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Physiol Lung Cell Mol Physiol 308: L253-L258, 2015. First pub-
lished December 5, 2014; doi:10.1152/ajplung.00331.2014.—Ten to
25% of adult asthma is occupational induced, a subtype caused by
exposure to workplace chemicals. A recent genomewide association
study identified single-nucleotide polymorphisms in the cardiac pro-
tein aT-catenin (aT-cat) that correlated with the incidence and sever-
ity of toluene diisocyanate (TDI) occupational asthma. aT-cat is a
critical mediator of cell-cell adhesion and is predominantly expressed
in cardiomyocytes, but its connection to asthma remains unknown.
Therefore, we sought to determine the primary aT-cat-expressing cell
type in the lung and its contribution to lung physiology in a murine
model of TDI asthma. We show that aT-cat is expressed in lung
within the cardiac sheath of pulmonary veins. Mechanically ventilated
oT-cat knockout (KO) mice exhibit a significantly increased pressure-
volume curve area compared with wild-type (WT) mice, suggesting
that oT-cat loss affects lung hysteresis. Using a murine model of TDI
asthma, we find that aT-cat KO mice show increased airway hyper-
responsiveness to methacholine compared with WT mice. Bronchoal-
veolar lavage reveals only a mild macrophage-dominant inflammation
that is not significantly different between WT and KO mice. These
data suggest that aT-cat may contribute to asthma through a mecha-
nism independent of inflammation and related to heart and pulmonary
vein dysfunction.

aT-catenin; cell-cell adhesion; occupational asthma; lung hysteresis

OCCUPATIONAL ASTHMA OCCURS when workers are exposed to
chemical irritants and is responsible for ~10-25% of adult
onset asthma (4). Diisocyanate exposure is the most commonly
identified source of occupational asthma, representing ~20%
of cases (4). Recent data suggest that the intercellular adhesion
protein aT-catenin (aT-cat) may contribute to its development
since a genomewide association (GWA) study found that
single-nucleotide polymorphisms (SNPs) within oT-cat were
significantly correlated with both the severity and incidence of
toluene diisocyanate (TDI) asthma in a Korean population
(11), independently verified in a Caucasian population (2) (Fig.
1B, Table Summary). These odds ratios are among the highest
described for occupational asthma (2), indicating a strong
correlation. How oT-cat dysfunction affects occupational
asthma has remained elusive.

Address for reprint requests and other correspondence: C. J. Gottardi,
Northwestern Univ., 240 East Huron St., McGaw Pavilion, M-323, Chicago,
IL 60611 (e-mail: c-gottardi @northwestern.edu).

http://www.ajplung.org

1040-0605/15 Copyright © 2015 the American Physiological Society

o-Cat is an essential subunit of the cadherin adhesion com-
plex, linking 3-catenin (3-cat) to F-actin (Fig. 1A) mediating
strong intercellular adhesion (20). It is found in epithelial (E),
neural (N), and testis/heart (T) forms (9). aT-cat is primarily
found in cardiomyocytes and is required for the coordination of
hybrid junctions (area composita) in the heart (15), which are
composed of cadherin junctions, gap junctions, and desmo-
somes. aT-cat may act as a bridge between these different
junctions, since it can interact with both (3-cat of the cadherin
junction and the desmosome adhesion component plakophi-
lin-2 (PKP2) (7). Interestingly, the aT-cat SNPs described
above localize to intron 12 (Fig. 1A), which is between exons
encoding the PKP2-binding domain (7). Whether these SNPs
alter splicing, mRNA expression, or binding to PKP2 is not
known. aT-cat knockout (KO) mice develop an age-related
enlarged cardiomyopathy with decreased ejection fraction (15),
but the connection between cardiomyocyte junction dysfunc-
tion and the development of occupational asthma is unclear.

aT-cat is also implicated in regulating overall lung function.
Analysis of an African-American pediatric cohort identified
two additional SNPs in «aT-cat that were among the best
correlated with changes in forced vital capacity (FVC) (21).
Examination of FVC changes in Caucasian children also iden-
tified two SNPs near N-cadherin, the cadherin associated with
aT-cat in cardiomyocytes (15). The extent to which aT-cat
affects lung function is also unknown. Therefore, we sought to
validate these GWA studies in a knockout mouse model to
determine whether oT-cat loss contributes to both lung me-
chanics and the development of TDI asthma.

MATERIALS AND METHODS

Real-time quantitative PCR. RNA was isolated by RNeasy kit
(Qiagen) purification. cDNA from heart tissue was provided by
Konrad Sawicki and Dr. Hossein Ardehali. Real-time, quantitative
PCR (RT-qPCR) was performed by using iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA) with the MyiQ Single Color Real-Time PCR
by using Bio-Rad detection system and software (12) with the ribo-
somal gene RPL19 the normalizing control. Primers used were aT-
cat, forward 5'-GGTTACTACCCTGGTGAATTGTCC-3', reverse 5’
CTCTTTTCGAACTTCCTGGAGTGC-3"; RPL19, forward 5'-AGC-
CTGTGACTGTCCATTC-3', reverse 5'-ATCCTCATCCTTCTCAT-
CCAG-3'.

Western blotting. Cells and tissues were solubilized in 1% Triton
X-100 lysis buffer containing protease inhibitor tablets (Roche Diag-
nostics); heart tissue was solubilized in the same buffer supplemented
with 2% SDS. Samples were separated by SDS-PAGE, transferred to
nitrocellulose membranes, and immunoblotted with 5B11 hybridoma
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Fig. 1. aT-catenin (aT-cat) is expressed in the lung but absent in the airway. A: protein diagram of aT-cat with B-catenin (-cat), F-actin, and plakophilin-2
(PKP2) binding domains, the last of which may maintain hybrid junctions in the heart (7). TDI, toluene diisocyanate; N, NH»-terminal domain; M, middle
domain; C, COOH-terminal domain. B: table of previously published single-nucleotide polymorphisms (SNPs) in aT-cat with associated odds ratios (OR) for
the development of TDI asthma in Korean (11) and Caucasian (2) populations. C: quantification of aT-cat mRNA in wild-type (WT) and knockout (KO) mouse
lungs and heart by qRT-PCR (n = 3, error bars = SE). D: Western blot of aT-cat and «-E-catenin («E-cat) protein expression in various lung cell types.
HAASMC/HNASMC, human asthmatic/nonasthmatic airway smooth muscle cells; MVSMC, mouse vascular smooth muscle cells; MLE, mouse lung epithelial
cells. E: immunofluorescence detection of aT-cat in cell junctions of cardiac tissue, colocalizing with 3-cat. F: aT-cat is not present in airway epithelial cell

junctions.

mouse anti-a-E-catenin (aE-cat) (5) and no. 952 rabbit-anti-aT-cat
antibodies. Images were captured by use of the Odyssey Infrared
Imaging System (LI-COR) and IRDye680 donkey anti-rabbit (926-
68073) and IRDye800 donkey anti-mouse (926-32212) secondary
antibodies.

Cell culture. Human airway smooth muscle cells were grown in
F-12 Nutrient Mixture (Ham’s) with L-glutamine, supplemented with
25 mM HEPES, 12 mM NaOH, 1.7 mM CaCl,, 2 mM L-glutamine-
200 mM, 1% penicillin-streptomycin, 10% fetal bovine serum, and
0.2% Primocin. Primary cells received at the first passage and main-
taining an elongated, spindle morphology, were provided by Dr.
Reynold Panettieri (University of Pennsylvania), grown in cell culture
as described previously (17). To rule out aT-cat expression, cell
junctions were identified by immunofluorescent staining with the
antibodies against aE-cat, 3-cat, and aT-cat described above, as well
as the mouse monoclonal aT-cat antibody (Millipore MAB2087).
Vascular smooth muscle cells were provided by Dr. Paul Schumacker

(Northwestern University) and grown in M199 supplemented with
fetal bovine serum and penicillin-streptomycin. Mouse lung epithelial
cells were grown in DMEM supplemented with fetal bovine serum
and penicillin-streptomycin.

Histology. Mice were euthanized with 60 mg/kg sodium pentobar-
bital and tracheostomized with an angiocatheter. Mouse heart and
lungs were removed together, perfused with saline, inflated through
the catheter with 10% neutral buffered formalin, fixed in 10% neutral
buffered formalin, and embedded in paraffin blocks (12). For immu-
nofluorescence, tissue sections were deparaffinized and antigens were
retrieved by boiling in citrate buffer for 30 min. Endogenous mouse
IgG was blocked with goat anti-mouse Fab fragment (Jackson Immu-
noResearch, 115-007-003). Fluorescent images were captured via a
Zeiss Axioplan epifluorescence microscope. Primary antibodies used
were the BD Biosciences mouse anti-aE-cat (no. 610193), BD Bio-
sciences mouse anti-f3-cat (no. 610154), and the no. 952 polyclonal
rabbit-anti-aT-cat, and Sigma mouse anti-desmin (D1033). hematox-
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ylin and eosin staining was performed by the Northwestern Pathology
Core Facility.

Mice. oT-cat KO C57BL/6 mice were obtained from Dr. Glenn
Radice (Thomas Jefferson University, Philadelphia, PA), which were
bred with C57BL/6 wild-type (WT) mice to create heterozygote,
CS57BL/6 breeders. WT and aT-cat KO mice used for experimentation
were littermates or descendants from littermates and were genotyped
similarly as shown previously (14). aT-cat-null specific primers, which
generate separate bands in KO and WT mice, were used to genotype by
using PCR: forward 5'-TCTATTTTTGAGGCTGTCG-3'; reverse 5'-
CAAACTTATGCGTGGTG-3'. aT-cat KO was confirmed by PCR,
distinguishing from heterozygotes, showing absence of band generated
by WT-specific primers: forward 5'-CCACCCCTGATATGACCTG-
TAG-3'; reverse 5'-TCCCCAGGAATCAAGTCGTT-3'.

TDI model of asthma. TDI (Mondur 80 2,4-2,6) was provided by
Bayer Pharmaceuticals. Female C57BL/6 mice at least 6 wk old
underwent 5 days of intranasal injections of 20 wl of 3% TDI in 1:4
ethyl acetate-olive oil while under isoflurane anesthesia (13). Four
days after the last sensitization, they were exposed to 3 days of TDI
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challenge, 1 h of 1% TDI in 1:4 ethyl acetate-olive oil by ultrasonic
nebulization (Omron, NE-U17). The day after the final challenge,
mice underwent plethysmography and bronchoalveolar lavage (BAL).

Lung mechanics. For lung mechanics and pressure-volume curve
measurements, mice were continually anesthetized with inhaled iso-
flurane. After anesthesia, the mice were tracheostomized with an
angiocatheter and paralyzed with an intraperitoneal injection of 50 ul
of 10 mg/ml rocuronium. After no independent breaths were recorded,
pressure-volume curve protocols and measurements were collected.
These were repeated three times for each subject as per FlexiVent
manufacturer’s protocol.

Plethysmography. Airway hyperresponsiveness (AHR) was as-
sessed by use of the Buxco 8-chamber whole-body plethysmography
system. Mice cohorts of eight at a time were placed in individual
chambers and exposed to nebulized methacholine in PBS for 2 min,
with 6 min of enhanced pause (Penn) measurements directly following.
Measurements were taken from 0, 1, 3.3, 10, 33, 100, and 333 mg/ml
of methacholine. P.nn values reported were the mean of recorded
values during the measurement after methacholine exposure.
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Fig. 2. aT-cat localizes to cardiomyocyte junctions along pulmonary veins and contributes to lung mechanics. A: immunofluorescence of murine pulmonary
arteries (PA), surrounded by smooth muscle, and the pulmonary veins (PV), surrounded by striated cardiomyocytes (arrows), as visualized by staining with
antibody to the intermediate filament desmin (shown in green); nuclei (blue, Hoechst). B: immunofluorescence double labeling of PV of WT and aT-cat KO mice
with antibodies to aT-cat and aE-cat. aT-cat KO veins only express aE-cat at cell-cell junctions (arrows). C: quantification of lung compliance, resistance, and
elastance by ventilation. D: pressure-volume curves for WT and aT-cat KO mice generated with constant volumes (PVs-V). E: calculation of the area under the
pressure-volume curve for WT and aT-cat KO mice for those generated with constant volume (PVs-V) and constant pressure (PVs-P). *P < 0.05, **P < 0.01,
by Student’s #-test. Error bars represent SE.
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Bronchoalveolar lavage. Saline fluid (0.8 ml) was lavaged then
aspirated from the lungs of mice through the tracheal angiocatheter.
Cell counts were measured by Trypan blue exclusion and the auto-
mated Countess system. To measure the cell differential, 200 1 of
BAL fluid was placed in Cytospin funnels and spun 2,000 rpm 5 min
onto a glass slide. Cells were stained by Wright-Giemsa and manually
counted and identified.

Statistics. Statistical analysis was performed by Student’s #-test,
with a P value of less than 0.05 considered significant. Calculations
were performed with GraphPad Prism software (Graph Pad Software,
La Jolla, CA).

Study approval. All experiments were approved by the Northwest-
ern University IACUC.

RESULTS AND DISCUSSION

aT-cat is expressed in the lung, but not in the airway. To
understand the genetic links between aT-cat dysfunction and

oT-CATENIN AND CHEMICAL-INDUCED ASTHMA

asthma, we sought to identify the primary aT-cat-expressing
cells in the lung using an aT-cat total KO mouse (15). We
showed that aT-cat mRNA was indeed present in WT lungs
but not KO mice by qRT-PCR and was ~20 times less
abundant than in the heart (Fig. 1C). aT-cat protein was only
barely detected in whole mouse lung lysate compared with that
in the heart (Fig. 1D). Instead, the dominant a-cat in the lung
was aE-cat. We also could not detect aT-cat in various lung
cell lines, including human airway smooth muscle cells ac-
quired from both asthmatic and nonasthmatic patients, mouse
vascular smooth muscle cells, and mouse lung epithelial cells,
which instead all expressed aE-cat (Fig. 1D). We next used
immunofluorescence to show aT-cat was present in the WT
cardiomyocyte junctions of the heart, colocalizing with [3-cat,
but absent in KO mice (Fig. 1E). In the airway of the lung, no
aT-cat was detected with B-cat (Fig. 1F).
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Fig. 3. aT-cat loss enhances the severity of TDI asthma. A: murine model for

aT-cat KO

TDI asthma with sensitization by intranasal injection, challenge by nebulization

and assessment by airway hyperresponsiveness (AHR) and bronchoalveolar lavage (BAL). B: whole-body plethysmography assessment of AHR. WT mice
showed no increase in enhanced pause (Penn) AHR when exposed to TDI, whereas KO mice demonstrated a significant increase in Penn after TDI exposure. D:

analysis of airway inflammation by BAL. TDI exposure increases macrophage
lymphocyte, NE, neutrophil, EO, eosinophil. E: by hematoxylin and eosin stai

and neutrophil infiltration similarly in WT and KO mice. M, macrophage, LY,
ning, the small airways (AW) and pulmonary arteries (PA) of WT and KO mice

exposed to TDI show no significant differences. F: in larger AW, WT and KO mice show adjacent pulmonary veins (PV). *P < 0.05, **P < 0.01, ***P < 0.001,

by Student’s #-test. Error bars represent SE.
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aT-cat is expressed in the cardiomyocyte sheath of the
pulmonary veins. The pulmonary arteries (PA) and veins (PV)
have a unique tissue patterning and cellular architecture. The
PA track to the airways and are surrounded by smooth muscle
cells, whose cytoplasm stains uniformly positive for the inter-
mediate filament marker desmin (Fig. 2A). In contrast, PV do
not follow the branching airways and are sheathed in cardio-
myocytes, identified by desmin-positive sarcomere striations
(Fig. 2A, inset). These cardiomyocytes have been shown to
extend throughout the entirety of the PV in rodents and in the
large PV of humans (19). We detected aT-cat in the PV cardio-
myocytes of WT mice, colocalizing with aE-cat, whereas it was
absent in KO mice (Fig. 2B).

aT-cat loss impacts respiratory function. To investigate how
aT-cat regulates lung function, we used the FlexiVent venti-
lation system to measure mechanical properties of the lung. No
differences in elastance, resistance, or compliance were found
due to aT-cat KO (Fig. 2C). However, compared with WT
mice, a'T-cat KO mice displayed a significant increase in lung
pressures within the pressure-volume curve generated with
constant volumes (PVs-V) (Fig. 2D). To quantify this differ-
ence, we measured the area of the PV curves and found that the
KO mice PVs-V curve area was significantly greater than that
of WT (Fig. 2E). The difference between PV-curve areas was
not statistically significant when the PV curve was generated
with constant pressure (PVs-P) (Fig. 2E). Increases in PV
curve area have been seen in other models of heart dysfunction
(16), which suggests that aT-cat loss affects lung hysteresis.

aT-cat loss increases susceptibility to TDI asthma. To de-
termine the role of «T-cat in TDI asthma, WT and KO mice
were sensitized by intranasal injection and challenged by
nebulized TDI and assessed by measuring AHR and BAL (Fig.
3A). Because forced oscillation has been shown to be ineffec-
tive in TDI asthma models of C57BL/6 mice (6), we instead
used whole-body plethysmography to measure the Pe,,, an
established measure of AHR in TDI asthma models (13),
particularly in C57BL/6 mice (10, 18). After TDI exposure,
WT mice showed no significant changes to AHR, but KO mice
showed a significant increase in Pey, along each methacholine
dose, as well as at baseline (Fig. 3B), consistent with previous
work with this model of TDI asthma (13). This indicates that
aT-cat loss increases sensitivity to TDI. Both WT and KO
mice showed a significant and similar increase in macrophage
and neutrophil cells after TDI exposure (Fig. 3C), consistent
with other models of TDI asthma in C57BL/6 mice (6). We
observed no obvious differences in airway architecture be-
tween the WT and KO mice by histology (Fig. 3D), where PV
were found adjacent to the large airways (Fig. 3E).

Role of cardiac function in asthma. We show that the cardiac
protein aT-cat contributes to the development of TDI asthma,
validating prior human GWA studies. Since no inflammatory
differences between WT and KO mice are observed in the TDI
asthma model, our data suggest a novel mechanism for the
pathogenesis of occupational asthma. Since the pulmonary
veins can be found near the large airways, we speculate that
cardiomyocyte adhesion dysfunction in the heart and pulmo-
nary veins may lead to interstitial airway edema. Lung edema
is a common consequence of heart dysfunction (1) frequently
seen in patients with heart failure, in which presentations of
shortness of breath and wheezing are referred to as “cardiac
asthma” (3). Supporting this edematous connection to asthma,

Rapid Reports
L257

other GWA studies performed in populations of atopic asth-
matic subjects found that those with certain SNPs in aT-cat
showed no response to corticosteroid therapy (22), consistent
with our proposed noninflammatory connection between car-
diac dysfunction and asthma. Furthermore, recent preliminary
clinical trials demonstrate the surprising efficacy of [-adren-
ergic receptor blockers in treating patients with asthma (8), but
its mechanism remains elusive. If these drugs are acting
through their known cardiac effects, heart cell function may be
a novel therapeutic target for asthma. Future studies are re-
quired to determine whether aT-cat KO mice are more sus-
ceptible to models of atopic asthma, which also may be better
suited to discerning a molecular mechanism owing to their
relative robustness compared with TDI asthma models. Over-
all, our study has validated the genetic associations of aT-cat
with TDI asthma and lung mechanics (2, 11, 21, 22), suggest-
ing the potential importance of cardiac cell junction function in
the development of occupational asthma.
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