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Background: The pathology of eosinophilic esophagitis (EoE) is
characterized by eosinophil-rich inflammation, basal zone
hyperplasia (BZH), and dilated intercellular spaces, and the
underlying processes that drive the pathologic manifestations of
the disease remain largely unexplored.

From the Divisions of "Allergy and Immunology, bPulmonary Medicine, “Human
Genetics, EPathology, and "Gastroenterology, Nutrition and Hepatology, Cincinnati
Children’s Hospital Medical Center; ‘the Mary H Weiser Food Allergy Center and
Department of Pathology and ‘the Departments of Biomedical Engineering, Internal
Medicine and Cell and Developmental Biology, University of Michigan, Ann Arbor;
dthe Department of Medicine, Columbia University Medical Center, New York; ithe
Mount Sinai Center for Eosinophilic Disorders, Jaffe Food Allergy Institute, Icahn
School of Medicine at Mount Sinai, New York; and JPharmGenetix Gmbh,
Niederalm-Anif.

This work was supported by National Institutes of Health grants DK090119, AI112626,
Al140133, and AI138177; Food Allergy Research & Education (FARE); the Crohn’s
Colitis Foundation of America; and the Mary H. Weiser Food Allergy Center (to
S.P.H).

Disclosure of potential conflict of interest: M. E. Rothenberg is a consultant for Immune
Pharmaceuticals, NKT Therapeutics, PulmOne, Celgene, Shire, AstraZeneca, and
Novartis; has an equity interest in the first 3 companies listed and royalties from
reslizumab (Teva Pharmaceuticals); is an inventor of several patents owned by
Cincinnati Children’s Hospital Medical Center and a set of these patents relates to
molecular diagnostics. M. Chehade received research funding from the National

Objective: We sought to investigate the involvement of the
calcium-activated chloride channel anoctamin 1 (ANO1) in
esophageal proliferation and the histopathologic features of EoE.
Methods: We examined mRNA and protein expression of ANO1
in esophageal biopsy samples from patients with EoE and in
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mice with EoE. We performed molecular and cellular analyses
and ion transport assays on an in vitro esophageal epithelial
3-dimensional model system (EPC2-ALI) and murine models of
EoE to define the relationship between expression and function
of ANO1 and esophageal epithelial proliferation in patients with
EoE.

Results: We observed increased ANO1 expression in esophageal
biopsy samples from patients with EoE and in mice with EoE.
ANO1 was expressed within the esophageal basal zone, and
expression correlated positively with disease severity
(eosinophils/high-power field) and BZH. Using an in vitro
esophageal epithelial 3-dimensional model system revealed that
ANO1 undergoes chromatin modification and rapid
upregulation of expression after IL-13 stimulation, that ANO1 is
the primary apical IL-13-induced Cl™ transport mechanism
within the esophageal epithelium, and that loss of
ANO1-dependent C1™ transport abrogated esophageal epithelial
proliferation. Mechanistically, ANO1-dependent regulation of
basal cell proliferation was associated with modulation of TP63
expression and phosphorylated cyclin-dependent kinase 2 levels.
Conclusions: These data identify a functional role for ANO1 in
esophageal cell proliferation and BZH in patients with EoE and
provide a rationale for pharmacologic intervention of ANO1
function in patients with EoE. (J Allergy Clin Immunol
2020;145:239-54.)

Key words: Eosinophilic esophagitis, esophageal epithelium, basal
cell hyperplasia, IL-13, chloride transport

Eosinophilic esophagitis (EoE) is a recently emerging chronic
inflammatory disease of the esophagus and is clinically
characterized by upper gastrointestinal symptoms, including
dysphagia and esophageal food impaction.' The histopathologic
manifestations involve intraepithelial infiltration of eosinophils
(>15 eosinophils/high-power field [hpf]) and modifications of
the esophageal epithelium, such as basal zone hyperplasia
(BZH) and dilated intercellular spaces (DISs), and can lead to a
narrow-caliber esophagus.”

Clinical evidence reveals that EoE is characterized by immune
sensitization to dietary food antigens and marked Ty2-associated
allergic inflammation in the esophageal mucosa that is largely
refractory to acid-suppressive therapy.*® Indeed, during active
disease, the histopathologic changes within the inflamed
esophageal mucosa include the dense accumulation of type 2
immune cells, including eosinophils and mast cells.”'® Dietary
modification (ie, complete or targeted food antigen avoidance)
and swallowed glucocorticoids alleviate much of the disease pa-
thology, suggesting that adaptive immune responses are the likely
driver of histopathologic manifestations of EoE.*''"'> Consistent
with this argument, the cytokine IL-13, which is generally pro-
duced by activated T2 effector cells and highly upregulated in
esophageal tissue of patients with EoE, is sufficient to alter
gene expression in esophageal epithelial cells in vitro and
in vivo. The IL-13-induced esophageal epithelial transcriptome
changes significantly overlap with the transcriptional changes
observed in the esophagi of mice engineered to overexpress
IL-13, as well as esophageal biopsy samples of patients with
EoE. 5616

With the recent advancement of whole-genome transcript
expression profiling, there has been substantial progress made
with regard to identifying the underlying molecular pathways
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involved in EoE.*''® These studies have revealed a link between
allergic cytokines, particularly IL-13, in esophageal epithelial
proliferation and dysregulation of esophageal epithelial barrier
function.”'” Indeed, IL-13 has been shown to dysregulate the
expression of a number of key epithelial barrier regulatory genes,
including desmosomal cadherin desmoglein 1," leucine-rich
repeat—containing protein 31,%° kallikrein serine proteases,”’
and calpain—14,2] which have been linked to EoE and shown to
alter esophageal epithelial barrier function. However, while there
has been significant advancement in our understanding of the im-
mune mechanisms that drive the allergic inflammatory response
in EoE, there is a paucity of data revealing the underlying path-
ways that regulate epithelial basal zone (BZ) expansion in pa-
tients with EoE.

Esophageal epithelial BZ expansion in patients with EoE is
defined as a basal cell layer exceeding 15% of total epithelial
thickness.”” BZH is a consequence of basal cell proliferation, and
the underlying pathways that regulate BZH in patients with EoE
are poorly understood. The functional implication of BZH in the
symptomatology of EoE is not yet fully delineated; however,
BZH is thought to contribute to esophageal barrier dysfunction
and chronic inflammation, which in turn could lead to an
associated functional phenotype associated with EoE.

In the last several years, there has been emerging interest in the
role of bioelectric circuits in the regulation of cellular
proliferation.”® These studies have revealed a role for bioelectric
regulation and activation of K™ currents by ATP-sensitive K™
channels and Ca®"-activated K channels, as well as C1~ currents
by Ca**-activated Cl~ channels and chloride intracellular
channels in cellular proliferation.23 Recently, we performed
RNA sequencing (RNA-seq) analyses on esophageal biopsy
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samples from pediatric patients with EoE and found increased
expression of key drivers of K™ and Cl~ currents in patients
with EoE, including anoctamin 1 (ANO1), which is also known
as transmembrane member 16A.'***

In this study we examined the involvement of ANOI in
esophageal epithelial proliferation and the contribution of this
anion exchanger to BZ proliferation in patients with EoE. We
demonstrated upregulation of ANOI1 in esophageal biopsy
samples from patients with EoE. ANOI1 expression levels
correlated with EoE severity (eosinophils/hpf) and BZH.
Mechanistic analyses revealed that IL-13 stimulation of
esophageal epithelial cells increased intracellular chloride
concentration ([Cl [;) levels and cellular proliferation and that
this was associated with transcriptional and functional
dysregulation of ANOI. Notably, induction of ANO1 was linked
to increased esophageal epithelial proliferation and BZ
hyperplasia, and both pharmacologic inhibition and gene silencing
of ANOI1 attenuated IL-13-induced esophageal epithelial
proliferation. These studies identify ANOL1 as a key regulator of
esophageal proliferation and BZH in EoE and identify
modification of ANOI activity as a possible therapeutic strategy
for attenuation of esophageal remodeling and EoE severity.

METHODS

Human subjects

Previously collected and archived paraffin-embedded and RNA samples
from patients with EoE and healthy control subjects were obtained from
multiple US institutions' ®>>*” from 2000-2015, and the diagnosis of EoE was
as per 2007 and 2011 consensus diagnostic guidelines.”**’ Healthy control
subjects were defined as patients having a variety of nonspecific upper
gastrointestinal complaints, including vomiting, loose stools, abdominal pain,
or nausea, who underwent endoscopy and biopsy and were demonstrated to
have no histologic evidence of esophageal disease and no history of EoE
diagnosis and had 0 esophageal eosinophils/hpf within proximal or distal
esophageal biopsy samples obtained during the same endoscopy procedure as
the analyzed samples. For EoE diagnosis, patients needed to have 15 or more
eosinophils in at least 1 hpf in proximal or distal esophageal biopsy samples,
with other causes of esophageal eosinophilia excluded and without a response
to acid suppression as per 2007 and 2011 consensus diagnostic guidelines.”*’
RNA-seq and validation quantitative RT-PCR analyses were performed on
the esophageal biopsy samples (healthy subjects, n = 7; patients with EoE,
10), as previously described (National Center for Biotechnology
Information Gene Expression Omnibus database under accession no.
GSE58640; cohort 1).'® Correlative analyses of eosinophils/hpf and ANOI
mRNA studies (Fig 1) were performed on a second independent cohort
(n = 166; healthy control subjects, n = 38; patients with EoE, n = 138), as
previously described (cohort 2).*° RNA-seq and histologic (eosinophils/hpf
and BZH quantification) studies (Fig 1, E and F) were performed on a third
independent cohort (patients with EoE, n = 46), as previously described
(cohort 3).”” This study was approved by the Cincinnati Children’s Hospital
Medical Center (CCHMC) Institutional Review Board.

n =

Air-liquid interface culture system

hTERT immortalized human esophageal keratinocytes (WTERT-EPC2)
were a kind gift from Dr Anil Rustgi (University of Pennsylvania,
Philadelphia, Pa).**' For the air-liquid interface (ALI) system, cells were
grown to confluence on 0.4-pm pore size permeable Transwells (Corning,
Corning, NY) in normal keratinocyte serum-free media (Life Technologies,
Carlsbad, Calif) containing 0.09 mmol/L [Ca”] followed by an additional 4
days in high-calcium keratinocyte serum-free media ([Ca®>"] = 1.8 mmol/L)
to induce tight junction formation. Media were removed from the inner cham-
ber of the permeable support to create an apical ALI to induce differentiation
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and epithelial stratification. Five days after ALI exposure, differentiated
esophageal epithelial cells were used for experiments. In some experiments
EPC2-ALI cells were exposed to omeprazole (100 pg/mL) for 2 hours, fol-
lowed by treatment with IL-13 (100 ng/mL) for 72 hours, and cell lysates
were collected for quantitative RT-PCR analyses, as described using the
primers described in Table El in this article’s Online Repository at
www.jacionline.org.

RNA-seq and bioinformatics analysis

RNA-seq of human esophageal biopsy sample results were obtained from a
previous analysis.'® For RNA-seq of EPC2-ALI cells, RNA was isolated from
cells with the RNeasy Kit (Qiagen, Germantown, Md), according to the
manufacturer’s protocol. RNA quality was assessed by using the Agilent
2100 Expert Bioanalyzer (Agilent Technologies, Santa Clara, Calif), and
only the samples with RNA integrity numbers of greater than 8 were processed
for sequencing. RNA samples were subjected to RNA-seq at the CCHMC
Gene Discovery and Genetic Variation Core, as previously described.’”
Sequencing reads were aligned against the GRCh37 genome model by using
TopHat2.04 with Bowtie 2.03,*** and the separated alignments were unified
with Cuffmerge®” by using the UCSC model as a reference. Raw data were
then uploaded on BioWardrobe (http://biowardrobe.com) and analyzed with
the Differential Sequencing (DeSeq) tool.”®

Biopsy sample preparation

Typically, 6 sections per distal esophageal biopsy sample were cut at a
thickness of 5 wm from formalin-fixed, paraffin-embedded biopsy samples and
stained with hematoxylin and eosin. The grade score for the epithelial BZ was
performed by Dr Margaret Collins, as previously described.”” Eosinophil counts
were expressed as eosinophils/hpf (400 X 0.3 mm?) and recorded as peak eosin-
ophil counts in distal biopsy samples. The BZ of esophageal squamous epithe-
lium is composed of closely packed small cells and normally occupies 15% or
less of total epithelial thickness. The upper limit of the BZ was defined as the
level at which basal epithelial cell nuclei were separated by a distance equal
to or greater than the diameter of the basal cell nucleus. The grade score for
BZH was based on the amount of total epithelial thickness occupied by the
BZ: 0, BZH not present; 1, BZ occupies greater than 15% but less than
33% of total epithelial thickness; 2, BZ occupies 33% to 66% of total epithelial
thickness; and 3, BZ occupies greater than 66% of total epithelial thickness. The
stage score for BZH was based on the amount of the biopsy sample that ex-
hibited any BZH: 0, BZH not present; 1, BZH (any grade >0) in less than
33% of epithelium; 2, BZH (any grade >0) in 33% to 66% of epithelium; and
3, BZH (any grade > 0) in greater than 66% of epithelium.

Quantitative PCR

RNA was extracted from EPC2-ALI cells by using the RNeasy kit
(Qiagen), according to the manufacturer’s protocol. Purified RNA (1 pg)
was DNase treated and reverse transcribed to cDNA by using Superscript 11
RNase H Reverse Transcriptase (Thermo Fisher Scientific, Rockford, III),
according to the manufacturer’s instructions. cDNA for ANO1 and
hypoxanthine phosphoribosyltransferase (HPRT) was quantified by using
real-time PCR with the IQ SYBR Green Supermix (Bio-Rad Laboratories,
Hercules, Calif) with the CFX96 Touch Real-Time PCR Detection System
(Bio-Rad Laboratories). Quantitative PCR (qQPCR) analyses were performed
by using Bio-Rad CFX Manager Software (version 3.1; Bio-Rad
Laboratories), and the results were normalized with HPRT amplified from
the same cDNA mix and expressed as fold induction. Primers used for
amplification are reported in Table EI. qPCR for chromatin
immunoprecipitation (ChIP) analysis was performed on a promoter sequence
of peptidylprolyl isomerase A (PPIA) or B-cell lymphoma 6 (BCL6) protein as
positive controls for H3K4me3 histone mark or signal transducer and activator
of transcription 6 (STAT6) ChIP, respectively, whereas a promoter sequence
for the myogenic differentiation 1 gene (MYOD) was used as a negative
control. Genes were quantified by using real-time qPCR with the TagMan Uni-
versal PCR Mastermix chemistry (Applied Biosystems by Life Technologies,
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FIG 1. ANO1 expression in patients with EoE. A, Reads per kilobase per million (RPKM) values for ANO1
from RNA-seq of esophageal biopsy samples from 10 patients with active EoE versus 7 healthy control
subjects (NL). ***P = .0001, Mann-Whitney test. B, gPCR analysis of ANO1 expression in esophageal biopsy
samples from independent healthy control (NL; n = 10) or active EoE (n = 10) cohorts.'® Data are
represented as relative expression over HPRT. ***P = 0003, Mann-Whitney test. C, Pearson correlation
coefficient analyses between eosinophil counts per hpf and normalized ANO1 expression in esophageal
biopsy samples from patients with active EoE (n = 138).?° D, IF staining of esophageal biopsy samples
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Carlsbad, Calif) with PrimeTime 5" 6-FAM/ZEN/3’' IBFQ TagMan probes
(IDT, Coralville, Iowa) and reported as percentage over the input sample.
Primers for each sequence are reported in Table E1.

H3K4me3 histone mark and STAT6 ChiP-seq

After 5 days of ALI culture, EPC2 cells were treated with IL-13 (100 ng/mL)
for 4, 12, or 48 hours for H3K4me3 or 30 minutes for STAT6 ChIP. After
stimulation, cells were cross-linked with 0.8% formaldehyde for 10 minutes at
room temperature (RT). Cells were collected and then lysed and sonicated for 10
minutes (peak power, 175 W; duty factor, 10%; cycles/burst, 200 count) at 1.5°C
with a Covaris S series Sonicator (Covaris, Woburn, Mass), yielding chromatin
fragments of 200 to 300 bp in size. Each chromatin sample was precleared with
10 L of Dynabeads Protein G magnetic beads (Life Technologies, Carlsbad,
Calif) for 45 minutes at 4°C on a rotating wheel to remove nonspecific binding.
Anti-H3K4me3 (1 pL; ChIPAb+ Trimethyl-Histone H3 [Lys4]; Millipore,
Temecula, Calif) or anti-STAT6 (2.5 ng; sc-621; Santa Cruz Biotechnology,
Santa Cruz, Calif) were bound to 20 p.L of Dynabeads Protein G magnetic beads
(Life Technologies) for 1 hour at RT on a rotating wheel. Chromatin complexes
(5 g for histone mark or 25 pg for STAT6 ChIP) were then added to the
antibody-coated beads and immunoprecipitated for 14 to 16 hours at 4°C on a
rotating wheel. Precipitates were washed with 500 pL of each of the following
buffers in succession: low-salt wash buffer (10 mmol/L Tris-HCI [pH 7.6],
1 mmol/L EDTA, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100, and
150 mmol/L NaCl), high-salt wash buffer (10 mmol/L Tris-HCI [pH 7.6],
1 mmol/L EDTA, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100, and
400 mmol/L NaCl), LiCI wash buffer (10 mmol/L Tris-HCI [pH 7.6], 1 mmol/L
EDTA, 250 mmol/L LiCl, 0.5% sodium deoxycholate, and 0.5% Nonidet P-40),
and Triton X-100 buffer (10 mmol/L Tris-HCI [pH 7.6], 1 mmol/L EDTA, and
0.2% Triton X-100).

Chromatin complexes were eluted in 100 wL of elution buffer (10 mmol/L
Tris-HCI [pH 7.6], 1 mmol/L EDTA, 250 mmol/L NaCl, and 0.3% SDS) and
incubated at 37°C for 1 hour with shaking. For protein degradation and reverse
cross-linking, 5 wL of Proteinase K solution (Life Technologies) was added to
the eluates and incubated at 37°C for 1 hour, followed by incubation at 65°C
for 6 hours. DNA was purified with the QIAquick PCR Purification Kit
(Qiagen, Valencia, Calif), eluted in 30 pL of molecular biology grade water
(Sigma, St Louis, Mo), and processed for qPCR before sequencing. Libraries
were created, as described previously,”® and sequenced by the CCHMC Gene
Discovery and Genetic Variation Core.

Short circuit current

Snapwell inserts (0.33 cm?) with EPC2-ALI cell monolayers were mounted
between the hemichambers of an Ussing apparatus (U2500 dual Ussing cham-
ber; Warner Instruments, Hamden, Conn) and exposed to 10 mL of Ringer
buffer at 37°C. Transepithelial potential difference was detected with 2 paired
electrodes containing 4% agar in 3 mol/L KCI. The electrodes were connected
to a voltage clamp amplifier (EC-800 Epithelial Voltage Clamp; Warner In-
struments). The electrode potential difference and fluid resistance were
compensated before mounting the cells into the chamber. Once mounted, cells
were bathed for a 15-minute stabilization period before voltage clamping at
0 mV while continuously measuring the short circuit current (/). Changes
in I, were determined with replacement of the solution in the apical chamber
with Cl -free normal Ringer (NR) buffer to create a gradient.
ANOI-mediated changes in I, were determined with the addition of
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T16A;,n-A01 to the luminal reservoir. After the peak response following the
gradient or inhibitor was recorded, the buffer was replaced from each side
of the chamber, allowing the cells to equilibrate for 15 minutes.

Measurement of EPC2 intracellular CI™

concentration

All measurements were performed in NR solution (110 mmol/L NaCl, 5
mmol/L KCl, 0.5 mmol/L MgS0O,.7H,0, 1 mmol/L. CaCl,.2H,0, 25 mmol/L
NaHCOj;, 10 mmol/L HEPES, and 4 mmol/L glucose to a pH of 7.4) at RT.
EPC2 cells (100,000) were plated on an Ibidi pw-Slide 4 Well Ph
chambered coverslip (80446; Ibidi, Grafelfing, Germany) for 12 hours to
equilibrate. The cells were then stimulated with 100 ng/mL rhIL-13
(PeproTech, Rocky Hill, NJ) for 12 hours and loaded with 5 mmol/L
N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE; Thermo
Fisher Scientific, Waltham, Mass) in NR solution for 1 hour at 37°C. Thereafter,
the cells were rinsed with NR 3 times and imaged on a Nikon SpetraX inverted
fluorescent microscope (Nikon, Tokyo, Japan), with excitation at 395 nm and
emission at 460 nm. Twenty individual cells (region of interest [ROI] = 20)
per well in duplicates per condition from 3 individual experiments were selected
as ROIs by using Nikon Elements software for analysis. The mean fluorescence
value from all cell cultures was used as the basis for further analysis.

Once MQAE fluorescence had been measured under physiologic
conditions (in NR with a physiologic extracellular Cl1~ concentration),
MQAE fluorescence was calibrated against [Cl ]; by incubating cell cultures
in a series of gradient C1~ concentration buffers (0, 19.25, 38.5, 77, 154, and
304 mmol/L [C] ];.) together with 10 wmol/L tributylin (Sigma-Aldrich,
St Louis, Mo) and 10 pwmol/L nigericin (Life Technologies). FO is mean
fluorescence intensity at 0 mmol/L [C] ;. The FO/F ratio was calculated
from data fitted by using the Stern—Volmer equation’:

FolF (IC17]) =1 + [C1]; Ky,

where F is the mean ROI fluorescence value (in arbitrary units), [C1™]; is the
bath chloride concentration (in millimoles per liter), Fyn is defined as
F([Cl" ]; = 0), and Ky, is the Stern—Volmer constant (in millimoles per liter).
Mean fluorescence values of 20 individual cells (ROI) under physiologic
conditions (in NR solution with an physiologic extracellular Cl~
concentration) were determined. Curve fitting was performed with GraphPad
Prism software (GraphPad Software, La Jolla, Calif).

Histopathologic examination

EPC2 cells were cultured in ALI conditions for 5 days and treated for
48 hours with IL-13 (100 ng/mL), T16A;,,-A01 (10 pmol/L), or both and were
then fixed on Transwell support with 4% paraformaldehyde for 18 to 24 hours
at 4°C. Fixed membranes were then submitted to the CCHMC Pathology Core
for standard histologic processing, embedding (standard paraffin), and
sectioning (5 wmol/L), and slides were stained by using standard histologic
techniques for hematoxylin and eosin staining. Stained slides were imaged
with the Olympus DP-72 microscope and cellSens standard software
(Olympus, Semrock, New York, NY) for measurement analysis.

Immunofluorescence staining
For immunofluorescence (IF) staining, formalin- or paraformaldehyde-
fixed, paraffin-embedded esophageal biopsy samples were sectioned, mounted

<

from control subjects (NL; left panel; n = 7) and patients with active EoE (n = 7; right panel). The basal cell
layer of the squamous epithelium is distinguished by a dashed line. ANO1 (in red) and CK5 or CK13
(in green) expression is shown. Solid white arrows indicate basal cells (CK5" and CK13™ cells),
open white arrows indicate suprabasal cells (CK5" CK137; CK5" CK13* and CK5~ CK13%),
and yellow arrows indicate CK5~ and CK13~ cells, which possess multilobed nuclei. DAPI,
4'-6-Diamidino-2-phenylindole dihydrochloride. E and F, Pearson correlation coefficient analyses between
EoE severity (expressed as number of distal eosinophils per hpf) and ANO1 expression levels (Fig 1, E) and
BZH scores and ANO1 expression (Fig 1, F) in esophageal biopsy samples from pediatric patients with
EoE.?’ Individual data points represent 1 patient. In Fig 1, A and B, the line represents the mean value
and significance of differences determined by using the Mann-Whitney test.
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on slides, and deparaffinized by using standard histologic procedures. Slides
were then permeabilized in Tris-EDTA (1 mmol/L, pH 9.0) with 0.1%
Tween-20, and antigen exposure was performed at 125°C for 30 seconds in a
decloaking chamber by using a pressure cooker. Slides were then blocked by
10% normal donkey serum for 1 hour, followed by overnight incubation of
primary antibodies diluted in 10% normal donkey serum at a final
concentration of 1 pwg/mL: anti-ANO1 (DOG-1; Thermo Fisher Scientific),
anti-KRTS (ab24647; Abcam, Cambridge, United Kingdom), and cytokeratin
(CK) 13 (Invitrogen, Carlsbad, Calif). Slides were then washed and incubated
with secondary antibody at RT for 1 hour. Slides were mounted with
Fluoromount-G (SouthernBiotech, Birmingham, Ala) mounting solution.

Fluorescent imaging was performed with the Zeiss Apotome fluorescent
microscope (Carl Zeiss Meditec, Dublin, Calif) using Nikon Elements
software. For IF staining on formalin-fixed, paraffin-embedded murine
esophageal tissue, paraffin-embedded murine esophagus was sectioned,
mounted on slides, and deparaffinized with standard histologic procedures.
Slides were then permeabilized in Tris-EDTA (1 mmol/L, pH 9.0) with 0.1%
Tween-20. Antigen retrieval was performed at 125°C for 30 seconds in a
decloaking chamber. Slides were then blocked with 4% normal donkey serum
in 1 X PBS followed by overnight incubation of primary antibodies diluted in
4% normal donkey serum: ANO1, anti-transmembrane member 16A antibody
(1:100; Abcam, and Ki-67 antibody (1:200; Thermo Fisher Scientific). Slides
were then washed in 1 X PBS and incubated in secondary antibodies at RT for
2 hours. Slides were mounted with 4’-6-diamidino-2-phenylindole
dihydrochloride Fluoromount-G (SouthernBiotech) mounting medium.
Fluorescence imaging was performed with the Nikon E800 Epifluorescence
microscope with Nikon Elements software and Image] software (National
Institutes of Health, Bethesda, Md).

Quantification of 5-bromo-2’'-deoxyuridine—positive

EPC2-ALlI cells

5-Bromo-2'-deoxyuridine (BrdU) was obtained from Sigma-Aldrich.
EPC?2 cells were cultured for 5 days in ALI conditions; treated for 48 hours
withIL-13 (100 ng/mL), T16A;,,-A01 (10 mol/L), or both; and then exposed
to BrdU (10 pmol/L) in dimethyl sulfoxide for 2 hours at 37°C. Cells were
then fixed on support for 2 hours with 4% paraformaldehyde at RT. Fixed
membranes were then processed by the CCHMC Pathology Core for standard
embedding and microscopy techniques. Cells were permeabilized in
Tris-EDTA (1 mmol/L, pH 9.0) with 0.1% Tween-20 and antigen exposed
at 125°C for 30 seconds in a decloaking chamber. Samples were then stained
for IF detection of BrdU™ cells by using 2.5 pg/uL G3G4 anti-BrdU
antibody (Developmental Studies Hybridoma Bank, Iowa City, Iowa)
and 4'-6-diamidino-2-phenylindole dihydrochloride. The number of
BrdU"-labeled cells were quantitated under a 20 X objective by using
the Zeiss Apotome fluorescent microscope (Carl Zeiss Meditec). The
BrdU*-labeled cells were quantified as the number of BrdU™-labeled cells
per total linear length of filter-attached EPC2-ALI cells using Image-Pro
Plus software (Media Cybernetics, Rockville, Md) and calculated based on
the ratio of BrdU" cells per millimeter of membrane. Three filters per
condition from 3 individual experiments were quantitated.

Lentiviral transduction

For lentiviral short hairpin RNA (shRNA) transduction, EPC2 cells were
transduced when at 60% to 70% confluence with lentiviral particles containing
Mission ANO1 shRNA TRCNO0000440455 or Mission nontarget control
shRNA (Sigma). Both ANO1 and control shRNA lentivirus were generated by
the CCHMC Viral Core using a 4-plasmid packaging system. Lentiviral
particles were incubated with EPC2 cells for 6 hours at a multiplicity of
infection from 0.5 to 10 in the presence of 5 wg/mL hexadimethrine bromide
(Polybrene; Sigma). During the first hour of incubation, cells were spun down
at 1000g for 1 hour at RT. Six hours after transduction, cells were put in fresh
keratinocyte serum-free media, and 24 hours later, 1 pg/mL Puromycin
(Thermo Fisher Scientific) was added for selection. Cells were grown with
selection pressure and cultured as regular EPC2 cells. Stable knockdown for
ANOI1 was demonstrated by using qPCR.
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Western blotting

EPC2-ALI cells were lysed aftr stimulation with a protein extraction
reagent (10% glycerol, 20 mmol/L Tris-HCI [pH 7], 137 mmol/L NaCl, 2
mmol/L EDTA, and 1% NP-40 in H,O) with Halt protease inhibitor cocktail
(Thermo Fisher Scientific). Approximately 40 g of protein extract was
separated on a 4% to 12% Bis-Tris gel and transferred to a nitrocellulose
membrane (Life Technologies). For detection of phosphorylated cyclin D
kinase 2, the Cell Cycle (pCDK/pHH3/Actin) Western blot cocktail
(ab136810; Abcam) was used. IRDye 800 CW goat anti-rabbit IgG (H+L;
LI-COR Biosciences, Lincoln, Neb) was used as a secondary antibody for
detection.

Mouse models of EoE

BALB/c wild-type mice were injected with 100 pg of peanut extract (Greer
Laboratories, Lenoir, NC) adsorbed to 1 mg of alum on days 0 and 14. On days
21,23, and 25, mice were challenged with 50 g of peanut extract in 50 pL of
PBS intranasally, followed by oral gavage with 2 mg of ground peanut in 200
wL on days 27 and 29. Mice were sacrificed on day 30 and esophagi excised
and analyzed.

Statistical analysis

Statistical significance of the EPC2-ALI samples was established by using
unpaired ¢ tests (2-tailed) with Welch correction, 1-way ANOVA when sample
groups were greater than 2, or 2-way ANOVA with more than 1 variable. With
nonnormally distributed data from patients’ biopsy specimens, the
Mann-Whitney test was used, and correlation analyses were assessed with
the Pearson product-moment correlation coefficient test. Graphs and statistical
analyses were performed with GraphPad Prism software (GraphPad Software)
or using the De-Seq algorithm on the BioWardrobe platform
(http://biowardrobe.com).%

RESULTS
Increased ANO1 mRNA expression in patients with
EoE and correlation with disease severity

To gain insight into the potential involvement of bioelectric
pathways in esophageal epithelial proliferation in patients with
EoE, we analyzed gene expression levels obtained from RNA-seq
analyses from patients with active EOE compared with healthy
control subjects.]6 ANOI, a calcium-activated chloride channel,
was found to be significantly upregulated (50-fold induction) in
esophageal biopsy specimens from patients with EoE when
compared with levels in healthy subjects (Fig 1, A). Among ion
transporters previously implicated in proliferation, the increased
expression was specific to ANOI1 because other ion transport
molecules, such as KCNA3 and KCNAS5 (K,1.3 and K,1.5),
were barely expressed at baseline or in esophageal biopsy
specimens from patients with EoE (results are not shown). To
confirm our observation, we performed qPCR, which revealed a
similarly significant increase in ANOI1 expression (Fig 1, B).
Notably, we observed a positive Pearson correlation coefficient
between esophageal eosinophil counts (r = 0.3, P <.005) and
ANO1 mRNA expression, revealing a link between ANOI gene
expression and disease severity (Fig 1, C).

IF analyses revealed weak expression of ANOLI in healthy
esophageal epithelium restricted to basal cells (CK5" and
CK13; Fig 1, D, left panels, solid white arrow). In contrast, a
strong ANOL signal was observed in biopsy samples from
patients with EoE (Fig 1, D, right panels). ANOI1 expression
was observed within the basal layer localized to basal cells
(CK5™" and CK137; solid white arrow) and on suprabasal cells
(CK5" CK137, CK5" CKI3", and CK5~ CKI13"), which
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FIG 2. ANO1 expression in murine EoE. A and B, IF staining for Ki-67 and ANO1 in the esophagi of control
mice (Fig 2, A) and mice with EoE (Fig 2, B). C, Quantification of Ki-67" epithelial cells in the esophagi
of control and EoE mice. In Fig 2, A and B, ANO1 (in red) and Ki-67 (in green) and nuclei are stained with
4’-6-diamidino-2-phenylindole dihydrochloride (DAPI). D, Pearson correlation coefficient analyses between
Ki-67* cells per millimeter of epithelium and murine EoE severity (expressed as number of distal
eosinophils per hpf) in mice with EoE. Individual data points represent 1 mouse. Data are shown as
means + SDs from 3 independent experiments. *P < .01, 2-way ANOVA.

consist of cells transitioning from immature basal cells to mature
squamous epithelial cells (Fig 1, D, open white arrows). We did
not observe expression of ANO1 on mature squamous epithelial
cells (Fig 1, D, left and right panels). Notably, ANO1 expression
was occasionally observed on CK5 ™ and CK13 ™ cells within the
esophageal epithelium of biopsy samples from patients with EoE,
which were consistent with multilobed granulocytes (Fig 1, D,
yellow arrows).

Localization of ANO1 to basal and suprabasal cells within the
proliferative BZ led us to examine the relationship between ANO1
expression and BZH in esophageal biopsy samples from patients
with EoE. In a recent study we examined the histopathologic
features (BZH and DIS) and EoE-related gene transcript expression
(EoE diagnostic panel) in esophageal biopsy samples from healthy
subjects and patients with EoE.>’ Examination of the relationship
between ANO1 expression and the histologic features of EoE in
this cohort revealed that ANOI1 expression was significantly
increased in patients with EoE and that levels of ANO1 mRNA
expression positively correlated with EoE severity (eosinophils/
hpf; » = 0.57, P = .003; Fig 1, E). Notably, ANOI expression
also had a positive correlation with the BZH score in our cohort
subjects (r = 0.58, P <.0001; Fig 1, F). Collectively, these studies
reveal a relationship between ANOI1 expression and BZH in
pediatric patients with EoE.

Increased esophageal ANO1 expression and
epithelial proliferation in murine EoE

To determine whether there was a link between induction of the
EoE phenotype and ANOI expression, we examined the

relationship between ANO1, BZH, and inflammation in a murine
model of allergen-induced EoE. We show that peanut
sensitization and subsequent oral challenge induced an
EoE-like phenotype (increased numbers of eosinophils/hpf and
esophageal proliferative [Ki-67"] response, Fig 2). Notably,
numbers of esophageal proliferative response (Ki-67%) cells
were associated with increased ANO1™ signal in the esophageal
epithelium (Fig 2, B and C). The level of esophageal proliferation
(Ki-67") positively correlated with the level of inflammation
severity (eosinophils/hpf; Fig 2, D). Collectively, these studies
reveal that repetitive oral allergen challenge induced esophageal
ANOI expression and epithelial proliferation and that this corre-
lates with inflammation severity in a murine model of EoE.

ANO1 expression is upregulated by STAT6 and
epigenetic modifications in EPC2-ALI cells

To gain insight into the regulation of ANOI1 expression in
esophageal epithelial cells in the context of EoE, we used an
in vitro model developed from keratinocyte esophageal epithelial
cells (EPC2) grown in ALL '’ IL-13 stimulation induced a rapid
induction of ANO1 mRNA expression in mature EPC2-ALI
cell cultures (Fig 3, A). Moreover, levels of ANO1 mRNA
expression increased more than 4-fold within 4 hours of IL-13
stimulation and were maintained for at least 48 hours (Fig 3, A
and B). STAT6 ChIP-seq analyses on EPC2-ALI cells after
30 minutes of IL-13 stimulation revealed STAT6 interaction
with a genomic region located upstream of the ANOI
transcription start site (Fig 3, C, open box), indicating that
IL-13 induction of ANOI1 in esophageal cells involves STAT6.
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ChIP-seq analysis. Displayed tracks are referred to the RefSeq sequence of ANO1 (chromosome 11, bp
69900000-70040000). The area highlighted in the box is representative of the genomic region bound by
STAT6 and histone mark H3K4me3. Increased H3K4me3 mark levels were detected on the 5’ region
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values are represented as means * SDs of 3 different measurements. *P < .05, **P < .01, and

**¥*P < .0001, 1-way ANOVA.

Consistent with this, a STAT6 v-activated sequence motif is
present in the ANOI1 promoter.40 In line with the concept that
IL-13 induces a STAT6-dependent transcriptional mechanism
involving the ANO1 promoter, H3K4me3 ChIP-seq analyses
revealed the presence of a highly trimethylated region on the
ANO1 promoter after 4 hours of IL-13 treatment (Fig 3, D,
open box). Bioinformatics comparative analyses of the 4-hour
RNA-seq, H3K4me3 and STAT6 ChIP-seq data sets revealed
that ANO1 was the only gene significantly altered under all 3
conditions (Fig 3, E). Together, these data reveal that enhanced
ANOL1 expression is an early event after IL-13 stimulation
mediated by epigenetic modification and STAT6 promoter
interaction (Fig 3, E).

[CI"]; levels and ANO1-mediated Cl™ secretion are
increased in EPC2-ALI cells after IL-13 treatment

To determine whether IL-13-induced ANOI1 expression in
EPC2-ALI cells was associated with changes in [C]1™] transport,
we examined Cl secretion of EPC2-ALI cells treated with IL-
13 for 48 hours. Cholinergic carbachol-induced ;. was signifi-
cantly increased in IL-13-treated EPC2-ALI cells (Fig 4, A).
Basolateral-to-apical [Cl ] gradient studies (Fig 4, B) revealed
that carbachol-increased /. in IL-13—stimulated EPC2-ALI cells
was primarily driven by apical outward Cl ™ transport. Notably,
the apical outward Cl ™ transport was sensitive to pharmacologic

inhibition with the ANO1-specific inhibitor T16A;,,-A01 1 indi-
cating a major contribution for ANO1 in basolateral-to-apical Cl
secretion in IL-13—stimulated EPC2-ALI cells (Fig 4, C and D).
Together, these data indicate that ANO1 has a major role in apical
Cl secretion in EPC2-ALI cells after IL-13 exposure. Given that
ANOL is an outward rectifying anion Cl™ transporter, we pre-
dicted that IL-13 stimulation of EPC2 cells increased [Cl ];
levels. Indeed, [Cl ]; levels were significantly increased in
submerged EPC2 cells after 24 hours of IL-13 stimulation (Fig 5).

ANO1 upregulation is involved in the IL-13-
mediated increase in proliferation rate of EPC2-ALI
cells

To determine the link between ANO1 expression and activity
and BZH in esophageal cells, we performed a BrdU pulse chase in
EPC2-ALI cells following IL-13 stimulation in the presence and
absence of T16A;,,-A01 (10 pmol/L). IL-13 exposure of EPC2
cells leads to basal cell proliferation, as evidenced by BrdU™
staining (Fig 6, A-C). IL-13 exposure induced an approximately
2.5-fold increase in numbers of BrdU™ EPC2 cells (Fig 6, A-C).
Notably, the increased number of BrdU" cells was associated
with increased thickness and expansion of the suprabasal layer
(Fig 6, A-D), whereas pharmacologic inhibition of ANOI1
attenuated this effect (Fig 6, A-D).

To confirm specificity, we used an independent approach using
lentiviral shRNA gene silencing. Stably transduced EPC2
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FIG 4. Dysregulation of apical ANO1 activity in EPC2-ALI cells after IL-13 stimulation. A, Change in /s (Als)
of 48-hour IL-13-stimulated (100 ng/mL) or control-stimulated EPC2-ALI cells after basolateral carbachol
(100 pwmol/L) stimulation. B, Description of CI~ gradient analyses of EPC2-ALI cells. C, Change in Iy (Als)
of control- and IL-13-stimulated EPC2-ALlI cells in the presence of a basolateral-to-apical CI~ concentration
gradient (Baso — Ap [Cl ]) + apical exposure to T16A;,,-A01 (10 wmol/L). D, Decrease in Als; in vehicle- and
IL-13-stimulated EPC2-ALI cells after apical exposure to T16A;,,-A01 (10 wmol/L) in the presence of a
basolateral-to-apical CI~ gradient. Values are expressed as means = SDs of 8 different samples (Fig 4, A)
and 4 different samples (Fig 4, C and D) from 2 independent experiments. Fig 4, A and D: ***P < .001,
unpaired ttest. Fig 4, C: **P < .01 and ****P < .0001, 2-way ANOVA. Inh, Inhibitor.

cells demonstrated approximately 80% reduction in ANOI1  stimulation of CTRL-shRNA-transduced EPC2-ALI cells
expression (Fig 6, E). EPC2-ALI cells transduced with either  increased cellular proliferation (Fig 6, F). Notably, the prolifera-
scrambled (CTRL) shRNA or ANOI1-shRNA were cultured in  tive capacity in the basal state of ANOI1-shRNA—transduced
ALI conditions, and stimulated with IL-13 for 48 hours. IL-13 EPC2-ALI cells was reduced; furthermore, the IL-13-induced
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proliferative response was significantly attenuated compared
with that in the CTRL-shRNA-transduced EPC2-ALI cells
(Fig 6, F). These studies demonstrate that IL-13-induced
proliferation in EPC2-ALI cells is dependent on ANOIL
expression and activity.

ANO1 modulates the proliferation-regulating cell
cycle and TP63 levels

Transit-amplifying cells in the basal layer of epithelial tissues
express TP63," a key transcription factor that controls the switch
between epithelial differentiation and proliferation.**° Notably,
TP63 is upregulated in both biopsy samples from patients with
EoE (Fig 7, A) and in EPC2-ALI cells after 48 hours of IL-13
stimulation (Fig 7, B), and pharmacologic blockade of ANOI1
functional activity significantly decreased TP63 expression,
suggesting an interaction between ANOI1 function and TP63
expression in esophageal cells (Fig 7, C).

As decreased TP63 expression has been associated with cell-
cycle arrest in the Go/G, phase and loss of proliferative capacity,”’
we hypothesized that ablation of ANO1-dependent C1  transport
in EPC2 cells would lead to decreased TP63 expression, causing
cell-cycle arrest. To test this, we examined phosphorylation of the
G,/S phase marker cyclin-dependent kinase 2 (p-CDK2) in
IL-13-stimulated EPC2-ALI cells in the presence and absence
of T16A;,,-A01. IL-13 stimulation of EPC2-ALI cells induced
an increase in p-CDK?2 levels (Fig 7, D), which was associated
with proliferation (Fig 6, C). Notably, in the presence of
T16A;nn-A01, IL-13 induced p-CDK2, and proliferation in
EPC2-ALI cells was attenuated (Fig 6, C, and Fig 7, D and E).
Consistent with this observation, the IL-13—-induced increase in
p-CDK2 in CTRL-shRNA-transduced EPC2-ALI cells was
ablated in  ANOI-shRNA-transduced EPC2-ALI cells
(Fig 7, F). Collectively, these data suggest that ANOI regulation
of EPC2-ALI proliferative potential is associated with
modulation of TP63 expression and cell-cycle activity.

DISCUSSION

Here we demonstrate increased expression of the Ca®*-
activated chloride transporter ANOI in the BZ and suprabasal
zone of the esophageal epithelium in patients with EoE.
Moreover, we show that ANOI1 expression correlated with EoE
severity and BZH. Using an established esophageal epithelial
culture system, we show that (1) ANOl mRNA and protein
expression is rapidly induced by an IL-13-STAT6 mechanism;
(2) IL-13 induced an increase in [Cl ]; levels in esophageal cells;
(3) ANOV1 is the predominant transport pathway of IL-13—induced
Cl™ efflux in esophageal cells; and (4) IL-13-induced
ANOI1-mediated Cl  transport is required for esophageal
epithelial proliferation. Mechanistic analyses revealed a
requirement for IL-13-induced ANOI1 expression and function
in p-CDK2 and transition through the G,/S phase cell-cycle
checkpoint to permit esophageal epithelial proliferation.

We show that ANOI1 expression is significantly increased in
both esophageal biopsy samples from patients with EoE and in
IL-13-stimulated EPC2-ALI cells. Consistent with this, we
provide evidence of increased transcriptional activation through
chromatin remodeling (H3K4me3) and demonstrate STAT6
interaction with the ANOI1 upstream region of EPC2-ALI cells
after IL-13 stimulation, strongly supporting the notion that ANO1
is a primary early target of IL-13-mediated transcriptional
response. STAT6 ChIP analyses revealed the presence of a
STAT6 binding site on the ANO1 5’ region within approximately
15 kb of the ANOI transcription start site. Recent studies have
revealed the presence of a vy-activated sequence motif STAT6
binding domain upstream of the human ANOI transcription start
site within the ANO1 promoter.*lo Notably, polymerase II ChIP,
5'-RACE analyses, and in vitro promoter studies revealed that
this region was an active and functional ANOI1 promoter
possessing regulatory regions, including putative CCAAT
enhancer-binding proteins, SPI, and STAT6 binding sites."’
These studies demonstrated that IL-4 receptor-mediated
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FIG 6. ANO1 inhibition blocks IL-13-mediated increased proliferation in the EPC2-ALl basal layer.
A and B, Representative hematoxylin and eosin staining (Fig 6, A) and BrdU (green) and
4'-6-diamidino-2-phenylindole dihydrochloride (DAPI; blue) IF staining (Fig 6, B). C and D, Quantification
of BrdU™" cells (Fig 6, C) and esophageal epithelial monolayer thickness of vehicle- and IL-13-stimulated
EPC2-ALI monolayers (Fig 6, D) after 48 hours of exposure to 10 umol/L T16A;,,-A01. E, gPCR analysis of
ANO1 expression and (F) quantification of BrdU™ cells in scrambled shRNA (CTRL)- and shRNA-ANO1
knockdown (ANOT1 KD)-transduced EPC2-ALI cells after vehicle or IL-13 stimulation. In Fig 6, B, merged
BrdU (green) and DAPI-stained (blue) EPC2-ALI monolayers are shown. No BrdU™ cells were identified in
the vehicle-treated group. Data are shown as means = SDs representative of 6 different sections from 3
independent experiments (Fig 6, A-D) and of 4 different sections from 2 independent experiments
(Fig 6, E and F). Fig 6, A-D: **P < .01 and ****P < .001, 2-way ANOVA; **P < .01 and ***P < .001, 2-way
ANOVA. CTRL, Control; DMSO, dimethyl sulfoxide.

induction of ANO1 mRNA expression was dependent on STAT6
because mutation of the STAT6 consensus sequence or small
interfering RNA-mediated knockdown of STAT6 ablated 1L-4
receptor—mediated induction of ANO1.*’ Our bioinformatic
comparative analyses of the 4-hour RNA-seq, H3K4me3, and
STAT6 ChIP-seq data sets revealed that ANOLI is the only altered

gene, strongly supporting the notion that ANOI is a primary early
target of the IL-13-induced transcriptional response in
esophageal cells.

We show that ANO1 expression was significantly increased in
patients with EoE, and levels positively correlated with BZH
scores. Importantly, IF analyses localized ANOIl to the
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FIG 7. ANO1 regulates cell cycle-modulating TP63 expression. A, Individual reads per kilobase per million
(RPKM) values for TP63 from RNA-seq of esophageal biopsy samples from patients with active EoE
and healthy control subjects. B, gPCR analysis of TP63 expression in EPC2-ALI cells treated for 48 hours
with vehicle or IL-13 (100 ng/mL). C, gPCR analysis of TP63 expression in EPC2-ALI cells stimulated for 48
hours with T16A;,,-A01 (10 wmol/L) or dimethyl sulfoxide (DMSO) as a vehicle. D, Western blot analysis
of p-CDK2 levels in vehicle-treated (—) or TMEM16;,,A01 inhibitor-treated EPC2-ALI cells after vehicle
or IL-13 (100 ng/mL) stimulation for 48 hours. E and F, Densitometric quantification of p-CDK2 levels in
vehicle- or TMEM16;,,A01 inhibitor-treated EPC2-ALI cells (Fig 7, E) or scrambled shRNA Ctrl- or shRNA
Ano1-transduced EPC2-ALI cells (Fig 7, F) after vehicle or IL-13 (100 ng/mL) stimulation for 48 hours. Values
are represented as means + SEMs of 6 different measurements (Fig 7, B) and 3 different measurements
(Fig 7, C). *P < .05. Three Western blots from 3 independent experiments (Fig 7, D) and 3 different
measurements from 3 independent experiments (Fig 7, E and F) are shown. Fig 7, A-C: *P < .05 and
**P < .01, unpaired t test with Welch correction. Fig 7, E and F. *P < .05 and **P < .01, 2-way ANOVA.
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predominant proliferative zone (basal cells and the CKI13™"
suprabasal zone), indicating a relationship between ANOI1
expression and esophageal epithelial proliferation. We have
previously reported no significant change in ANOl mRNA
expression in patients with gastroesophageal reflux disease.”*
Notably, ANOI1 expression BZH and lamina propria papillae
elongation are more common in patients with EoE compared
with those with gastroesophageal reflux disease,*® supporting
the link between ANOI1 expression and the esophageal
proliferative response in patients with EoE. Using an
esophagus-based EoE diagnostic panel, we have previously
demonstrated that both EoE and proton pump inhibitor—
responsive esophageal eosinophilia (PPI-REE) are characterized
by an overlapping IL-13-driven common transcriptome,
including increased expression of ANOI1,>* suggesting that
IL-13 is a driver of BZH in patients with EoE, possibly through
an ANOI-dependent mechanism. Consistent with this concept,
treatment of patients with EoE with anti—IL-13 mAb leads to a
reduction in epithelial remodeling, including basal cell
hyperplasia, which was associated with a significant reduction
in ANOI mRNA expression.”” We have previously reported
increased ANO1 mRINA expression in esophageal biopsy samples
from patients with PPI-REE before proton pump inhibitor (PPI)
therapy.”* Notably, an 8-week course of PPI therapy significantly
decreased ANOI mRNA expression in these subjects.”> These
studies suggest that PPI therapy can reduce ANOI1 expression;
however, it is currently unclear whether this is due to a direct
effect of PPIs on ANOI gene expression or alternatively through
suppression of esophageal inflammation.

We examined the effect of PPIs on IL-13-induced ANO1 mRNA
expression in EPC2-ALI cells in vitro and showed that PPI exposure
significantly reduced IL-13-mediated ANOI mRNA expression
(see Fig El in this article’s Online Repository at www.jacionline.
org). This was not specific to ANO1 because PPI also inhibited
IL-13-mediated CCL26 mRNA expression (see Fig El).
Collectively, these studies suggest that PPIs can act directly on
esophageal epithelial cells and downregulate IL-13—induced
ANOI mRNA expression and suggest that these effects are
independent on esophageal inflammation. These data are
consistent with those of Wen et al” using the eosinophilic
diagnostic panel, which demonstrated a reduction in ANO1 expres-
sion in patients with PPI-REE after PPI therapy. Notably, PPI trial in
patients with PPI-REE led to a significant reduction in ANOI1
expression; however, ANO1 mRNA levels remained significantly
greater than those observed in healthy control subjects,”” indicating
that ANO1 expression is in part responsive to PPI therapy.

The role of ANOI in cellular proliferation is not yet fully
understood. Previous studies have demonstrated that the ANO1
gene is located within the 11q13 amplicon, one of the most
frequently amplified chromosomal regions in patients with
cancer,”’”%° and that inhibition of ANOI activity in interstitial
cells of Cajal and tumor cell lines inhibited cell proliferation,®'-®>
indicating an important potential contribution for this transporter
in cell proliferation. Interestingly, a key requirement of G,/S
phase and G,/M phase transition and cellular proliferation is
increased cell volume, which is regulated in part by ion channel
regulation of the membrane potential.”>®” The increased
membrane potential across the plasma membrane osmotically
drives water influx from the extracellular to the intracellular
space, leading to cell swelling and promotion of G,/S and G,/M
phase progression.”
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Ton channels commonly observed to be associated with control
of proliferation include Ca?*-activated Cl~ channels, such as
ANO1.”* ANOI is a calcium-activated C1~ transporter primarily
expressed on the apical side of several epithelia, including the
colon and tracheal epithelia.”””' We show that ANOI is the
primary apical Cl™ transporter in EPC2-ALI cells and that
blockade of ANO1 expression and function reduced the level of
IL-13-induced EPC2 cell proliferation, suggesting that
ANO1-dependent Cl™ efflux might be important in EPC2 cell
proliferation. Interestingly, in vitro studies in D54-MG glioma
and human cervical cancer cells have revealed a relationship
between Cl~ flux, cell-volume dynamics, and proliferation.’*”*

Moreover, transient changes in Cl  levels have been associated
with specific phases of cell cycle and division. Before cell mitosis
(before the M phase of the cell cycle), dividing cells condense
their cytoplasm, and this is associated with a rapid decrease
(~40%) in intracellular C1™ levels. We observed an association
between transient changes in [Cl ]; levels and proliferation in
EPC?2 cells after IL-13 stimulation. We speculate that in esopha-
geal cells ANOLI is the primary transporter involved in IL-13—
induced Cl~ efflux and responsible for reducing [Cl ];, which
is required for transition through the cell-cycle checkpoint, and
permitting cell division and proliferation. Consistent with this
argument, we show that the IL-13-induced increase in
phosphorylation of the key G1/S phase transition protein CDK2
in EPC2-ALI cells was inhibited by blockade ANO1-dependent
Cl™ efflux. CDK2 is required for alleviating retinoblastoma pro-
tein-mediated inhibition of E2F and S phase entry and DNA syn-
thesis,”*’> and loss of CDK2 activity leads to cell-cycle arrest at
the G,/S checkpoint.”®"” Notably, decreased ANOI activity and
proliferation were also associated with reduced levels of TP63,
a key transcription factor crucial for maintaining proliferative
potential in basal keratinocytes through cell-cycle regulation.’®
Expression of TP63 correlates with keratinocyte-proliferative
capacity and is thought to serve as a marker for keratinocyte stems
cells and denotes proliferative capacity.”” Consistent with this,
genetic ablation of TP63 in mature human keratinocytes leads
to cell-cycle arrest.”® Currently, we do not know the relationship
between ANOI function and TP63 activity. It is possible that a
consequence of loss of ANOI1 function and decreased
proliferation is loss of proliferative potential in basal
keratinocytes, leading to terminal differentiation. Alternatively,
ANOI1 can directly inhibit TP63 expression and decrease
proliferative capacity, an area of current investigation.
Intriguingly, increased expression of ANOI has been observed
in patients with esophageal squamous cell carcinoma, and levels
of expression correlated with progression of precancerous
lesions,” linking ANOI to esophageal cancer progression.
Although we and others have reported increased ANOI1
expression and function in patients with EoE, there is no
association observed between esophageal carcinoma and EoE.*"
We predict that ANO1 activity is likely a general requirement
for esophageal epithelial proliferation, regulating critical steps
in cell-cycle progression and division, and any process by which
esophageal epithelial proliferation occurs irrespective of whether
this involves normal cell growth and dysplasia could be
associated with increased ANOI expression and activity.

The functional relevance of BZH and ANO1 expression and the
relationship to human EoE is unclear. Recently, Shoda et al®' used
an EoE endotype-prediction algorithm and molecular, clinical,
and histopathologic parameters from a multicenter patient cohort
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to identify different EoE endotypes. Despite no differences in
peak eosinophil levels or length of time from diagnosis of EoE,
they were able to identify 3 EoE endotypes.”’ Notably, EoE
endotype 3 was associated with a fibrostenotic (rings, narrowing,
or strictures) phenotype and the greatest degree of endoscopic and
histologic severity. Molecular analyses revealed that ANO1 was
one of 2 discriminatory genes (ANO1 and UPK1A) to provide
98% positive predictive value of EoE endotype 3, suggesting a
link between ANOI1 and the fibrostenotic and histologic pheno-
type.’ We speculate that ANO1’s contribution to functional out-
comes in patients with EoE, such as fibrostenosis, is not through
directly driving esophageal dysfunction but rather indirectly
through driving chronicity of inflammation and subsequent devel-
opment of secondary associated histopathologic manifestations,
such as BZH and DIS formation. There is strong clinical and exper-
imental evidence showing that BZH and DISs contribute to esoph-
ageal barrier dysfunction.xz’33 Esophageal barrier dysfunction is
permissive to food allergen accumulation in the esophageal epithe-
lium, which is likely to perpetuate inflammation and dysfunction
associated with EoE. In support of this concept, Koutlas and
Dellon®* reported that some patients with EoE at diagnosis had
esophageal inflammation but very little evidence of fibrostenosis.
However, left untreated for approximately 8 years, subjects had
fibrostenosis, including strictures, a small-caliber esophagus, and
a majority requiring esophageal dilation. Similarly, a retrospective
analysis of adults with EoE revealed that delayed diagnosis of EoE
was associated with increased stricture risk, supporting the concept
that chronicity of esophageal inflammation can lead to functional
EoE outcomes.”*” Collectively, these studies suggest that use of
ANOI antagonists might be a therapeutic approach for reduction
in esophageal epithelial proliferation and BZH and indirectly
associated esophageal function in patients with EoE.

In summary, we identified a relationship between ANOI
expression and BZH in biopsy samples from patients with EoE.
Mechanistically, we identified a previously undescribed role for
ANOL in esophageal epithelial proliferation and provided data to
indicate that ANO1 counterregulates the basal keratinocyte—
specific proliferative protein TP63 and the cell-cycle protein
CDK2. Collectively, these studies provide a rationale for the
therapeutic use of ANOI1 antagonists for reduction in BZH and
reduction in associated esophageal dysfunction in patients with
EoE.

Key messages

o SLC26A4 (ANO1) expression is increased within the basal
layer of esophageal biopsy specimens from patients with
EoE, and this expression correlated positively with dis-
ease severity (eosinophils/hpf) and BZH.

IL-13 rapidly induces ANO1 expression by means of
epigenetic modification and STAT6 promoter interaction.
ANOL1 is the primary apical IL-13-induced Cl  transport
mechanism.

Loss of ANO1-dependent C1 transport abrogated esoph-
ageal epithelial proliferation.

ANO1-dependent regulation of basal cell proliferation
was associated with modulation of TP63 expression and
p-CDK2 levels.
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FIG E1. PPlinhibition of IL-13-induced ANO1 and CCL26 in the EPC2-ALI basal layer. gPCR analysis of ANO1
(A) and CCL26 (B) mRNA expression in omeprazole (OMP; 100 pumol/L)-pretreated EPC2-ALI cells after 72
hours of vehicle or IL-13 (100 ng/mL) stimulation. Data are shown as means + SDs (n = 6 from n = 2 inde-
pendent experiments). ¥*P < .05 and **P < .01, 2-way ANOVA.
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TABLE E1. Primer sets for PCR analyses

Gene targeted Primer sequence Product length

ANO1 5'-GAGCCAAAGACATCGGAATCTG-3’ (forward) 125
5'-TGAAGGAGATCACGAAGGCAT-3' (reverse)

CCL26 5'-ACCTCCGAAACAATTGTGACTCAGCT-3' (forward) 108
5'-GCAACTCTGGGAGGAACACCCTCTC-3' (reverse)

HPRT 5'-CAGACTGAAGAGCTATTGTAATG-3’ (forward) 137
5'-CCAGTGTCAATTATATCTTCCAC-3’ (reverse)

BCL6 (ChIP) 5'-GGGGCAGTAAAAATCTCGGA-3' (forward) 122

5'-CGGCAGCAACAGCAATAATC-3' (reverse)
5'-TGACACCAAGTCCTCCCCTGCCACGT-3' (hybridization probe)

PPIA (ChIP) 5'-TCGTGCCGTTTTGCAGAC-3" (forward) 104
5'-GCCCGACCTCAAAGGAGAC-3' (reverse)
5'-CAACCCCACCGTGTTCTT-3’ (hybridization probe)

MYOD (ChIP) 5'-GTTTGAGACCTTGGCGAAAT-3" (forward) 101
5'-TCTAGGCTGAGCTGCCTCTT-3’ (reverse)
5'-CCCCGAGCAGAAGGGTT-3' (hybridization probe)
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