildner H, Schwob JE. Ascl1 (Mash1) Knockout Perturbs Differenti-
ation of Nonneuronal Cells in Olfactory Epithelium. PLoS ONE. 2012; 7 (12):e51737. doi: 10.1371/
journal.pone.0051737 PMID: 23284756

Holbrook EH, Szumowski KE, Schwob JE. An immunochemical, ultrastructural, and developmental
characterization of the horizontal basal cells of rat olfactory epithelium. J Comp Neurol. 1995; 363
(1):129—46. doi: 10.1002/cne.903630111 PMID: 8682932

Leung CT, Coulombe PA, Reed RR. Contribution of olfactory neural stem cells to tissue maintenance
and regeneration. Nat Neurosci. 2007; 10 (6):720-726. doi: 10.1038/nn1882 PMID: 17468753

Ohta Y, Ichimura K. Proliferation markers, proliferating cell nuclear antigen, Ki67, 5-bromo-2'-deoxyuri-
dine, and cyclin D1 in mouse olfactory epithelium. Ann Otol Rhinol Laryngol. 2000; 109 (11):1046—1048.
PMID: 11089996.

Fletcher RB, Prasol MS, Estrada J, Baudhuin A, Vranizan K, Choi YG, et al. p63 regulates olfactory
stem cell self-renewal and differentiation. Neuron. 2011; 72 (5):748-759. doi: 10.1016/j.neuron.2011.
09.009 PMID: 22153372

Jang W, Chen X, Flis D, Harris M, Schwob JE. Label-retaining, quiescent globose basal cells are found
in the olfactory epithelium. J Comp Neurol. 2014; 522 (4):731-749. doi: 10.1002/cne.23470 PMID:
24122672

Chen M, Tian S, Yang X, Lane AP, Reed RR, Liu H. Wnt-responsive Lgr5+ globose basal cells function
as multipotent olfactory epithelium progenitor cells. J Neurosci. 2014; 34 (24):8268-8276. doi: 10.
1523/JNEUROSCI.0240-14.2014 PMID: 24920630

Solbu TT, Holen T. Aquaporin pathways and mucin secretion of Bowman'’s glands might protect the ol-
factory mucosa. Chem Senses. 2012; 37 (1):35—46. doi: 10.1093/chemse/bjr063 PMID: 21745799

Ruppersburg CC, Hartzell HC. The Ca2+-activated Cl- channel ANO1/TMEM16A regulates primary
ciliogenesis. Mol Biol Cell. 2014; 25 (11):1793-1807. doi: 10.1091/mbc.E13-10-0599 PMID: 24694595

Moll R, Franke WW, Schiller DL, Geiger B, Krepler R. The catalog of human cytokeratins: patterns of
expression in normal epithelia, tumors and cultured cells. Cell. 1982; 31 (1):11-24. doi: 10.1016/0092-
8674(82)90400-7 PMID: 6186379

Coulombe PA. The cellular and molecular biology of keratins: beginning a new era. Curr Opin Cell Biol.
1993; 5 (1):17-29. doi: 10.1016/S0955-0674(05)80004-3 PMID: 7680567

PLOS ONE | DOI:10.1371/journal.pone.0129171

June 11,2015 19/20



@' PLOS | ONE

TMEM16A and Olfactory Epithelium Development

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Casanovall, Bravo A, Were F, Ramirez A, Jorcano JJ, Vidal M. Tissue-specific and efficient expression
of the human simple epithelial keratin 8 gene in transgenic mice. J Cell Sci. 1995; 108 (Pt 2):811-820.
PMID: 7539440.

Franke WW, Grund C, Kuhn C, Jackson BW, llimensee K. Formation of cytoskeletal elements during
mouse embryogenesis. Ill. Primary mesenchymal cells and the first appearance of vimentin filaments.
Differentiation. 1982; 23 (1):43-59. doi: 10.1111/j.1432-0436.1982.tb01266.x PMID: 6759279

Perez-Cornejo P, Gokhale A, Duran C, Cui Y, Xiao Q, Hartzell HC, et al. Anoctamin 1 (Tmem16A) Ca2
+-activated chloride channel stoichiometrically interacts with an ezrin-radixin-moesin network. Proc
Natl Acad Sci U S A. 2012; 109 (26):10376—-10381. doi: 10.1073/pnas.1200174109 PMID: 22685202

Frisch D. Ultrastructure of mouse olfactory mucosa. Am J Anat. 1967; 121 (1):87-120. PMID:
6052394.

Drenckhahn D, Dermietzel R. Organization of the actin filament cytoskeleton in the intestinal brush bor-
der: a quantitative and qualitative immunoelectron microscope study. J Cell Biol. 1988; 107 (3):1037—
1048. doi: 10.1083/jcb.107.3.1037 PMID: 3417773

Wanitchakool P, Wolf L, Koehl GE, Sirianant L, Schreiber R, Kulkarni S, et al. Role of anoctamins in
cancer and apoptosis. Philos Trans R Soc Lond B Biol Sci. 2014; 369 (1638):20130096. doi: 10.1098/
rstb.2013.0096 PMID: 24493744

Qu Z,YaoW, Yao R, Liu X, Yu K, Hartzell C. The Ca(2+)-activated CI(-) channel, ANO1 (TMEM16A), is
a double-edged sword in cell proliferation and tumorigenesis. Cancer Med. 2014; 3 (3):453—-461. doi:
10.1002/cam4.232 PMID: 24639373

Mazzone A, Bernard CE, Strege PR, Beyder A, Galietta LJ, Pasricha PJ, et al. Altered expression of
Ano1 variants in human diabetic gastroparesis. J Biol Chem. 2011; 286 (15):13393-13403. doi: 10.
1074/jbc.M110.196089 PMID: 21349842

Britschgi A, Bill A, Brinkhaus H, Rothwell C, Clay I, Duss S, et al. Calcium-activated chloride channel
ANO1 promotes breast cancer progression by activating EGFR and CAMK signaling. Proc Natl Acad
SciUS A.2013; 110 (11):E1026-1034. doi: 10.1073/pnas.1217072110 PMID: 23431153

Ayoub C, Wasylyk C, Li Y, Thomas E, Marisa L, Robé A, et al. ANO1 amplification and expression in
HNSCC with a high propensity for future distant metastasis and its functions in HNSCC cell lines. Br J
Cancer. 2010; 103 (5):715-726. doi: 10.1038/s].bjc.6605823 PMID: 20664600

Ruiz C, Martins JR, Rudin F, Schneider S, Dietsche T, Fischer CA, et al. Enhanced expression of
ANO1 in head and neck squamous cell carcinoma causes cell migration and correlates with poor prog-
nosis. PloS ONE. 2012; 7 (8):e43265. doi: 10.1371/journal.pone.0043265 PMID: 22912841

Romanenko VG, Catalan MA, Brown DA, Putzier |, Hartzell HC, Marmorstein AD, et al. Tmem16A en-
codes the Ca2+-activated Cl- channel in mouse submandibular salivary gland acinar cells. J Biol
Chem. 2010; 285 (17):12990-13001. doi: 10.1074/jbc.M109.068544 PMID: 20177062

Duran C, Hartzell HC. Physiological roles and diseases of Tmem16/Anoctamin proteins: are they all
chloride channels? Acta Pharmacol Sin. 2011; 32:685-692. doi: 10.1038/aps.2011.48 PMID:
21642943

Getchell TV, Margolis FL, Getchell ML. Perireceptor and receptor events in vertebrate olfaction. Prog
Neurobiol. 1984; 23 (4):317-345. doi: 10.1016/0301-0082(84)90008-X PMID: 6398455

Ablimit A, Matsuzaki T, Tajika Y, Aoki T, Hagiwara H, Takata K. Immunolocalization of water channel
aquaporins in the nasal olfactory mucosa. Arch Histol Cytol. 2006; 69 (1):1-12. doi: 10.1679/aohc.69.1
PMID: 16609265

PLOS ONE | DOI:10.1371/journal.pone.0129171

June 11,2015 20/20



