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ORIGINAL RES

The Endoplasmic Reticulum Resident Protein AGR3
Required for Regulation of Ciliary Beat Frequency in the Airway

Luke R. Bonser', Bradley W. Schroeder’, Lisa A. Ostrin?, Nathalie Baumlin®, Jean L. Olson®, Matthias Salathe®, and
David J. Erle’

"Lung Biology Center and “Department of Pathology, University of California San Francisco, San Francisco, California; 2College of
Optometry, University of Houston, Houston, Texas; and ®Division of Pulmonary, Allergy, Critical Care and Sleep Medicine, University of
Miami, Miami, Florida

Abstract member of the PDI family that plays an unexpected role in the
regulation of CBF and mucociliary clearance in the airway.

Protein disulfide isomerase (PDI) family members regulate protein

folding and calcium homeostasis in the endoplasmic reticulum (ER). ~ Keywords: protein disulfide isomerase; AGR2; AGR3; ciliary beat

The PDI family member anterior gradient (AGR) 3is expressedinthe ~ frequency; mucociliary clearance

airway, but the localization, regulation, and function of AGR3 are

poorly understood. Here we report that AGR3, unlike its closest

homolog AGR2, is restricted to ciliated cells in the airway epithelium | Clinical Relevance

and is not induced by ER stress. Mice lacking AGR3 are viable and

develop ciliated cells with normal-appearing cilia. However, ciliary Our study provides the first evidence of a specific physiological
beat frequency was lower in airways from AGR3-deficient mice function for anterior gradient (AGR) 3. We show that AGR3 is
compared with control mice (20% lower in the absence of stimulation expressed selectively in multiciliated cells of the airway, is
and 35% lower after ATP stimulation). AGR3 deficiency had no required for regulation of ciliary beat frequency, and
detectable effects on ciliary beat frequency (CBF) when airways were contributes to mucociliary clearance. Hence, we report
perfused with a calcium-free solution, suggesting that AGR3 is a completely novel role for a protein disulfide isomerase family
required for calcium-mediated regulation of ciliary function. member and identify a new molecule that regulates a process
Decreased CBF was associated with impaired mucociliary clearance crucial for lung health and disease.

in AGR3-deficient airways. We conclude that AGR3 is a specialized

Effective mucociliary clearance protects the  epithelial cells (2, 3). Genetically determined The molecular basis of specialized
lungs from the deleterious effects of inhaled  or acquired defects in any of the epithelial functions required for mucociliary
pollutants, allergens, and pathogens (1). components of the mucociliary system can  clearance is a subject of active investigation.
Secretions from secretory cells within the lead to impaired mucociliary clearance. Recent genomic and proteomic studies
surface epithelium and submucosal glands Impaired mucociliary clearance is a cardinal have revealed numerous genes that are
contribute to the respiratory mucus gel, feature of chronic airway diseases, including  selectively expressed in airway epithelial
which traps inhaled particulates (2). The gel,  cystic fibrosis, primary ciliary dyskinesia cells (5-7), but the functions of many of
in turn, is cleared by motile cilia located on  (PCD), asthma, and chronic obstructive these genes remain obscure. We recently
the apical surface of multiciliated airway pulmonary disease (1, 4). showed that the anterior gradient protein 2
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homolog (AGR2) is expressed selectively
in mucus cells and plays a role in the
processing of mucins (8, 9). AGR2 is

a member of the protein disulfide isomerase
(PDI) family. PDI family members are
characterized by the presence of at least one
thioredoxin (TRX) domain together with
an endoplasmic reticulum (ER) retention
signal (10). TRX domains of some PDI
family members have been shown to
mediate formation, shuffling, or reduction
of disulfide bonds in client secretory
proteins transiting through the ER. AGR2,
for example, can form mixed disulfide
bonds with mucins in the ER, and loss

of AGR2 has led to impaired mucin
production and the induction of epithelial
ER stress (9). In addition to roles in
oxidative protein folding, some PDI
family members have been shown to
participate in ER-associated degradation,
trafficking, and calcium homeostasis
(11-13). The potential contributions

of PDI family members other than AGR2
to mucociliary function are largely
unknown.

Anterior gradient protein 3 homolog
(AGR3), also known as AG3, HAG3, hAG-3,
BCMP11, or PDIA1S, is the PDI family
member that is most similar to AGR2
(12, 14). The AGR3 gene is located at
chromosome 7p21.1, adjacent to the
AGR2 gene, and encodes a 166—amino
acid protein. AGR3 shares 71% sequence
identity with AGR2 and, like AGR2,
comprises an amino terminal signal
peptide, a carboxy terminal ER retention
sequence, and a nonclassical TRX core fold
(CXXS motif) (12, 15). These features
suggest that AGR2 and AGR3 arose from
duplication of an ancestral gene. Gene
duplications can contribute to evolution
through the development of paralogs with
divergent functions (16). Like AGR2, AGR3
is expressed in the lung (14). However,
the function of AGR3 and its functional
relationship to AGR2 have not been
previously described.

We hypothesized that AGR3, like its
paralog AGR2, would play a specialized role
in airway epithelial cell function. To test this
hypothesis, we investigated the localization
of AGR3 in human and mouse airway,
analyzed whether AGR3 was induced by ER
stress, and used an AGR3-deficient mouse to
investigate AGR3 function in the airway.
Our findings indicate that AGR3 has
a specialized function in the mucociliary
apparatus that is distinct from the function

of its closely related paralog, AGR2. Some
of the results of these studies have been
previously reported in the form of an
abstract (17).

Materials and Methods

Human Airway Tissue

Dr. Walter Finkbeiner (Department of
Pathology, San Francisco General Hospital)
generously provided deidentified sections
of human trachea.

Immunofluorescence
Immunofluorescence was performed

as described in the online supplement.
Images were captured using a confocal
scanner (CSU-22; Yokagawa, Tokyo, Japan)
and a microscope (Ti-E; Nikon, Tokyo,
Japan) (Nikon Imaging Center at the
University of California San Francisco
[UCSF]) and processed with Image]
(National Institutes of Health,
Bethesda, MD).

Human Bronchial Epithelial Cell
Culture

The primary human bronchial epithelial
(HBE) cell air-liquid interface (ALI) system
was described previously (6). To model
mucus metaplasia, cultures were treated
with IL-13 (10 ng/ml) for 14 days. To
examine the effects of ER stress, HBE cells
were cultured at ALI for 28 days and then
treated with tunicamycin (1 uM for 8 h)
or thapsigargin (2 uM for 4 h), and RNA
was harvested and analyzed by quantitative
RT-PCR.

Gene Expression Analysis

Methods for real-time quantitative PCR and
PCR-based analysis of Xbp1 splicing have
been previously described (9). Transcript
copy number was determined relative

to the mean cycle threshold for three
housekeeping genes (Actin, GADPH, and
Cyclophilin A).

Mouse Experiments

Mouse experiments were approved by

the UCSF Committee on Animal

Research and performed in accordance with
NIH guidelines. Agr2~’~ mice (JAX Stock
No. 025630) (8), Agr3_/_ mice (Taconic),
and wild-type littermates were bred at
UCSF. Methods for ovalbumin sensitization
and challenge and airway brushing were
described previously (9).

Bonser, Schroeder, Ostrin, et al.: AGR3 Function in Multiciliated Cells

RNA Sequencing

The TruSeq Stranded mRNA kit (Illumina,
San Diego, CA) was used to analyze
transcripts from lungs of Agr3™/~ and
Agr3™’* littermates. Details are provided
in the online supplement.

Electron Microscopy

For scanning electron microscopy, tracheas
were excised, postfixed in 1% osmium
tetroxide (3 h), washed in sodium
cacodylate, and then dehydrated through
a graded ethanol series. After critical point
drying, the tissue samples were mounted on
aluminum stubs and viewed with a scanning
electron microscope (TM-1000; Hitachi,
Tokyo, Japan). For transmission electron
microscopy, tracheal rings were cut from
dissected trachea before freeze substitution
and resin embedding. Sections were
stained, imaged, and scored as previously
described (18).

Ciliary Beat Frequency

Ciliary beat frequency (CBF) was recorded as
described in the online supplement. CBF was
measured after perfusion with buffer containing
1 mM Ca?*, buffer containing ATP, or
calcium-free buffer (0 mM Ca*" with EGTA).

Mucociliary Transport

Tracheas were opened along the trachealis
muscle and pinned to Sylgard plates (Dow
Corning Corporation, Midland, MI). After
applying 2-pm Fluospheres (Invitrogen,
Eugene, OR) to the trachea, images were
acquired at 0.5-second intervals for 30
seconds using a wide-field epifluorescence
microscope. Bead trajectory and speed were
analyzed with Image].

Intracellular Calcium Measurements
Tracheal epithelial cells from Agr3~'~

and control (Agr3*'™ littermate) mice
were cultured at an ALI (19) and then
loaded with fura-2-acetoxymethyl ester
(Life Technologies, Carlsbad, CA).
Intracellular calcium was determined
from the ratio of the fluorescence at

340- and 380-nm excitations as previously
described (20, 21).

Statistical Analyses

Data are reported as mean = SEM.
Significance testing was performed by
Student’s t test or by ANOVA and Tukey-
Kramer post-test for multiple groups. RNA
sequencing data were analyzed using
DESEquation (22).
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Results

AGRS3 Is Expressed in the ER of
Human Airway Ciliated Cells

We first examined the localization of AGR3
within the human airway epithelium. AGR3
staining was distinct from immunostaining
for AGR2 within tracheal epithelial cells:
using Manders’ colocalization coefficient,
we calculated that 97.7% of AGR3 staining
was found in regions that did not stain for
AGR?2 (Figure 1A). Staining for the ER-
resident proteins GRP78/GRP94 revealed
that 99.5% of AGR3 localized to the ER
(Figure 1B). Although AGR2 is largely
confined to mucus cells (9), AGR3 was
restricted to cells containing DNAII,

a component of motile cilia (Figure 1C).
We conclude that AGR3 is restricted to the
ER of ciliated cells within human airway
epithelium.

We next investigated the expression
of AGR3 during differentiation of HBE
cultures grown at ALI (Figure 1D). Between
7 and 21 days of culture, expression of the
ciliated cell genes DNAII and forkhead box

protein J1 (FOXJ1) increased whereas
expression of the mucus cell gene MUC5AC
did not change significantly. The increase in
ciliated cell genes was associated with

a large increase in AGR3 expression. To
examine the relationship between mucus
metaplasia and AGR3 expression, we
treated HBE cells with IL-13 for 14 days. As
expected, IL-13 strongly induced MUC5AC
and reduced expression of FOXJI and
DNAII. AGR3 expression was also
decreased after IL-13 treatment, consistent
with its expression in ciliated cells rather
than mucus cells.

AGRS3 Is Expressed in Ciliated Cells in
the Murine Airway

We next explored AGR3 expression in the
murine respiratory tract. As in the human
airway, AGR3 staining was limited to
ciliated cells (Figure 2A). In the absence of
allergen challenge, few mucus cells were
apparent, and AGR2 staining was rarely
observed. To induce mucus metaplasia,
we sensitized and challenged mice with
ovalbumin (Figure 2B). In allergen-
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Figure 1. Anterior gradient 3 (AGR3) is expressed in human airway ciliated cells, and expression
increases with mucociliary differentiation in vitro. (A-C) Human tracheal sections were stained with
antibodies against AGR3 (red) and AGR2 (blue) (A), AGR3 (red) and the endoplasmic reticulum marker
GRP78/GRP94 (green) (B), and AGR3 (red), DNAI1 (white), MUCBAC (5AC, green), and MUCSB (5B,
blue) (C). Scale bars: 20 pm. (D) Analysis of AGR3 messenger RNA (mRNA) during mucociliary
differentiation. Human bronchial epithelial cells were cultured at air-liquid interface for 7 to 21 days without
cytokine stimulation (—) or in the presence of IL-13 (10 ng/ml from Days 7-21, +), and levels of the
ciliated cellMRNAs FOXJT and DNAIT, the mucin mRNA MUC5AC, and AGR3 mRNA were analyzed by
quantitative RT-PCR. Values represent mean = SEM (n = 3). **P < 0.01; **P < 0.001. ns, not significant.
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challenged mice, AGR2 strongly associated
with MUC5AC-containing mucus cells as
previously reported (9), whereas AGR3
localized to ciliated cells and was not
evident in mucus cells. To determine
whether AGR3 compensated for loss of
AGR2, we analyzed AGR3 localization in
Agr2™'~ mice. Even in the complete
absence of AGR2, AGR3 was only present
in ciliated cells and was not detected in
mucus cells.

AGR3 Expression Is Independent of
ER Stress

AGR?2 and several other PDI family genes
are induced by ER stress (9). To examine
the response of AGR3 to ER stress, we
challenged differentiated HBE cell cultures
with tunicamycin, an inhibitor of N-
glycosylation, and thapsigargin, a selective
sarcoplasmic/endoplasmic reticulum
calcium pump inhibitor (Figure 3A).
Tunicamycin strongly induced classical
markers of the ER stress pathway (BIP,
CHOP, and ATF4) and increased AGR2
mRNA levels 13-fold. Tunicamycin,
however, did not increase AGR3 mRNA
expression. A similar response was
observed with thapsigargin (Figure 3B).
These data indicate that AGR3, unlike
AGR2, is not induced as a part of the
cellular response to ER stress.

AGRS3 Is Not Essential for Viability or
Fertility or for Formation of a Ciliated
Airway Epithelium

To elucidate the function of AGR3 in vivo,
we used AGR3-deficient (Agr37/ ~) mice.
Male and female Agr3~'~ mice were viable
and fertile. Blinded inspection of tracheal
sections from five control and five Agr3™/~
mice revealed no apparent differences
(Figures 4A and 4B). Scanning electron
microscopy confirmed that the apical
surface of the trachea was lined with
ciliated cells in both control and Agr3™/~
mice (Figures 4C and 4D). We used
transmission electron microscopy to
examine ciliary ultrastructure (Figures 4E
and 4F). A pathologist with experience in
diagnosing ciliopathies (J.L.O.) used
transmission electron microscopy to
examine the ultrastructure of 50 cilia from
each of three control and three Agr3™/~
mice. There were no obvious defects in the
appearance of cilia in Agr3~'~ mice
compared with control mice: all mice had
the normal 9 + 2 microtubule arrangement,
and dynein arms were present and had

American Journal of Respiratory Cell and Molecular Biology Volume 53 Number 4 | October 2015
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DNAIM1 5AC AGR2

Figure 2. AGR3 localizes to ciliated cells in mouse airway epithelium. Airway sections from saline-
challenged wild-type mice (A), allergen-challenged wild-type mice (B), and allergen-challenged Ang’/ B
mice (C) were stained with antibodies against AGR3 (red), DNAI1 (white), MUCSAC (blue), and AGR2

(green). Scale bars: 20 pm.

a similar appearance in the two genotypes.
Massively parallel RNA sequencing
showed that ciliated cell- and secretory
cell-specific transcripts were present at
similar levels in lungs from wild-type and
homozygous null mice (Figure 5A).

Agr3~'~ Mice Do Not Develop
Detectable ER Stress

Mice deficient in AGR2 develop an ER stress
response (9, 23). To determine whether lack
of AGR3 induces a similar response,

we examined the expression of ER
stress—associated genes. Massively parallel
RNA sequencing (Figure 5A) and

quantitative RT-PCR (Figures 5B and 5C)
revealed no differences in expression of ER
stress response genes in the lung or trachea
of Agr3~'~ mice compared with control
mice. We previously used PCR analysis of
Xbp-1 splicing, which is induced by ER
stress, to demonstrate that lack of AGR2 is
associated with ER stress in epithelial cells
recovered by airway brushing (9). Using the
same approach, we were unable to detect
changes in Xbp-1 splicing in epithelial cell
brushings from Agr3™'~ mice (Figure 5D).
We were also unable to detect differences in
the levels of Agr2 or other PDI family
member transcripts between Agr3~’~ and

Bonser, Schroeder, Ostrin, et al.: AGR3 Function in Multiciliated Cells

wild-type mice (Figure 5A). We conclude
that loss of AGR3 does not induce a
detectable ER stress response or lead to

a compensatory increase in expression of its
Agr2 or other PDI family members.

CBF Is Reduced in Agr3~/~ Mice

The specific localization of AGR3 in human
and mouse ciliated cells raised the question
of whether ciliary function was affected by
loss of AGR3. Microscopic analysis of
freshly isolated tracheal tissue revealed that
cilia in the trachea of Agr3™/~ mice were
motile. We therefore analyzed CBF in
tracheas from Agr3™'~ mice and Agr3
littermates. In the presence of 1 mM
extracellular calcium, tracheas from Agr3
mice exhibited a CBF of 18.4 = 3.9 Hz,
comparable to previously published data
(24). In tracheas from Agr3_/ ~ mice,
however, ciliary beat frequency was reduced
by 20% (Figure 6A). Extracellular ATP, an
important regulator of ciliary function,
increases CBF by activating purinergic
receptors and increasing intracellular
calcium concentration (25). After ATP
stimulation, CBF was 35% lower in
Agr3™'™ tracheas compared with controls
(Figure 6B).

To determine if the defect in CBF in
Agr3™’” mice was calcium dependent, we
perfused tracheal rings with a calcium-free
solution (Figure 6C). In the absence of
extracellular calcium, there was no
apparent difference in CBF in tracheas
from Agr3™'~ and Agr3™'" mice. These
data indicate that AGR3 influences CBF in
a calcium-dependent manner. Analysis of
cultured tracheal epithelial cells showed
that intracellular calcium was lower in cells
from Agr3™'~ mice compared with cells
from Agr3™'" littermates (139.7 + 98.2 nM
versus 362.1 = 55.0 nM [mean = SEM];
n=6; P<0.001), implicating AGR3 in the
regulation of intracellular calcium in
tracheal epithelial cells.

+/+

+/+

Mucociliary Clearance Is Reduced in
Agr3~'~ Mice

CBF is a primary determinant of
mucociliary clearance in the airway (1). To
investigate mucociliary function in Agr3™'~
mice, we measured the rate of particle
transport in the trachea ex vivo (Figure 6D).
Particle speed was reduced by 35% in
tracheas from Agr3~'~ mice. These data
indicate that AGR3 is required for normal
ciliary activity and for optimal mucociliary
clearance in the airway.

539



A 105 [TJcontrol
+er I tunicamycin
104 -
6 *kk
>
2 10
2
S
2 102
f_f ol ns
101 -
100 =
Q R X 9 )
N 00« QL
A S S
B
10° 7 [Jcontrol
[l thapsigargin
104 ] *kk
©
5 *k
= 103
2
6 *
é 102 . i
l_
101 -
100 -
Q R X Q )
& O Ko
& B @ 0

Figure 3. AGR3 expression is not induced by
endoplasmic reticulum (ER) stress. Differentiated
human bronchial epithelial cultures were grown
at air-liquid interface and cultured in the
presence or absence of the classic ER stress
inducers tunicamycin (A) and thapsigargin (B).
The mRNA levels of AGR2 and AGR3 and
markers of the ER stress pathway (BIP, CHOP,
and ATF4) were analyzed. Values represent
mean = SEM (n=6). *P < 0.05, **P < 0.01, and
**P < 0.001.

Discussion

Our findings add to an emerging
understanding of the multifaceted roles of
PDI family members in the lung and other
organs. Some PDI family members are
widely expressed and have more generalized
roles in ER function, but others, including
AGR2 and AGR3, are restricted to specific
cell types and play more specialized roles.
Our previous work established a specialized
role for AGR2 in mucus cells in the airway
and the intestine (8, 9, 23). In the present
study, we analyzed the function of the
AGR2 paralog, AGR3, in the airway.
Despite their strong structural similarity,
we found dramatic differences in the

540

expression, regulation, and biological
function of these two PDI family members
in airway epithelial cells. Unlike AGR2,
which is required for normal mucin
processing in mucus cells (9), AGR3 is
required for the regulation of CBF in
multiciliated cells.

We found that AGR3 is localized to the
ER of ciliated cells in the airway epithelium
in humans and mice. ER localization is
a defining feature of PDI family members,
although some PDI family members
have been reported to localize in other
compartments, including the cytoplasm, the
nucleus, and the extracellular space in
certain systems (12). Our finding that
endogenous AGR3 is confined to the ER of
ciliated cells complements previous reports
of ER localization in nonciliated cells
transfected with epitope-tagged AGR3 (26).

ORIGINAL RESEARCH

AGR3 expression increases dramatically
with differentiation of airway epithelial
cells (27): in our experiments, AGR3
mRNA increased approximately 1,000-fold
between Day 7 and Day 21. Consistent
with this finding, publicly available
microarray data show that AGR3 transcripts
were at or near the limit of detection in
purified human basal cells (28) (NCBI GEO
dataset GSE24337) and became detectable
at Day 4 of in vitro differentiation,
concurrent with the onset of expression

of the ciliated cell transcription factor FOX]1
(29) (GDS2615).

AGR3 expression in cells with motile
cilia is apparently not confined to the
airway epithelium; expression was also
detected in ciliated cells in the oviduct (30),
and AGR3 was identified as a component of
the transcriptome of ciliated cells using an

Figure 4. Multiciliated cells are present in airways of AGR3-deficient mice. (A and B) Histological
sections of airways from wild-type (Agr3*'*) (A) and Agr3™'~ (B) mice stained with hematoxylin and
eosin. Scale bars: 10 pm. (C and D) Scanning electron microscopy of cilia from Agr3*'* (C) and
Agr3~'~ (D) mice. Scale bars: 5 pm. (E and F) Transmission electron microscopy of airways from

Agr3™* (E) and Agr3~’~ (F) mice.

American Journal of Respiratory Cell and Molecular Biology Volume 53 Number 4 | October 2015
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Figure 5. AGR3-deficient mice do not develop detectable ER stress. (A) Transcript levels were
measured by RNA sequencing analysis of lungs from mice lacking AGR3 (AgrS’/ ~) and wild-type
(Agr3*/*) littermates. Values represent mean = SEM (n = 3). TFalse discovery rate g =3 x 10 '&;
g > 0.9 for other transcripts. (B and C) Quantitative PCR analysis of transcripts in lungs (B) and
tracheas (C) from wild-type (Agr3+/ *) and AgrS"/ ~ mice. Values represent mean = SEM (n = 3).
***P < 0.001; other differences were not statistically significant. (D) Spliced Xbp7 mRNA (as

a percentage of total Xbp7 mMRNA) was determined from epithelial brushings from wild-type and
Agr3’/’ mice. Values represent mean = SEM (n = 6). PDI, protein disulfide isomerase.

approach that relied on coexpression with
known ciliated cell genes across multiple
human tissues (5). AGR3 transcripts have
also been detected in stomach, lung, colon,
and prostate (14) and in liver (31). Because
not all AGR3-expressing organs contain
multiciliated cells, AGR3 likely has other
functions in these organs. Further studies
are required to determine whether AGR3
regulates ciliary function in cells outside
the lung, identify functions for AGR3
in nonciliated cells, and analyze the
significance of increased AGR3 expression
in certain cancers, including liver (31),
prostate (32), and breast (15) cancer.
Unlike AGR2 and several other PDI
family members, AGR3 is not induced
during ER stress responses. Increases in
levels of PDI family members with roles in

ER protein processing are believed to
contribute to restoration of ER proteostasis
by promoting proper oxidative folding or
removal of unfolded or misfolded proteins
(33, 34). Here we confirmed that ER stress
induces expression of AGR2 in airway
epithelial cells but found no induction

of AGR3 under identical conditions.
Further evidence for the role of AGR2 in
maintaining ER proteostasis came from the
observation that Agr2”~'~ mice develop ER
stress (9, 23). In contrast, we were unable to
find evidence of an ER stress response in
Agr3™'™ mice.

The observation that AGR3 is present
in multiciliated airway epithelial cells led us
to ask whether AGR3 is required for the
development of these cells. Agr3~’~ mice
had ciliated cells, and we were unable to

Bonser, Schroeder, Ostrin, et al.: AGR3 Function in Multiciliated Cells

detect abnormalities in the histologic
appearance of the airway, the ultrastructure
of motile cilia, or expression of cilia-specific
genes in these mice, demonstrating that
AGR3 is not essential for the formation of
multiciliated cells. This is consistent with
phylogenetic studies showing that AGR3 is
present only in amphibians and higher
vertebrates, although multiciliated cells are
present in nonvertebrates (14, 35). Hence,
the specialized function of AGR3 in the
airway epithelium apparently evolved after
the origin of multiciliated cells.

Although ciliated cells developed in the
absence of AGR3, we did detect differences
in CBF in airways from Agr3™'~ mice. CBF
was similar in Agr3™’~ mice compared
with control mice when cells were perfused
with a calcium-free solution, arguing
against a simple mechanical or structural
defect in the ciliary apparatus or a
nonspecific toxic effect on multiciliated
cells. However, in the presence of
extracellular calcium, CBF was increased in
control mice but not in Agr3~'~ mice. An
even more marked defect in CBF was
seen after ATP stimulation, which acts
by increasing intracellular calcium
concentration. These findings demonstrate
that AGR3 is required for normal calcium-
dependent CBF regulation in the airway.

Our studies suggest a mechanistic
relationship between AGR3, intracellular
Ca®”, and regulation of CBF. Intracellular
Ca®" is a major regulator of CBF (25).
AGR3 is localized in the ER, which is
the single largest calcium store inside
nonstriated muscle cells (36). Most Ca®* in
the ER is bound to proteins. Members of
the PDI family have been shown to bind
Ca®™" directly (36) and to associate with and
modulate activity of major ER Ca*"-
buffering proteins, such as calreticulin (37).
In addition, at least one PDI family
member, ERp44, can also affect release of
Ca’" from the ER to the cytosol. ATP-
induced Ca®" release requires activation of
inositol 1,4,5-trisphosphate receptors (25).
ERp44 interacts with free cysteine residues
in an ER luminal loop of the type 1 inositol
1,4,5-trisphosphate receptors to modulate
cytoplasmic Ca®" concentrations (38).
Based on our finding of altered intracellular
calcium levels in Agr3~'~ airway epithelial
cells, we speculate that AGR3 regulates CBF
by binding to and modulating the activity
of ER calcium buffering proteins or calcium
channels. This binding would likely involve
the conserved active site cysteine residue

541



ORIGINAL RESEARCH

Although this suggests that AGR3 is
unlikely to be a common cause of PCD,
future studies could identify rare, disease-
causing variants. In addition to PCD,
mucociliary dysfunction is a characteristic
feature of a broad spectrum of chronic
airway diseases, including cystic fibrosis,
chronic obstructive pulmonary disease, and
asthma (1, 4). Consequently, a better
understanding of the role of AGR3 and
other molecules in regulation of these
processes may also be relevant for these
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Figure 6. Lack of AGR3 leads to a reduction in ciliary beat frequency (CBF) and impaired mucociliary
clearance. (A—C) CBF was measured in AGR3-deficient mice (Agr3’/ ~) and wild-type control mice

(Agr3™'*) in buffer containing calcium (4), calcium and ATP (B), or calcium-free buffer without ATP (C).
Values represent mean = SEM (n = 6). *P < 0.05 and ***P < 0.001 compared with wild-type controls.
(D) Tracheal clearance of fluorescent beads in mice lacking AGR3 (n = 10) and wild-type littermates

(n=9). *P < 0.05.

common disorders.

To our knowledge, our study provides
the first evidence of a specific physiological
function for AGR3: regulation of CBF in
airway epithelial multiciliated cells. AGR3
and AGR2, which regulate mucus
production in airway epithelial mucus cells,
provide a striking example of how two
paralogs expressed in different cell types
make distinct contributions to the function

found in AGR3 and all other PDI family
members. Alternatively, our findings could
be explained by a toxic effect of AGR3
deficiency on ER homeostasis, although the
lack of an ER stress response makes this
possibility less likely. Further studies are
required to understand the mechanisms
accounting for the functional effects of
AGR3 in airway epithelial cells.

The functional abnormalities observed
in Agr3™'~ mice suggest that AGR3 could
be relevant for human diseases with
inherited or acquired defects in ciliary beat
frequency and mucociliary clearance. For
example, the reductions in CBF caused by

AGR3 deficiency (20% reduction in the
presence of extracellular calcium and 35%
after ATP stimulation) are similar to the 25
to 29% reductions in CBF that have been
described for some individuals with PCD
(39, 40). Our findings therefore establish
AGR3 as a logical candidate gene for PCD.
No biallelic mutations in AGR3 were
detected by exome sequencing of 72
subjects with PCD confirmed by clinical
phenotyping, electron microscopy, and/or
nasal nitric oxide analysis and 43 subjects
with idiopathic bronchiectasis without
confirmed PCD (M. B. Zariwala and

M. R. Knowles, personal communication).

of a single system, the mucociliary
apparatus. ll
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