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Abstract

The elevation of carbon dioxide (CO») in tissues and the bloodstream (hypercapnia) occurs in
patients with severe lung diseases, including chronic obstructive pulmonary disease (COPD).
Whereas hypercapnia has been recognized as a marker of COPD severity, a role for hypercapnia in
disease pathogenesis remains unclear. We provide evidence that CO» acts as a signaling molecule
in mouse and human airway smooth muscle cells. High CO» activated calcium-calpain signaling
and consequent smooth muscle cell contraction in mouse airway smooth muscle cells. The
signaling was mediated by caspase-7-induced down-regulation of the microRNA-133a (miR-133a)
and consequent up-regulation of Ras homolog family member A and myosin light-chain
phosphorylation. Exposure of wild-type, but not caspase-7-null, mice to hypercapnia increased
airway contraction and resistance. Deletion of the Caspase-7 gene prevented hypercapnia-induced
airway contractility, which was restored by lentiviral transfection of a miR-133a antagonist. In a
cohort of patients with severe COPD, hypercapnic patients had higher airway resistance, which
improved after correction of hypercapnia. Our data suggest a specific molecular mechanism by
which the development of hypercapnia may drive COPD pathogenesis and progression.

INTRODUCTION

Gaseous molecules such as oxygen (O,), nitric oxide, and carbon dioxide (CO;) are sensed
by cells and activate specific intracellular signaling pathways (1-3). Cellular responses to
CO, were thought to be a consequence of acidosis because of the rapid conversion of CO5 in
solution into carbonic acid, which leads to bicarbonate and hydrogen ion formation.
However, recent studies suggest that high concentration of CO» acts as a signaling molecule
in the lung, activating signaling transduction pathways (4) and altering transcription factor
activity (5) and microRNA (miR) expression (6).

Hypercapnia, defined as an elevation in the arterial CO, tension, is a complication of
inadequate alveolar gas exchange in patients with severe acute and chronic lung diseases
including chronic obstructive pulmonary disease (COPD) (3, 7). About 16 million
individuals in the United States have COPD, which is currently the third leading cause of
death, and the rates of mortality attributable to COPD continue to rise (8, 9). Persistent
hypercapnia is associated with increased mortality among COPD patients (7). The recent
discovery that treating hypercapnic COPD patients with noninvasive ventilation reduced
mortality (10, 11) raised the possibility that hypercapnia itself might be involved in the
disease pathogenesis and progression.

We hypothesized that CO, elevation activates signaling pathways in the airways that results
in pathological changes in lung function. Here, we provide evidence that high CO, induces
airway smooth muscle (ASM) contractility via Caspase-7-mediated miR-133a-Ras homolog
family member A (RhoA) axis signaling in rodents. Our data suggest that development of
hypercapnia worsens airway constriction and may limit ventilation to poorly functioning
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lung units by inducing excess constriction of the airways, setting up a feedback loop that
could culminate in respiratory failure.

RESULTS

High CO; increases ASM cell contractility via miR-133a-mediated RhoA signaling

To elucidate the effects of hypercapnia on airway cells, we first performed mRNA and miR
microarray analysis of lungs isolated from C57BL/6J mice exposed to normoxic
hypercapnia (10% CO, and 21% O») or room air for 3 or 7 days (fig. S1, A and B).
Exposure to hypercapnia altered gene expression in the lung. We found 1017 and 2959 genes
that were differentially expressed in mice exposed to hypercapnia for 3 or 7 days,
respectively (table S1). MetaCore pathway analysis revealed that the most enriched pathway
was “ASM contraction in asthma” (fig. S1C). To identify potential-enriched ASM
contraction pathways, MetaCore network analysis that combined both mRNA and miRNA
microarray data obtained from the lungs of mice exposed to hypercapnia was performed and
suggested changes in the “miR-133a-related RhoA/myosin light-chain (Mlc) phosphatase-
Mlc” pathway (fig. S1D).

The microarray data suggested that hypercapnia may alter airway contractility. To test this
hypothesis, we measured acetylcholine (ACh)-induced cell contraction in primary mouse
ASM cells incubated with normal CO5 range (30 to 40 mmHg = 5%) or hypercapnic (60 to
80 mmHg = 10% or ~120 mmHg = 20% CO,) and normoxic conditions with control of the
extracellular pH. We found that ASM cells exhibited increased ACh-induced cell contraction
dependent on CO, dose and exposure time (Fig. 1A). The cell contraction was independent
of metabolic acidosis (Fig. 1A).

ASM contraction is effected through actin-myaosin cross-bridge cycling, which is regulated
by phosphorylation of the 20-kD regulatory MLC (12, 13). The RhoA-Rho-associated
kinase (ROCK) signaling pathway induces phosphorylation and inactivation of MLC
phosphatase and thus supports MLC phosphorylation and contractility of smooth muscle
(12, 13).

To determine whether high CO, enhances Mlc phosphorylation through the RhoA-ROCK
signaling pathway, we analyzed RhoA protein expression and Mlc phosphorylation in mouse
ASM cells exposed to high (20%) CO,. High CO, exposure for 2 or 7 days caused up-
regulation of RhoA protein (Fig. 1B). Moreover, the increased Mlc phosphorylation and
ASM cell contraction after 20% CO5, exposure were prevented by preincubation with the
ROCK inhibitor Y-27632 in mouse ASM cells (Fig. 1, C and D). One of the mechanisms
recently recognized to increase RhoA protein expression is the down-regulation of miR-133a
(14). We found that high CO5 caused a time-dependent decrease in miR-133a expression in
mouse ASM cells (Fig. 1E).

To determine whether the increased expression of RhoA protein by high CO, was due to the
decrease in miR-133a expression, we transfected mouse ASM cells with mimic miR-133a
before 20% CO», exposure and found that the up-regulation of RhoA protein in high CO,
conditions was prevented in these cells (Fig. 1F). Moreover, we found an up-regulation of
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RhoA protein in mouse ASM cells transfected with a miR-133a antagonist
(antagomiR-133a) in normocapnic conditions (Fig. 1G).

To confirm a role for miR-133a in the high CO»-induced ASM cell contractility, we
overexpressed miR-133 in mouse ASM cells by lentiviral infection and found that the
overexpression of miR-133 prevented the ACh-induced cell contraction observed in the cells
exposed to 20% CO, (Fig. 1H). Collectively, our data suggest that high CO, reduces
miR-133a abundance, thereby increasing RhoA protein expression, Mlc phosphorylation,
and consequent ASM cell contraction. We also confirmed that high CO, increased ACh-
induced cell contraction in human ASM cells (Fig. 2A), which was prevented by either
Y-27632 (Fig. 2B) or lentiviral overexpression of miR-133 (Fig. 2C).

High CO5 induces Caspase-7-dependent cleavage of myocyte-specific enhancer factor 2D
and miR-133a down-regulation

Analysis of transcription factor binding sites for the miR-133a promoter using the
transcription factor database (TRANSFAC, geneXplain) predicted myocyte-specific
enhancer factor 2D (Mef2D) and Yin Yang 1 (Yy1) as candidates to bind the promoter of
miR-133a in mouse lung (Fig. 3A). Therefore, we evaluated miR-133a expression in mouse
ASM cells transfected with small interfering RNAs (siRNAs) for Mef2d or Yy1 in normoxic
conditions and found that the Mef2d siRNA caused down-regulation of miR-133a and up-
regulation of RhoA protein, whereas the Yy siRNA did not affect miR-133 expression (Fig.
3, B and C), suggesting that Mef2D was likely involved in the modulation of miR-133a in
mouse ASM cells. Immunocytochemical analysis revealed that Mef2D was almost
exclusively localized to the cell nucleus and that the number of Mef2D-positive cells was
decreased in high CO, conditions (Fig. 3D and fig. S2). Western blot analysis revealed that
Mef2D protein abundance was decreased in the nuclear fraction from mouse ASM cells
exposed to high CO, conditions (Fig. 3E). The decreased expression of Mef2D protein
resulted in less Mef2D bound to the miR-133a promoter in mouse ASM cells exposed to
high CO, conditions (Fig. 3F).

To further explore the mechanism mediating Mef2D protein expression decreased by high
CO», we examined Mef2d mRNA expression in mouse ASM cells exposed to high CO,
conditions and found no differences between normocapnic and high CO, conditions (fig.
S3A). We observed Mef2D fragments in the nuclear fractions in mouse ASM cells exposed
to high CO» (Fig. 3E), suggesting Mef2D protein fragmentation. As a direct cleavage of
MEF2D by caspase-7 has been shown (15), we used a nonselective caspase inhibitor, Z-
VAD-FMK, to assess whether caspases were involved in the cleavage of Mef2D.
Preincubation with Z-VAD-FMK prevented the fragmentation of Mef2D and rescued the
down-regulation of miR-133a in high CO, conditions (fig. S3, B and C). To identify the
specific caspase that cleaves Mef2D in high CO, conditions, we examined cleavage of
Caspase-3, Caspase-7, Caspase-8, and Caspase-9 in mouse ASM cells exposed to high CO,
and found that only Caspase-7 was cleaved (Fig. 3G and fig. S3, D to G). The cleavage of
Caspase-7 was not associated with procaspase-7 expression (Fig. 3G). We did not observe
increases in cleavage of poly(adenosine 5’-diphosphate-ribose) polymerase (PARP), DNA
fragmentation, or positive terminal deoxynucleotidyl transferase-mediated deoxyuridine
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triphosphate nick end labeling (TUNEL) staining in mouse ASM cells exposed to high CO,
conditions (fig. S3, H to J), suggesting that high CO, does not cause cell apoptosis. To
determine a role for Caspase-7 in high CO,-induced Mef2D fragmentation, we used
Caspase-7siRNA to silence Caspase-7and showed that the silencing prevented the
formation of the Mef2D fragments and rescued the down-regulation of miR-133a in mouse
ASM cells exposed to high CO, conditions (Fig. 3, H and I). Site-directed mutagenesis was
performed to identify and evaluate Caspase-7 cleavage site of Mef2D. Mutation of residue
478 of Mef2D from aspartate to alanine also prevented the formation of the Mef2D
fragments and rescued the down-regulation of miR-133a in high CO5 conditions (Fig. 3, J to
L). Collectively, our data suggest that high CO» activates Caspase-7, which, via a
noncanonical pathway, cleaves Mef2D, thereby reducing miR-133a expression. Consistently
with the data from mouse ASM cells, high CO, induced CASPASE-7-dependent cleavage of
MEF2D in human ASM cells (Fig. 4A) with no changes of procaspase-7 expression (Fig.
4B).

High CO, activates calcium-calpain signaling, leading to Caspase-7 activation

Calpains, Ca2*-dependent cysteine proteases, are known to modulate caspase activity via
direct cleavage (16, 17). To assess the relationship between calpains and Caspase-7 in high
CO», conditions, we monitored the activity of calpains in mouse ASM cells exposed to 20%
CO»,. We found that the activity of calpains was tightly regulated and peaked at 6 hours of
high CO, exposure (Fig. 5A). However, this increased activity was not due to increased
abundance of major calpains, Calpain-1 and Calpain-2 (Fig. 5B). Recombinant caspase-7
has been reported to be directly cleaved by calpain-1 within the large subunit of caspase-7 to
produce two subunits of 18.5 and 17.2 kDa, which are smaller than the 20-kDa subunit
produced by caspase-3 cleavage (17). We show that Calpain-1 siRNA, but not Calpain-2
SiRNA, prevented the high CO,-induced Caspase-7 cleavage (Fig. 5C), suggesting
intracellular Ca%*-dependent cleavage of Caspase-7 via Calpain-1. Hypercapnia has been
reported to lead to an increase in intracellular Ca2* in alveolar epithelial cells (4, 18). We
found that high CO, conditions increased intracellular Ca2* in mouse ASM cells (Fig. 5D).
ASM cells exposed to high CO, conditions and control cells had similar increased
intracellular Ca%* in response to ACh. However, high CO,-exposed cells had an increased
basal Ca2* concentration as compared to control cells (Fig. 5E), suggesting that the basal
increase in intracellular Ca2* is important for CO,, but not ACh, response.

We examined whether intracellular Ca2* plays a role in Calpain-1 activation in mouse ASM
cells exposed to high CO, conditions and found that a cell-permeant chelator, 1, 2-bis(2-
aminophenoxy) ethane-N, N, N, N, -tetraacetic acid-acetoxymethyl ester (BAPTA-AM),
prevented the increase in calpain activity (Fig. 5F). Together, our data suggest that high CO,
increases intracellular Ca2*, activating Calpain-1, which cleaves Caspase-7.

Chronic hypercapnia induces airway contractility, which is prevented in Caspase-7-null

mice

The effects of hypercapnia on the airways and ASM have been controversial. There are
reports attesting that hypercapnia causes airway relaxation (19, 20) or increased airway
contractility (21, 22). We found that acute (1-hour exposure) hypercapnia caused modest
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ASM relaxation due to the associated acidosis (fig. S4). However, prolonged hypercapnia,
when the pH returns toward normal values, causes ASM cell contraction.

To translate the in vitro observations in an animal model, we exposed C57BL/6J WT mice to
normoxic hypercapnia (10% CO» and 21% O,) or room air conditions for up to 21 days and
observed higher ACh-induced airway contraction in precision-cut lung slices (PCLSs) from
mice exposed to hypercapnia (Fig. 6A). Airway resistance both before (basal tone) and after
methacholine challenge in hypercapnia-exposed mice was also significantly increased on
day 21 (Fig. 6B and fig. S5). Expression of miR-133a in the left main bronchial rings was
significantly decreased in the hypercapnia-exposed mice (Fig. 6C). RhoA protein abundance
and Mlic phosphorylation were significantly increased in lungs from the hypercapnia-
exposed mice as compared to room air-exposed mice (Fig. 6D), with no differences
observed in alveolar type Il cells isolated from the lungs (fig. S6), suggesting that the
pathway is not stimulated in the alveolar epithelium. The increased airway contraction and
resistance, as well as miR-133a and RhoA protein expression and Mic phosphorylation in
the mice exposed to hypercapnia, were not observed in Caspase-7-null mice (Fig. 6, A to D)
but were observed again in Caspase-7-null mice treated with antagomiR-133a by lentiviral
infection (Fig. 6, A, C, and D). ASM cells isolated from Caspase-7-null mice and exposed to
high CO, conditions had an increase in intracellular Ca2* and calpain activation (upstream
of high CO»-induced events; Fig. 6, E and F) but did not exhibit the downstream effects of
high CO, (cleavage of Mef2D, down-regulation of miR-133a, up-regulation of RhoA
protein, and Mlc phosphorylation; Fig. 6, G to I, and fig. S7). Moreover, the ASM cells from
mice lacking Caspase-7 had similar contractile responses to ACh in comparison with ASM
cells from WT mice during normocapnia and did not show the increased contractility after a
2-day exposure to high CO, observed in WT cells (Fig. 6, J and K). Collectively, these data
suggest that hypercapnia increases ASM contractility via a specific mechanism involving the
nonapoptotic function of Caspase-7 (fig. S8).

Airway/respiratory resistance is increased in hypercapnic patients with COPD

Aiming to determine whether hypercapnia can induce broncho-constriction in humans, we
measured airway or respiratory resistance by plethysmographic assessment or impulse
oscillometry (10S) in two cohorts of stable patients with chronic COPD. In both cohorts,
pulmonary function tests including forced expiratory volume in 1 s were similar in
normocapnic and hypercapnic patients (Table 1). The total specific airway resistance (5/t),
respiratory resistance at 5 and 20 Hz (R5 and R20, total and proximal resistance,
respectively), and R5-R20 (peripheral airway resistance) were higher in hypercapnic patients
in comparison with normocapnic patients at the time of the baseline evaluation (Fig. 7, A
and B). In the cohort study #2, the high respiratory resistance was improved in six patients
with hypercapnia (Fig. 7C). Two of six patients had reduced hypercapnia during the course
of medication, and the other four patients were on noninvasive positive pressure ventilation
(NPPV) treatment for 1 week. The patients treated with NPPV did not have any history of
exacerbation before the treatment nor additional medication during the treatment. We found
same signaling pathways activated in mouse ASM cells when exposed to similar pCO,
values to the COPD patients, but it took longer exposure times (fig. S9).
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DISCUSSION

Here, we provide evidence of a biological pathway for airway constriction during
hypercapnia. We combined unbiased molecular approaches with studies in cell culture
systems and mice to show that hypercapnia promoted ASM contractility via an increase in
intracellular Ca%*, thereby activating Calpain-1 to cleave Caspase-7. We identify an
unexpected role of Caspase-7 in ASM cells. Our results suggest that high CO» increases
contractility via nonapoptotic activation of Caspase-7, which, by cleaving the transcription
factor Mef2D, inhibits miR-133a, leading to RhoA-mediated Mic phosphorylation.

Our findings indicate that alterations in Ca2* sensitivity in ASM cells act as a primary signal
by which exposure to hypercapnia enhances ASM contraction and airway
hyperresponsiveness. These findings are consistent with the known effects of RhoA-
mediated Ca2* sensitization in regulating ASM contractility (12) and support previous data,
suggesting a key role of MEF2 proteins in miR-133a regulation (23, 24). MEF2 proteins
(MEF2A, MEF2B, MEF2C, and MEF2D isoforms) are an evolutionarily conserved family
of transcription factors expressed in cells of many tissues including smooth muscle (25).
Silencing of Mef2c and Mef2d decreased miR-133a expression levels in brown
preadipocytes (24), and muscle-specific enhancers encompassing MEF2 binding sites have
been identified in cardiac and skeletal muscle lineage (23). Studies have linked caspase-
mediated protein fragmentation of MEF2 to its function (15, 26). It has been reported that
caspase-7 cleaves MEF2D at the aspartate residue 288 in the transactivation domain, and
data suggest that the remaining N-terminal cleavage products containing the DNA binding
domain act as dominant-interfering forms for transcriptional regulation (15). We found that
high CO,-activated Caspase-7 cleaved Mef2D at a different aspartate residue 478 in the
transactivation domain and then fragmented the protein. We observed that high CO, did not
cause apoptosis in mouse ASM cells despite the Caspase-7 activation. Nonapoptotic
functions of caspase-7 have been recently reported (27). Our data suggest that high CO,
induces cleavage and nuclear translocation of Caspase-7 by calpain and that the calpain-
truncated Caspase-7 cleaves Mef2D. The calpain-activated form of caspase-7 has been
reported to have unique enzymatic activity, localization, and binding affinity in comparison
with the caspase-activated form (17). The role of calpains in apoptosis has been suggested
by previous studies (16); however, our data suggest that high CO, exposure does not induce
apoptosis in mouse ASM cells and lungs, as indicated by the lack of DNA fragmentation and
TUNEL-positive cells.

We found that hypercapnia increased ACh-induced ASM contraction in WT mice, which
was prevented in Caspase-7-null mice. Caspase-7 gene deletion prevented hypercapnia-
induced ASM contractility by inhibiting the downstream signaling involving Mef2D,
miR-133a, RhoA, and consequent Mlc phosphorylation. ASM contractility and Mlc
phosphorylation are associated with intracellular Ca2* concentration; however, our data
show that high CO, causes an increase in intracellular Ca2* without increasing Mlc
phosphorylation in Caspase-7-null ASM cells. These findings suggest that cells regulate
their intracellular Ca2* concentration in discrete domains to activate specific and localized
signaling pathways (compartmentalized calcium signaling) (28, 29). We speculate that
hypercapnia uniquely enhances ASM contractility through a specific pool of intracellular
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Ca?*, which regulates the signaling pathway involving Caspase-7, Mef2D, miR-133a, and
RhoA.

There are some limitations in this study. One limitation is that the magnitude of hypercapnia
differs between the experiments in our in vitro system (~120 mmHg), mice (~75 mmHg),
and COPD patients (45 to 88 mmHg). However, the effects are consistent with our
hypothesis. Our data provide evidence on the signaling pathways activated in mouse ASM
cells when exposed to pCO, values (~55 mmHg) similar to the observed COPD patients.
Another limitation is the number of COPD patients in this report. Larger patient cohorts are
warranted to provide further clinical validation to this study.

Permissive hypercapnia has been proposed to be innocuous or protective and is an accepted
approach for mechanically ventilated patients with acute respiratory distress syndrome
worldwide (30, 31). Whether hypercapnia should be allowed in patients with COPD is
controversial. Our data are in line with recent reports that patients with COPD who develop
hypercapnia benefit from noninvasive ventilation (10, 11). We show that the institution of
noninvasive ventilation in hypercapnic patients with COPD improved respiratory resistance
in a small group of patients. Furthermore, our in vitro data may suggest a biologically
plausible mechanism to explain these benefits. These studies offer a biological mechanism
that supports further studies on the effects of noninvasive ventilation on lung function in
patients with COPD and also challenge the clinically accepted paradigm that hypercapnia is
innocuous or beneficial in patients with COPD.

MATERIALS AND METHODS

Study design

This study was designed to determine whether hypercapnia activates signaling pathways in
the airways and results in clinically significant changes in lung function. This objective was
addressed by (i) an unbiased approach to understanding the role of hypercapnia in the lung
by performing microarray analysis, (ii) describing the mechanism by which hypercapnia
regulates ASM function in vitro, and (iii) determining whether in vitro observations translate
to lung function in vivo (animal and human).

Sample sizes were estimated on the basis of pilot experiments, from previous experience in
our laboratory and those reported in the literature. No data were excluded except for
experiments involving administration of lentivirus particles for miR inhibitor in mice model.
Exclusion criteria were preestablished. Individual samples may have been excluded on the
basis of sample processing error during experimental workflow. Statistical outliers were
detected and removed on the basis of Grubbs’ test criteria when appropriate. All animal
experiments underwent randomization at entry. Age- and gender-matched mice were
randomly allocated to each experimental arm. All mice were cared for equally in an
unbiased fashion by animal technicians and investigators. For the COPD cohort study,
chronic stable COPD patients with or without hypercapnia, matched for age and disease
severity, were recruited. Investigators were not blinded to group allocation during data
correction and analysis. All in vitro and in vivo results are representative of three to seven
independent experiments.
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All cell culture reagents were purchased from Corning Life Sciences. Antibodies against -
tubulin, Yy1, and RhoA were purchased from Santa Cruz Biotechnology. Antibodies against
Mic; phospho-Mlc (Ser19); total Caspase-7 and Caspase-9; cleaved Caspase-3, Caspase-7,
Caspase-8, and Caspase-9; cleaved PARP; Calpain-1; Calpain-2; and H3 histone were
purchased from Cell Signaling Technology. Anti-Mef2D antibody was purchased from BD
Biosciences. Horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody
was purchased from Bio-Rad, and HRP-conjugated goat anti-rabbit antibody was purchased
from Cell Signaling Technology. Anti-a smooth muscle actin (a.-SMA) antibody was
purchased from R&D Systems. All chemicals were purchased from Sigma-Aldrich.
Reagents for quantitative polymerase chain reaction (qQPCR) were purchased from Life
Technologies. The mRNA Isolation Kit was purchased from QIAGEN.

Cells lines and culture

Mouse ASM cell isolation and culture were performed as described elsewhere (32). Briefly,
the trachea from C57BL/6J or B6.129S6- Casp7#™2F1V]] (Caspase-7~/~) mice was removed
and transferred into Dulbecco’s modified Eagle’s medium (DMEM), supplemented with
10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 pg/ml; culture
medium). Connective tissue and airway epithelium were removed by firmly scraping the
luminal surface. The trachea strips were cut into small pieces (~1 mm3) and cultured in
culture medium at 37°C in 5% CO,. ASM cells begin to migrate out of the fragments after 7
to 10 days. The cells were dissociated with 0.05% trypsin and subcultured in culture
medium. Identification of mouse ASM cells was based on the morphology and expression of
a-SMA. Mouse ASM cells of passage <6 were used in all the experiments. Human ASM
cells were obtained from Lonza and grown in culture medium.

CO;, medium and CO, exposure

For the different experimental conditions, initial solutions were prepared with DMEM/
Ham’s F-12 medium/tris base/Mops base (3:1:0.25:0.25) containing 10% FBS, penicillin
(100 U/ml), and streptomycin (100 ug/ml), as described elsewhere (6). The buffering
capacity of the medium was modified by changing its initial pH with tris and Mops base to
obtain a pH of 7.4 at the various CO, concentrations (pCO, of 5, 7.5, 10, and 20% for 30 to
40, 50 to 55, 60 to 80, and ~120 mmHg, respectively). In some experiments modeling
extracellular acidosis, an initial pH of 6.8 was used, resulting in a final pH of 7.2 and a pCO»
of 40 mmHg. The desired CO, and pH values were achieved by equilibrating the medium
overnight in a humidified chamber (C-Chamber, BioSpherix). The atmosphere of the C-
Chamber was controlled with a PRO CO, carbon dioxide controller (BioSpherix). In this
chamber, cells were exposed to the desired pCO, while maintaining 21% O, balanced with
N,. Before and after CO, exposure, pH, pCO,, and pO, values in the medium were
measured using a Stat Profile pHOX blood gas analyzer (Nova Biomedical). Experiments
were started by replacing the culture medium with the CO»-equilibrated medium and
incubating in the C-Chamber for the desired time.
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Transfection of antagomiR-133a and mimic miR-133a

Mouse ASM cells were plated at a density of 2.0 x 10° cells per well in six-well plates with
DMEM containing 10% FBS without any antibiotics. The next day, cells were transfected
with 100 pmol of antagomiR-133a (AM10413, Thermo Fisher Scientific) or mimic
miR-133a (PM10413, Thermo Fisher Scientific) using Lipofectamine RNAIMAX
(Invitrogen), according to the manufacturer’s instructions. A control precursor (AM17110,
Thermo Fisher Scientific) was used as a negative control. After 5 hours in serum-free
DMEM, DMEM containing 10% FBS without any antibiotics was added for 24 hours and
then changed to CO, medium. Seventy-two hours after the transfection, cells were
harvested, and total protein and RNA samples were prepared as described above.

Infection of lentiviral vector expressing miR-133

To generate cells lines of ASM cells, stably expressing miR-133, the vesicular stomatitis
virus glycoprotein (VSVG)-pseudotyped lentivirus expressing both miR-133 and green
fluorescent protein (GFP) was generated as described elsewhere (33) [DNA/RNA Delivery
Core, Skin Disease Research Center (SDRC), Northwestern University] using 293T
packaging cells (GeneHunter), second-generation packaging vectors psPAX2 and pMD2.G
(Addgene), and third-generation lentiviral miR expression vector MmMiR3445-MR03
(GeneCopoeia). A nonactive miR-expressing virus was used a control (CmiR0001-MRO03,
GeneCopoeia). Because lentiviral infection efficacy was >90%, bulk cell populations, but
not individual stably infected cell clones, were used to establish the stable cell lines
expressing specific or nonsilencing small hairpin RNAs.

Transfection of sSiRNAs

Mouse ASM cells were plated at a density of 1.1 x 10° cells per well in six-well plates with
DMEM containing 10% FBS without any antibiotics. The next day, the cells were
transfected with 25 nM siRNAs (SiIGENOME SMARTpool- YyI, SMARTpool-Mef2a,
SMARTpool-Casp7, SMARTpool-Calp1, or SMARTpool-Calp2, Dharmacon) using the
DharmaFECT 1 Transfection Reagent (Dharmacon), according to the manufacturer’s
instructions. A siGENOME nontargeting siRNA pool 1 (Dharmacon) was used as a negative
control. At 24 hours after transfection, the cells were cultured in the CO, medium. At 72
hours after transfection, cells were harvested, and total RNA or protein samples were
prepared as described above.

MEF2D mutagenesis and generation of stable cell lines

Site-directed mutagenesis was used to identify and evaluate Caspase-7 cleavage of Mef2D.
Point mutations (Asp to Ala, DXXD to DXXA) were introduced into a pMef2D-3XFlag
(Addgene) expression vector by the QuikChange Il XL Site-Directed Mutagenesis Kit
(Agilent Technologies), as recommended by the manufacturer with primers containing the
desired mutations as follows: D105A, CTGCTCCAGTGAGGCCTCCCCATCCGG
(forward) and CCGGATGGGGAGGCCTCACTGGAGCAG (reverse); D291A,
GCTGGGCATTGTTCAGAGCTAAATGGTCCTCAGTC (forward) and
GACTGAGGACCATTT AGCTCTGAACAATGCCCAGC (reverse); D478A,
CCCCCCGTCCAGCATCCCGGTCC (forward) and
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GGACCGGGATGCTGGACGGGGGG (reverse). The mutations were confirmed by DNA
sequencing (NUSeq Core Facility, Center for Genetic Medicine, Northwestern University).
The DXXA Mef2D mutant and WT Mef2D were cloned into a third-generation lentiviral
vector (CD510B, System Biosciences). Mouse ASM cell lines stably expressing DXXA
Mef2D and WT Mef2D were generated by infection with the third-generation VSVG-
pseudotyped lentivirus. The lentiviruses were produced and used as described above (33).

Measurement of cell contraction

Cell contraction was assessed according to the technique described elsewhere (34). ASM
cells were sparsely plated onto 40-mm glass coverslips and cultured under different CO,
conditions for the desired time. In some experiments, cells were treated with Y-27632 (final
concentration, 1 pM) or infected with lentivirus expressing both miR-133 and GFP during
the culture. The coverslip was mounted in an environmental control system chamber, and
images were taken using a Nikon TE2000U microscope (Nikon Instruments) equipped with
a digital camera driven by MetaMorph software (Molecular Devices). An initial recording
(time, 0 min) was made to obtain the size of quiescent cells. Experiments were started by
replacing the culture medium with the CO,-equilibrated medium and incubating in the
environmental control system chamber for the specified time. For the agonist-induced
contraction experiment, ACh was added to the chamber, and images were recorded at 10-s
intervals for 5 min. Cell contraction was calculated as the ratio of the change in surface area
to the initial value using ImageJ (National Institutes of Health). In our preliminary
experiments using mouse ASM cells under normocapnic conditions, ACh-induced cell
contraction was induced in a dose-dependent manner. On the basis of this result, we chose 1
UM ACh, which is the lowest concentration to induce cell contraction, for subsequent
experiments. In the experiments using cells infected with lentivirus expressing miR-133, we
specifically analyzed the cells having GFP fluorescence.

Cell lysate and Western blot analysis

Cells were homogenized in lysis buffer (Cell Signaling Technology). Lung samples were
homogenized on ice with cold lysis buffer in a 10-fold (w/w) excess of lysis buffer with pH
of 7.6 (Roche) using a Polytron PT 10-35 homogenizer (Thermo Fisher Scientific). The
protein concentration was quantified by the Bradford assay (Bio-Rad), and proteins were
resolved on 7.5 or 12.5% polyacrylamide gels. Thereafter, proteins were transferred to
nitrocellulose membranes (Bio-Rad) using a Trans-Blot Turbo transfer system (Bio-Rad).
Incubation with specific antibodies was performed overnight at 4°C. Blots were developed
with a chemiluminescence detection kit (PerkinElmer Life Sciences), as recommended by
the manufacturer. The bands were quantified by densitometric scanning (ImageJ). Anti-f-
tubulin (Santa Cruz Biotechnology) and total Mlc (Cell Signaling Technology) antibodies
were used as loading controls.

Quantitative reverse transcription PCR

To isolate total RNA from lungs, left main bronchial rings and cells were homogenized
directly in 700 pl of lysis/binding buffer provided by the miRNeasy Mini Kit (QIAGEN).
Total RNA was transcribed into complementary DNA (cDNA) using a TagMan microRNA
reverse transcription kit (Life Technologies), and gPCR was performed using cDNA with
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TagMan Universal Master Mix Il (Life Technologies), according to the manufacturer’s
instructions. The assay numbers for endogenous control miR [U6 snRNA (small nuclear
RNA)] and target miR (hsa-miR-133a) were 1973 and 2246, respectively. cDNA was
generated using a T100 thermal cycler (Bio-Rad), and reverse transcription PCR was
performed using an iCycler iQ system (Bio-Rad). Relative expression of the transcripts was
determined according to the AAC; method using U6 snRNA as reference for normalization.

Immunocytochemistry

Mouse ASM cells were fixed in 3.7% formaldehyde and permeabilized with 0.5% Triton
X-100 in phosphate-buffered saline (PBS) for 5 min. Cells were blocked with 10% normal
goat serum in PBS for 1 hour at room temperature and incubated overnight at 4°C with
primary antibody Mef2D (1:500; BD Biosciences) in 10% normal goat serum. Cells were
washed three times with PBS for 10 min and incubated with secondary antibodies
conjugated to fluorescein isothiocyanate (1:200; Invitrogen) in 10% normal goat serum for 2
hours at room temperature. Cells were washed three times with PBS and stained with DAPI
(Sigma-Aldrich) for 15 min at room temperature. Cells were washed three times with PBS,
and images were captured using a Zeiss LSM confocal microscope (Carl Zeiss).

Nuclear and cytosol fractions

ASM cells were harvested, and then, nuclear/cytosol fractionation was performed with a
commercially available kit (BioVision), according to the manufacturer’s instructions. The
nuclear/cytosol fraction was then sampled, and proteins were separated by SDS-
polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and
immunoblotted with anti-Mef2D antibody (BD Biosciences) and anti-cleaved Caspase-7
antibody (Cell Signaling Technology). Anti-H3 histone antibody (Cell Signaling
Technology) was used as loading controls for nuclear fractions.

Chromatin immunoprecipitation

Native protein-DNA complexes were cross-linked by treatment with 1% formaldehyde for
15 min. A SimpleChlIP Plus Enzymatic Chromatin IP kit (Cell Signaling Technology) was
used according to the manufacturer’s protocol. Briefly, equal aliquots of isolated chromatin
were subjected to immunoprecipitation with anti-Mef2D antibody (Santa Cruz
Biotechnology) or mouse immunoglobulin G control (Active Motif). PCR reactions of
immunoprecipitated DNA were performed to validate Mef2D binding on the miR-133a
promoter. The following PCR primers were designed on the basis of the computational
prediction analysis of transcription factor binding sites using TRANSFAC (www.gene-
regulation.com/pub/databases.html): (#1) GGGAGAATCTGGGAAATGTA (forward) and
AAAGCTGAGGAGGATTCTAT (reverse); (#2) AGCAAGATAGAATCCTCCTCA
(forward) and AGGCAGCTAAGCATTTGAAACA (reverse). The PCR products were
separated by gel electrophoresis.

Measurement of calpain activity

Calpain activity in total cell lysates was determined using a calpain activity assay kit
(BioVision), according to the manufacturer’s instructions. Briefly, mouse ASM cells were
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collected and lysed in extraction buffer. Equal amounts of protein were added to the calpain
substrate Ac-LLY-AFC. Fluorescence intensity indicating calpain activity was measured at
400-nm excitation and 505-nm emission wavelengths using a microplate reader (SpectraMax
Microplate Reader, Molecular Devices).

Measurement of intracellular calcium

Animals

Cells plated on 40-mm coverslips were loaded with fura-2-acetoxymethyl ester (Fura-2-AM;
Life Technologies) with 0.05% Pluronic F-127 (Life Technologies) and 2.5 mM probenecid
(Sigma-Aldrich) for 30 min at room temperature in standard buffer solution [150 mM NacCl,
5 mM KCI, 1 mM MgCls, 10 mM glucose, 25 mM sodium bicarbonate, and 2.5 mM CaCl,
(pH 7.4)] in the dark, washed with PBS, and further incubated for 30 min at room
temperature to complete deesterification of the dye. Fura-2 dye was excited through 340-nm
and 380-nm interference filters housed in a computer-controlled wheel. The fluorescence
emitted was collected at 510 nm. The data acquisition of Fura-2 video imaging was obtained
using a Nikon TE2000U (Nikon Instruments) equipped with an environmental control
system chamber (FCS2 System, Bioptechs) and a Plan Super Fluor 40% oil objective (Nikon
Instruments). Images were collected with a cascade electron-multiplying charge-coupled
device camera TC285 with on-chip multiplication gain (Photometrics) driven by MetaFluor
software (Molecular Devices). Changes in calcium concentration were obtained from the

F340/F3gp ratio.

Adult (9 to 11 weeks old) male and female C57BL/6J mice and Caspase-7~/~ mice, which
are on the C57BL/6J genetic background, were obtained from the Jackson Laboratories. All
animals were provided with food and water ad libitum, maintained on a 14-hour light/10-
hour dark cycle, and handled according to National Institutes of Health guidelines. All of the
procedures involving animals were approved by the Northwestern University Institutional
Animal Care and Use Committee (1S00000245). For high CO, exposure, animals were
maintained in a BioSpherix C-Shuttle Glove Box (BioSpherix) for 3, 7, or 21 days. The
chamber’s atmosphere was continuously monitored and adjusted with ProOx/ProCO»
controllers (BioSpherix) to maintain 10% CO, and 21% 02, with a temperature of 23° to
26°C and a relative humidity between 30 and 50%. These settings resulted in PaCO, of ~75
mmHg and PaCO, of ~100 mmHg, whereas, in animals maintained in room air, PaCO, was
~40 mmHg and PaCO, was ~100 mmHg (35). None of the animals developed appreciable
distress. Some mice were infected by intratracheal administration (36) of the lentivirus
particles for miR inhibitor-scrambled control (LPP-CmiR-AN0001-AM04-100-C) or
antagomiR-133a (LPP-MmR-AN0166-AM04-200) from Genecopoeia before high CO,
exposure. At selected time points, animals were euthanized with Euthasol (pentobarbital
sodium-phenytoin sodium), and trachea, whole lung, or an ~3-mm length of left main
bronchial ring (14) was excised. Then, either cell was isolated or tissue was snap-frozen in
liquid nitrogen for protein or RNA extraction.

Measurement of airway contraction

The lungs were excised for PCLSs. Each PCLS was prepared as described elsewhere (37).
After tracheotomy, excised mouse lungs were insufflated with 2.5% low melting point
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agarose in PBS. The insufflated lungs were then placed in cold PBS. After the agarose
gelled, the right lobe was separated and then sectioned into slices of 100-um-thick each
using a tissue slicer (VF-300, Precisionary Instruments). Lung slices were incubated at 37°C
in culture medium. The medium was changed once per hour for 3 hours. Thereafter, the
PCLSs were exposed to 1 uM ACh for 2 min. Changes in the cross-sectional area of the
airway lumen were monitored with a Nikon TE2000U microscope (Nikon Instruments)
equipped with a digital camera (Photometrics) driven by MetaMorph software (Molecular
Devices), recorded in time-lapse mode at 1 frame per 10 s, and measured by pixel summing
using ImageJ. A decrease in the cross-sectional area was considered to be airway
constriction.

Measurement of airway resistance

To measure airway hyperresponsiveness, mice were sedated using sodium pentobarbital (60
mg/kg) and tracheostomized with a catheter. After successful anesthesia, mechanical
ventilation was started using the flexiVent System (emka TECHNOLOGIES), according to
the manufacturer’s instructions. Next, the mice were paralyzed with an intraperitoneal
injection of 50 ml of rocuronium (10 mg/ml). After no independent breaths were recorded,
the forced oscillation protocol was begun, with nebulized exposure to doses of methacholine
of 0, 5, 10, 25, and 50 mg/ml in PBS. A coefficient of determination of 0.95 was the lower
limit for accepting a measurement. The mean value of each methacholine concentration was
used for the analysis of resistance.

Human subjects

Patients with chronic stable COPD with or without hypercapnia, matched for age and
disease severity, were recruited at Hospital del Mar between December 2014 and December
2016 (cohort study #1) and at Showa University Hospital between November 2015 and
August 2017 (cohort study #2). The inclusion criteria for patients were as follows: fulfilled
the spirometric criteria of the global initiative for chronic obstructive lung disease
guidelines, age of =40 years, and current or ex-smoker with a smoking history of >10 pack-
years. Subjects with asthma diagnosed clinically by respiratory physicians, but not based on
any bronchodilator reversibility, at the time of study entry were excluded. The study
population, sex, age, body mass index, arterial blood gas results, and lung function tests are
shown in Table 1. Some patients in the cohort study #2 were treated with NPPV with
inspiratory positive airway pressure (6 to 8 cmH,0) and expiratory positive airway pressure
(4 cmH,0) for 1 week, and lung function tests were performed before and after the
treatment. Those patients did not have any history of exacerbation before the treatment or
additional medication during the treatment. The Ethics Committee of Hospital del Mar and
of Showa University School of Medicine approved the study protocol (approval number
2013/5244/1 and 2360, respectively), and written informed consent was obtained from all
participants.

Plethysmography

Standard measurements including forced spirometry and body plethysmography
(MasterScreen Body, JAEGER, CareFusion) according to the American Thoracic Society/

Sci Transl Med. Author manuscript; available in PMC 2019 December 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shigemura et al. Page 15

European Respiratory Society recommendations (38) were performed. The variable
characterizing plethysmographic specific airways resistance was R, (39).

IOS procedure

I0S was performed with commercial equipment (MostGraph-01, CHEST M.1.). The 10S
procedure was performed according to major recommendations published by several authors
(40, 41). On the day of the procedure, patients from the cohort study #2 were asked to wear
a nose clip and were seated during tidal breathing with their neck slightly extended and their
lips sealed tightly around the mouthpiece and while firmly supporting their cheeks with their
hands. A minimum of three trials (each lasting 30 s) were performed, and mean values were
taken for each value.

Statistical analysis

Statistical methods are described in the figure legends and in the relevant methods
descriptions. Sample size () values used for statistical analyses are provided in the relevant
figures. Statistical analysis was performed using GraphPad Prism (version 7.02, GraphPad
Software). Normally distributed data were analyzed by parametric tests including an
unpaired or paired two-tailed Student’s #test for two-group comparisons or a one-way or
two-way ANOVA for multiple comparisons. Variances were examined by Ftest or the
Brown-Forsythe test. For g°PCR data analysis, we performed one-sample ¢test against a
hypothetical mean of 1 in the control group and used the Bonferroni adjustment for multiple
comparisons. When groups followed a nonnormal distribution, the Mann-Whitney U'test or
Kruskal-Wallis test was used. Unless otherwise stated, statistical significance was calculated
by an unpaired two-tailed Student’s ftest. P values of <0.05 were considered to be
significant. All values are represented as means £ SEM or median with interquartile range.
Primary data are reported in table S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. High CO» increases mouse ASM cell contractility via miR-133a-mediated RhoA signaling.
(A) ACh-induced cell contraction in mouse ASM cells exposed to different conditions. Left:

Representative images from 7-day exposure conditions. Scale bars, 50 um. Right: Time
course quantification of ACh-induced cell contraction (n7= 10 cells). (B) Representative
Western blot (top) and quantification (bottom) of RhoA in ASM cells exposed to 5% (Ctrl)
or 20% CO,, for the indicated times (Ctrl, 7= 10; 20% CO,, n=5 per group). (C)
Representative Western blot (top) and quantification (bottom) of phosphorylation of Mlc in
ASM cells exposed to Ctrl or 20% CO, for 2 days in the presence or absence of 1 uM
Y-27632 (n=3). (D) Representative images (top) and quantification (bottom) of ACh-
induced cell contraction in ASM cells exposed to Ctrl or 20% CO, for 2 days in the presence
or absence of 1 pM Y-27632 (7= 10 cells). Scale bars, 50 pm (top). (E) Time course
quantification of miR-133a expression in ASM cells exposed to Ctrl or 20%CO, (1= 6). (F)
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Representative Western blot (top) and quantification (bottom) of RhoA in ASM cells
transfected with mimic miR-133a and exposed to Ctrl or 20% CO, for 2 days (n=7). (G)
Representative Western blot (top) and quantification (bottom) of RhoA in ASM cells
transfected with antagomiR-133a and exposed to Ctrl for 2 days (n= 6). (H) Representative
images (top) and guantification (bottom) of ACh-induced cell contraction in ASM cells with
lentiviral overexpression of control miR (Ctrl miR) or miR-133 exposed to Ctrl or 20% CO»
for 2 days (7= 10 cells). Scale bars, 50 pm (top). All data are expressed as means + SEM.
Statistical analysis was performed by two-way analysis of variance (ANOVA) with
Bonferroni’s post hoc test (A), one-way ANOVA with Dunnett’s post hoc test (B), Tukey’s
post hoc test (C, D, F, and H), or one-sample ¢test with Bonferroni adjustment (E). For (A),
(B), and (E), all comparisons were made with the control group of “5% CO, pH¢7.4”(A) or
“Ctrl” (B and E). *P <0.05, **P< 0.01, ***P< 0.001, ****p < 0.0001.
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Fig. 2. High CO» increases ACh-induced cell contraction via miR-133a-RhoA axissignaling in
human ASM cells.
All experiments were performed in human ASM (hASM) cells exposed to 5% (Ctrl) or 20%

CO,, for 2 days. (A) Representative images (top) and quantification (bottom) of ACh-
induced cell contraction (7= 8 cells). Scale bars, 50 um (top). (B) Representative images
(top) and quantification (bottom) of ACh-induced cell contraction in human ASM cells
treated with or without 1 uM Y-27632 (n = 8 cells). Scale bars, 50 pm (top). (C)
Representative images (top) and quantification (bottom) of ACh-induced cell contraction in
human ASM cells with lentiviral overexpression of control miR (Ctrl miR) or miR-133 (n=
8 cells). Scale bars, 50 um (top). All data are expressed as median with interquartile range.
Statistical analysis was performed by Kruskal-Wallis with Dunn’s post hoc test. *~ < 0.05,
**p<0.01, ***P<0.001.
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Fig. 3. High CO» induces Caspase-7-dependent cleavage of Mef2D and miR-133a down-

regulation.

(A) Image of computational prediction analysis of transcription factor binding sites of
miR-133a. Primer positions for chromatin immunoprecipitation (ChlP) assay in the
promotor region of miR-133a are indicated as Primer #1 or Primer #2. (B) Expression of
miR-133a (top) and representative Western blot (bottom) of Yy1 and Mef2D in mouse ASM
cells transfected with siRNAs of scrambled (si-Scr; n=5), YyI(si- Yy1, n=4), or Mef2d (si-
Mef2d; n=5) and exposed to 5% CO, (Ctrl) for 2 days. (C) Representative Western blot
(top) and quantification (bottom) of RhoA in ASM cells transfected with si- Mef2d and
exposed to Ctrl for 2 days (n=4). (D) Immunocytochemical images of ASM cells exposed
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to Ctrl or 20% CO,, for 2 days showing localization of Mef2D (green; middle), nuclei [4°, 6-
diamidino-2-phenylindole (DAPI), blue; top], and overlay (bottom; 7> 50 cells). Scale bars,
20 um. (E) Representative Western blot (top) and quantification (bottom) of Mef2D in
nuclear fractions from ASM cells exposed to Ctrl or 20% CO, for 2 days (7= 4).
Arrowheads indicate cleaved Mef2D. (F) Representative images (top) and quantification
(bottom) of ChlIP assay for Mef2D binding to miR-133a promoter in ASM cells exposed to
Ctrl or 20% CO», for 2 days using two different primer sets (n7=3). IgG, immunoglobulin G.
(G) Representative Western blots (left) and quantification (right) of procaspase-7 in whole-
cell lysates (7= 4) and cleaved Caspase-7 in nuclear fractions (n7= 4) from ASM cells
exposed to Ctrl or 20% CO, for 2 days. (H) Representative Western blot (left) and
quantification (right) of cleaved Mef2D in nuclear fractions (top) and procaspase-7 in
whole-cell lysates (bottom) from ASM cells transfected with si-Scr or Caspase-7siRNA (si-
Casp7) and exposed to Ctrl or 20% CO,, for 2 days (/7= 3). Arrowheads indicate cleaved
Mef2D. (1) Expression of miR-133a in ASM cells transfected with si-Scr or si-Casp7and
exposed to Ctrl or 20% CO, for 2 days (/7= 4). (J) Potential Caspase-7 cleavage sites of
Mef2D (top) and representative Western blot of cleaved Mef2D (bottom) in nuclear fractions
from ASM cells infected with lentiviral wild-type (WT) or mutant Mef2D and exposed to
Ctrl or 20% CO», for 2 days (7= 3). Flag was used as a marker of lentiviral infection.
Arrowheads indicate cleaved MEF2D. (K and L) Quantification of cleaved Mef2D (K; n=
3) and expression of miR-133a (L; /7= 4) in ASM cells infected with lentiviral WT or
mutant Mef2D (D478A) and exposed to Ctrl or 20% CO, for 2 days. Data are expressed as
means + SEM (B to F and H to L) or median with interquartile range (G). Statistical analysis
was performed by one-sample ¢test with Bonferroni adjustment (B), Mann-Whitney U'test
(G), or one-way ANOVA with Dunnett’s post hoc test (H to L). For (B), all comparisons
were made with the control group of “si-Scr”. *£< 0.05, **P< 0.01, ***P< 0.001. n.s.,
nonsignificant.
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Fig. 4. High CO» induces CASPASE-7-dependent cleavage of MEF2D in human ASM cells.
Representative Western blot (top) and quantification (bottom) of cleaved CASPASE-7 (=

4) and MEF2D (7= 4) in nuclear fraction (A) and procaspase-7 (7= 3) in whole-cell lysate
(B) in human ASM cells. All data are expressed as median with interquartile range.
Statistical analysis was performed by Mann-Whitney Utest. *P < 0.05.
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Fig. 5. High CO» activates calcium-calpain signaling, leading to Caspase-7 activation.

(A) Time course of calpain activity in mouse ASM cells exposed to 5% (Ctrl) or 20% CO»,
(Ctrl, n=30; 20% CO,, =6 per group). (B) Representative Western blot (top) and
quantification (bottom) of Calpain-1 and Calpain-2 in ASM cells exposed to Ctrl or 20%
COy, for 6 hours (Ctrl, n=8; 20% CO,, n= 4 per group). (C) Representative Western blot
(top) and quantification (bottom) of cleaved Caspase-7 in ASM cells transfected with si-Scr,
Calpain-1 (si-Capnl) or Calpain-2 (si-Capn2) and exposed to Ctrl or 20% CO, for 2 days
(Ctrl si-Scr, n=8; others, 7= 4 per group). (D) Intracellular Ca2* in ASM cells exposed to
Ctrl or 20% CO,, for 6 hours (7= 7 cells). (E) Representative Ca%* oscillation induced by
ACh in ASM cells exposed to Ctrl or 20% CO», for 6 hours (n =7 cells). (F) Calpain activity
in ASM cells treated with or without 1 pM BAPTA-AM and exposed to Ctrl or 20% CO, for
6 hours (7= 6). All data are expressed as means + SEM. Statistical analysis was performed
by one-way ANOVA with Dunnett’s post hoc test (A and B) or with Tukey’s post hoc test (C
and F). For (A) and (B), all comparisons were made with the control group. *£< 0.05, **P<
0.01, ***P< 0.001.
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Fig. 6. Chronic hypercapnia induces airway contractility, which is prevented in Caspase-7-null

mice.

C57BL/6J (WT) and B6.129S6- Casp7#™F1V]3 (Casp7~'~) mice were exposed to 21 % O, and
10% COg [hypercapnia (HC)] or maintained in room air [normocapnia (NC)] for up to 21
days. Some Casp7~'~ mice were infected by intratracheal administration of the lentivirus
particles for miR inhibitor-scrambled control (Lv_ctrl miR) or antagomiR-133a
(Lv_antagomiR) before HC exposure. (A) Representative images (top) and quantification
(bottom) of ACh-induced airway contraction in PCLSs (/7= 8 airways from four mice).
Scale bars, 100 pm (top). (B) Total resistance of the respiratory system (Rrs) at baseline
(top) and after methacholine challenge (bottom) measured on a flexiVent instrument (7= 6
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mice). (C) Expression of miR-133a in left main bronchial rings (/7= 6 mice). (D)
Representative Western blot (left) and quantification (right) of RhoA and Mlc
phosphorylation in whole lungs (/7= 4 mice). (E) Intracellular Ca2* in Casp7'~ ASM cells
exposed to 5% (Ctrl) or 20% CO, for 6 hours (7= 6 cells). (F) Calpain activity in Casp7/~
ASM cells exposed to Ctrl or 20% CO, for 6 hours (1= 3). (G) Representative Western blot
of Mef2D in nuclear fractions from Casp7/~ ASM cells exposed to Ctrl or 20% CO, for 2
days (7= 5). (H) Expression of miR-133a in Casp7~ ASM cells exposed to Ctrl or 20%
CO,, for 2 days (7= 15). (1) Representative Western blot (left) and quantification (right) of
RhoA and Mlc phosphorylation in Casp7/~ ASM cells exposed to Ctrl or 20% CO, for 2
days (n =5). (J) Representative images (top) and quantification (bottom) of ACh-induced
cell contraction in Casp7~ ASM cells exposed to Ctrl or 20% CO, for 2 days (7= 10
cells). Scale bars, 50 pm (top). (K) Dose-dependent curve of ACh-induced cell contraction
in WT and Casp7’~ ASM cells exposed to Ctrl or 20% CO, for 2 days (7= 10 cells). Data
at 1 pM ACh condition in Casp7/~ ASM cells are from (J). All data are expressed as means
+ SEM. Statistical analysis was performed by one-way ANOVA with Dunnett’s post hoc test
[A, B (top), and D (right)], one-sample ¢test (H), with Bonferroni adjustment (C), or two-
way ANOVA with Dunnett’s post hoc test [B (bottom) and K]. All comparisons were made
with the group of “WT NC” (A to D) and “WT ASM cells Ctrl” (K). *£< 0.05, **P< 0.01,
***P<0.001.
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Fig. 7. Airway/respiratory resistanceisincreased in hypercapnic patientswith COPD.
(A) Comparison of sRy,; measured by plethysmographic assessment between normocapnic

(n=13) and hypercapnic (n= 17) patients with chronic stable COPD in the cohort study #1.
(B) Comparison of respiratory resistance measured by 10S between normocapnic (/7= 13)
and hypercapnic (n7 = 19) patients with chronic stable COPD in the cohort study #2. Values
of R5, R20, and R5-R20 indicate total, proximal, and peripheral respiratory resistance,
respectively. (C) Changes of respiratory resistance in hypercapnic patients from the cohort
study #2 (7= 6). Data are expressed as median with interquartile range (A and B). Statistical
analysis was performed by Mann-Whitney U'test (A and B) or paired ¢test (C).
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Table 1.
Characteristics of the study population.

Cohort study #1: Measurement of airway resistance
COPD patients

No. of subjects
Men/women

Age, year

Body surface area, m?

Blood gasresults
pH

PaO,, mmHg
PaCO,, mmHg

Pulmonary function results

FVC, % predicted
FEV1, % predicted
FEV,/FVC

TLC, % predicted

Normocapnia
13

8/5
66 (50-83)
25 (17-31)

7.42 (7.33-7.45)
68 (58-76)
41 (36-44)

63 (46-78)

30 (16-37)

35 (21-48)
116 (76-156)

Hypercapnia
17
3/14
67 (58-77)
23 (18-27)

7.41 (7.38-7.49)
62 (49-81)
49 (45-55)

59 (41-86)

25 (13-36)

33 (22-45)
116 (96-145)

Cohort study #2: Measurement of respiratory resistance

No. of subjects
Men/women

Age, year

Body surface area, m?

Blood gasresults
pH

PaO,, mmHg
PaCO,, mmHg

Pulmonary function results

FVC, % predicted
FEV{, % predicted
FEV,/FVC

COPD patients

Normocapnia
13

10/3
71 (57-81)
22 (17-29)

7.44 (7.41-7.49)
79 (59-113)
39 (32-43)

71.4 (41.8-95.4)
42.1(22.8-65.5)
51.1(20.3-82.2)

Hypercapnia
19
11/8
73 (47-91)
21 (14-33)

7.40 (7.32-7.47)
77 (55-103)
54 (45-88)

61.4 (35.3-84.1)
36.0 (13.7-72.5)
47.9 (23.0-87.8)

P value

0.013*
0.726
0.226

0.702
0.039
<0.0001

0.459
0.094
0.467
0.938

P value

0.266™
0.436
0.735

0.002
0.644
<0.0001

0.106
0.323
0.713

*

2 test.
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Data are presented as means (range). Two-tailed unpaired #test except where stated otherwise. PaO,, partial
pressure of O, in arterial blood; PaCO,, partial pressure of CO, in arterial blood; FVC, force vital capacity;
FEV4, forced expiratory volume in 1 s;TLC, total lung capacity.



	Abstract
	INTRODUCTION
	RESULTS
	High CO2 increases ASM cell contractility via miR-133a-mediated RhoA signaling
	High CO2 induces Caspase-7-dependent cleavage of myocyte-specific enhancer factor 2D and miR-133a down-regulation
	High CO2 activates calcium-calpain signaling, leading to Caspase-7 activation
	Chronic hypercapnia induces airway contractility, which is prevented in Caspase-7-null mice
	Airway/respiratory resistance is increased in hypercapnic patients with COPD

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Reagents
	Cells lines and culture
	CO2 medium and CO2 exposure
	Transfection of antagomiR-133a and mimic miR-133a
	Infection of lentiviral vector expressing miR-133
	Transfection of siRNAs
	MEF2D mutagenesis and generation of stable cell lines
	Measurement of cell contraction
	Cell lysate and Western blot analysis
	Quantitative reverse transcription PCR
	Immunocytochemistry
	Nuclear and cytosol fractions
	Chromatin immunoprecipitation
	Measurement of calpain activity
	Measurement of intracellular calcium
	Animals
	Measurement of airway contraction
	Measurement of airway resistance
	Human subjects
	Plethysmography
	IOS procedure
	Statistical analysis

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Table 1.

