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Patients with severe, treatment-refractory asthma are at risk for death from acute exacerbations. The cytokine IL17A has
been associated with airway inflammation in severe asthma, and novel therapeutic targets within this pathway are
urgently needed. We recently showed that IL17A increases airway contractility by activating the procontractile GTPase
RhoA. Here, we explore the therapeutic potential of targeting the RhoA pathway activated by IL17A by inhibiting RhoA
guanine nucleotide exchange factors (RhoGEFs), intracellular activators of RhoA. We first used a ribosomal pulldown
approach to profile mouse airway smooth muscle by qPCR and identified Arhgef12 as highly expressed among a panel of
RhoGEFs. ARHGEF12 was also the most highly expressed RhoGEF in patients with asthma, as found by RNA
sequencing. Tracheal rings from Arhgef12-KO mice and WT rings treated with a RhoGEF inhibitor had evidence of
decreased contractility and RhoA activation in response to IL17A treatment. In a house dust mite model of allergic
sensitization, Arhgef12-KO mice had decreased airway hyperresponsiveness without effects on airway inflammation.
Taken together, our results show that Arhgef12 is necessary for IL17A-induced airway contractility and identify a
therapeutic target for severe asthma.
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Introduction
Ten percent of  patients with asthma have severe disease (1, 2). These patients account for the majority of  
morbidity and mortality associated with asthma and are exacerbation-prone despite maximal therapy. Fur-
thermore, despite recent advances in inflammatory profiling and targeted treatments for mild-to-moderate 
asthmatics, progress has been limited for patients with severe disease. Therefore, a major goal of  current 
translational research is to identify therapeutic targets that are relevant to severe asthma (1, 3–5).

A core challenge of  treating patients with severe asthma is their limited treatment response to corticoste-
roids. Th17 cells producing the cytokine IL17A have been implicated in steroid-refractory asthma by several 
preclinical and clinical studies (6–12). Furthermore, there is evidence that IL17A may drive disease activ-
ity most directly in patients with baseline airway hyperresponsiveness (AHR): in a 12-week clinical trial, 
anti-IL17A antibody treatment improved symptom scores only in the subgroup of  patients who, in baseline 
pulmonary function testing, exhibited reversibility of  airway obstruction with bronchodilator treatment (13). 
Since bronchodilator reversibility suggests airway contractility as a root cause of  poor control in this sub-
group, we reasoned that finding therapeutic targets downstream of IL17A, specifically in airway smooth 
muscle, should yield therapeutic targets relevant to this subgroup of  severe asthmatics.

One such downstream target is the small GTPase RhoA. We recently showed that IL17A secreted by 
Th17 cells activates and increases airway contractility in mouse models via activation of  the small GTPase 
RhoA (12). RhoA is a positive regulator of  airway smooth muscle contraction via multiple pathways, 
including the effector Rho kinase, which augments myosin phosphorylation, and actin cytoskeletal effects 
that enable increased force transmission across the tissue (12, 14–17). Given these multiple procontractile 

Patients with severe, treatment-refractory asthma are at risk for death from acute exacerbations. 
The cytokine IL17A has been associated with airway inflammation in severe asthma, and novel 
therapeutic targets within this pathway are urgently needed. We recently showed that IL17A 
increases airway contractility by activating the procontractile GTPase RhoA. Here, we explore the 
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effects of  RhoA activation, we reasoned that RhoA guanine nucleotide exchange factors (RhoGEFs) (18, 
19), activators of  RhoA that catalyze GTP loading, should represent an upstream chokepoint for broad-
based targeting of  the contractile response to IL17A.

While vascular smooth muscle RhoGEF activity has been identified as a potential target for treat-
ment of  hypertension (20), the relative expression in airway smooth muscle of  individual genes among the 
large family of  RhoGEFs is unknown. Our approach was to employ a smooth muscle–specific ribosomal 
pulldown to profile airway smooth muscle RhoGEF expression. This screen led to the identification of  
Arhgef12, which we found was necessary for IL17A-mediated RhoA activation and airway contractility 
as well as allergic AHR in vivo. Taken together, our findings encourage the development of  ARHGEF12 
inhibition as a therapy we believe to be novel for severe asthma.

Figure 1. Riboprofiling identifies Arhgef12 as the most highly expressed RhoA guanine exchange factor in airway smooth muscle. (A) Schematic of 
smooth muscle RNA riboprofiling of trachea from acta2-CreERT2/Rosa26loxpSTOPloxpRpl10a-mCherry mice. (B) Immunofluorescence of trachea from 
acta2-CreERT2/Rosa26loxpSTOPloxpRpl10a-mCherry mice. Scale bar: 200 μm. (C) Validation of smooth muscle specificity of riboprofiling by qPCR of 
smooth muscle and non–smooth muscle genes (n = 4 mice). PD, pulldown. (D) Riboprofiling of mouse tracheal RhoGEFs in healthy mice (n = 4 mice). (E) 
RhoGEF expression in airway smooth muscle from asthma patients (n = 7) and healthy controls (n = 12). Where 2 samples were available (4 of 7 asthma 
patients), counts were averaged. Box plots show minimum, maximum, and median, with 25th to 75th percentile range. *P < 0.01 by 1-tailed Student’s t test.
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Results
A major challenge to analysis of  gene expression of  airway smooth muscle is its poor suitability for flow 
cytometry–based sorting, given a lack of  established cell surface markers. To overcome this limitation, 
we performed smooth muscle riboprofiling by pulldown of  smooth muscle polysomes from fresh tracheal 
lysates using α–smooth muscle actin-CreERT2 (21) mice crossed with a ribotag allele, Rosa26-loxp-STOP-
loxp-Rpl10a-mcherry (22). The mRNA thus isolated represents the actively translating mRNA in airway 
smooth muscle (Figure 1, A and B). Comparison by qPCR of  expression of  smooth muscle and non–
smooth muscle genes before and after pulldown demonstrated the specificity of  the pulldown (Figure 1C).

We then performed a qPCR screen of  tracheal mRNA isolated by smooth muscle ribotag pulldown 
to determine highly expressed RhoGEFs in airway smooth muscle in healthy mice. To compile a list of  
candidate RhoGEFs, we searched gene identity and functional data for RhoGEFs in the Universal Protein 
Resource (https://www.uniprot.org/) and consulted published reviews, deriving a list of  15 RhoA-specific 
GEFs that have been studied across multiple tissue types (18, 19). SYBR qPCR for these targets identified 
Arhgef12 as the most highly expressed GEF in mouse tracheal smooth muscle by riboprofiling (Figure 1D). 
Of  note, neither allergic inflammation nor IL17A increased Arhgef12 expression (Supplemental Figure 1). 
In order to measure relative ARHGEF12 expression in human airway smooth muscle, we collected surgical 
lung samples from asthmatics (Table 1) as well as healthy controls and isolated bronchial airway smooth 
muscle for RNA sequencing (RNA-seq). In both patients and controls, ARHGEF12 was again more highly 
expressed than any other detected RhoGEF from our panel (Figure 1E).

To explore the physiologic relevance of Arhgef12 to airway smooth muscle function, we measured the bio-
chemical effects of IL17A in posterior trachealis muscle lysates from Arhgef12-KO mice. Absence of Arhgef12 
or treatment of WT rings with the small-molecule RhoGEF inhibitor Y16 (23) decreased IL17A-induced airway 
smooth muscle myosin light-chain phosphorylation and RhoA activity in tracheal smooth muscle (Figure 2, 
A–C). Given the importance of RhoA activation to airway smooth muscle contraction downstream of IL17A, 
we then performed tracheal ring contraction assays using tracheal rings from Arhgef12-KO mice or WT rings 
treated with Y16. In both cases, the hypercontractility induced by IL17A was inhibited (Figure 2, D and E).

Having established Arhgef12’s role in IL17A-induced RhoA activation and hypercontractility, we next 
tested its pathologic relevance with an in vivo model of  allergic AHR. We selected house dust mite extract 
as the allergic sensitizer for AHR testing, because AHR has been shown to be IL17A-dependent in this 
model (24). After airway sensitization with house dust mite, Arhgef12-KO mice had significantly decreased 
pulmonary resistance compared with WT mice. No difference was seen in WT or KO mice treated with 
saline (Figure 3A). Importantly, Arhgef12-KO mice had intact inflammatory responses in the face of  sup-
pressed AHR, supporting a smooth muscle–specific effect (Figure 3, B–D).

Discussion
Severe asthma remains an unaddressed therapeutic need, and new molecular targets within pathways 
thought to contribute to severity are urgently needed. One such pathway is inflammation induced by 
IL17A, a cytokine that has been associated with treatment-refractory asthma. In this report, we extend our 
previous finding that IL17A activates the procontractile GTPase RhoA by testing the effect of  Arhgef12 
in airway contraction and hyperresponsiveness models (12). Taken together, our results provide proof  of  
principle for a therapeutic strategy for severe asthma focused on RhoGEFs.

Table 1. Patients with a clinical diagnosis of asthma

Age (yr) Sex BMI Relevant medications Lung function
65 F 22 Ipratropium, prednisone FEV1% 70; FEV1/FVC 0.66; B/D >15%
54 M 38 Protonix FEV1% 58; FEV1/FVC 0.64; B/D >15%
73 F 31 Albuterol FEV1% 64; B/D >15%
75 M Albuterol, ipratropium FEV1% 48
56 F 24 Albuterol, Pulmicort FEV1% 70; FEV1/FVC 0.68; B/D >15%
68 F 39 Advair FEV1% 71; FEV1/FVC 0.61
59 M 24 Albuterol, montelukast FEV1% 61; FEV1/FVC 0.58

F, female; M, male; B/D, percentage change in FEV1 with administration of bronchodilator.
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Figure 2. Arhgef12 is necessary for IL17A-induced RhoA activation and airway hypercontractility. (A and B) Western blot for phosphorylated myosin 
light chain in Arhgef12–/– and WT mouse tracheal lysates and WT mouse tracheal lysates treated with or without Arhgef12 inhibitor Y16, with densi-
tometry (n = 4 mice per condition; veh, DMSO; *P < 0.05, **P < 0.01 by 1-tailed Student’s t test; box plots show minimum, maximum, and median 
with 25th to 75th percentile range). (C) ELISA for Rhotekin-rho–binding domain affinity-captured active RhoA (n = 5 mice per condition; *P < 0.05 
by 1-tailed Student’s t test; box plots show minimum, maximum, and median with 25th to 75th percentile range).). (D and E) Methacholine-induced 
(Mch-induced) contractile force of tracheal rings treated with IL17A (n = 4 rings per group; *P < 0.05, **P < 0.001, ***P < 0.0001 by Tukey’s multiple 
comparisons test following 2-way ANOVA for Il17A-treated comparing WT versus Arhgef12–/– or vehicle versus Y16; data are mean ± SEM).
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Starting with a qPCR screen, we identified Arhgef12 as much more highly expressed than other GEFs 
within murine airway smooth muscle. RNA-seq data from patients and healthy controls confirmed a high 
expression of  ARHGEF12. Interestingly, we did not find an effect of  allergic inflammation or IL17A on 
its expression, nor was ARHGEF12 expressed more highly in patients with asthma than healthy controls. 
However, it will be interesting in the future to determine whether ARHGEF12 is more highly expressed 
— and thus might explain refractory bronchospasm — in a larger, more severe cohort. We then explored 
the functional role of  Arhgef12 with studies in Arhgef12-KO mice. Our results show that IL17A-induced 
RhoA activation and hypercontractility are Arhgef12 dependent. In vivo, Arhgef12-KO mice had decreased 
allergic AHR compared with WT mice, an effect that is attributable to blunted airway smooth muscle con-
tractility, given that the absence of  Arhgef12 did not have any effect on airway inflammation.

Recent studies have implicated GEFs in both airway inflammation and contractility (25, 26). This study 
adds to this growing literature by revealing Arhgef12 to be dominantly expressed among GEFs in the smooth 
muscle compartment and by showing its relevance to the IL17A pathway, a driver of severe asthma. The results 
for airway contractility with Y16 provide proof of concept for targeting Arhgef12, but given its inhibition of  
Arhgef1 and Arhgef11 in addition (23), future studies should develop more specific inhibitors to parse the rel-
ative benefit of focused inhibition of Arhgef12 versus broader GEF targeting. In the era of precision medicine 
for asthma, therapeutic development within the RhoA pathway holds promise for patients with severe, steroid 
refractory asthma in whom a Th17 inflammatory signature is predominant. Our data provide impetus for devel-
oping the targeting of Arhgef12 as a bronchodilator target for this urgent, unmet therapeutic indication.

Figure 3. Arhgef12 is necessary for allergic airway hyperresponsiveness. (A) Airway responsiveness to intravenous methacholine in Arhgef12–/– and 
WT mice following sensitization with house dust mite extract (n = 10 animals per group; mean ± SEM). (B–D) Serum IgE (n = 10 mice per condition; data 
are mean ± SEM), airway histologic inflammation scoring (n = 6 mice per condition; box plots show minimum, maximum, and median with 25th to 75th 
percentile range), and airway lavage cell counts (n = 10 mice per condition; box plots show minimum, maximum, and median with 25th to 75th percentile 
range and median). LC, lymphocytes. *P < 0.01, **P < 0.0001 for WT+HDM versus KO+HDM by Tukey multiple comparisons test following 2-way ANOVA.
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Methods
Antibodies. Rabbit anti-phospho-myosin light-chain (3671S) and GAPDH (2118S) antibodies were pur-
chased from Cell Signaling Technology. Mouse anti–smooth muscle actin antibody was purchased from 
MilliporeSigma (clone 1A4). ARHGEF12 antibody was purchased from Abcam (ab136072).

Mice. For ribotag pulldown experiments, L10a-mCherry mice, as previously described (22), were 
crossed with mice expressing α–smooth muscle actin promoter-driven CreERT2 (21) for tamoxifen-in-
ducible L10a-mCherry in smooth muscle. To achieve recombination of  floxed alleles in adult α-SMA-
creERT2 lox-STOP-lox L10aRFP mice, tamoxifen dissolved in corn oil at a concentration of  20 mg/
ml was administered via intraperitoneal injection at a dose of  2 mg every other day for 5 days. Mice 
deficient in Arhgef12 have been previously characterized (20), and WT littermates were used as con-
trols. Adult WT 129S1 mice were purchased from The Jackson Laboratory. Mice used for all exper-
iments were sex matched, 6–8 weeks old, and housed under specific pathogen–free conditions in the 
Animal Barrier Facility at University of  California, San Francisco.

Isolation of  translating mRNA. We used tamoxifen-inducible α–smooth muscle actin-CreERT2 (21) 
mice crossed with an allele for expression of  an mcherry-tagged ribosome, Rosa26-loxp-STOP-loxp-
L10a-mcherry (22), followed by mcherry affinity purification for pulldown of  cell-type-specific, actively 
translating mRNA, as previously described (27). In brief, whole trachea was excised, homogenized in 1 
ml supplemented homogenization buffer (10 mM HEPES, pH 7.4, 150 mM KCl, 5 mM MgCl2, 0.5 mM 
DTT, 100 μg/ml cycloheximide, protease inhibitors, RNAsin, calyculin), and centrifuged at 16,000 g for 
4 minutes. Supernatants were incubated at 4°C for 1 hour with anti-RFP magnetic beads (MBL anti-RFP 
mAb) and then washed with a high-salt buffer (10 mM HEPES, pH 7.4, 350 mM KCl, 5 mM MgCl2, 1% 
NP40, 0.5 mM DTT, 100 μg/ml cycloheximide, RNAsin, calyculin).

Immunofluorescence. Tracheas from tamoxifen-induced RiboTRAP mice were excised and embed-
ded in OCT. 10-μM sections were prepared using Leica Cryostat CM1850. The sections were fixed 
with 1% paraformaldehyde, permeabilized with 0.3% Triton X-100, blocked with 10% serum, and 
incubated with primary antibody overnight. This was followed by PBS washes, incubation with sec-

Table 2. Primer sequences used for qRT-PCR

Gene Forward (5′–3′) Reverse (5′–3′)
Arhgef12 ACACAGTCTACTATCACGGACA AAATCATGCGATGAACTGCGT
Arhgef11 AGTTAGTGGAGATCGCATTGTG CCG-TTTACTTTGATGATCCGGT
Vav2 GACTGAGGACGACAAGAGAAGC CGCAAGGGACCCATGTAGT
Arhgef3 CACAGCGGAAACGAAAACAGA GGGGTTTGACCCTTTTGTTACTA
Arhgef18 AGCACCAGTAGCCAAGTGGA CCACCCTTGCTAGGGCTTC
Arhgef10 AACATGAAGCGAAATGTGACACC CTCTCGTCCTATCGTCGGC
Arhgef1 CTGGAGAAGAC-GCGGTTCTA CTTGGAGCGGAAGTCCTCTA
Arhgef2 ATCTCCGTCTCCGGCATGA CAGGGTGTCTTTACAGCGGTT
Arhgef17 CCTCCTCGAACGTGCTTTCC TGCCAAGAATGTAAACCATCCG
Kalrn CCGACTCTTGGACTACCTTATGA CGACCCTACAGTTGTGCAG
Ect2 GGCCTTAAAGGAAATGAAAGTGC ACCAGGTTCAGCATACTCGTA

Arhgef19 GTCGCCCAGTAGCTGTGTG CCTCTGGAGCAATGGGAAAGA
Arhgef10l CTCACGTCGAATTGACCGCTT CGATGCACATCCTCGTAAACG
Arhgef4 TCTGCAAGTATCCCCTCCAG TCGTTTCCGTTCGTTGATGAG
Arhgef8 CGGCGAACGAGAGATGCTC CTCCTTCAAATCAAGGCTGCTA
acta2 GTCCCAGACATCAGGGAGTAA TCGGATACTTCAGCGTCAGGA
Epcam GCGGCTCAGAGAGACTGTG CCAAGCATTTAGACGCCAGTTT
Pecam ACGCTGGTGCTCTATGCAAG TCAGTTGCTGCCCATTCATCA
Ptprc GTTTTCGCTACATGACTGCACA AGGTTGTCCAACTGACATCTTTC
Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
16S TGCAGGTCTTCGGACGCAAGAAAA CGAATATCCACACCAGCAAATCGC

ARHGEF12 ACACAGTCTACTATCACCGACA TGCAATGCGCTCAACTTTCTG
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

 



7insight.jci.org   https://doi.org/10.1172/jci.insight.123578

R E S E A R C H  A R T I C L E

ondary antibody for 1 hour, and PBS washes. Sections were then mounted in mounting medium con-
taining DAPI and visualized with a Zeiss LSM 780 NLO microscope.

Quantitative PCR. Input or TRAP RNA was purified using RNeasy Kit (Qiagen) with on-column DNa-
seI digestion. iScript reverse transcription super mix (Bio-Rad) was used for first-strand synthesis, followed 
by qPCR using SYBR Green super mix (Thermo Fisher Scientific). Gene expression was normalized to 
Gapdh or ribosomal 16S RNA. To validate isolation of  smooth muscle–specific RNA, we interrogated our 
TRAP RNA for smooth muscle–specific gene Acta2 and non–smooth muscle–specific genes Epcam, Pecam1, 
and Ptprc (CD45). Table 2 lists primer sequences used for qRT-PCR.

Measurement of  tracheal smooth muscle contractility ex vivo. Mouse tracheal ring contraction studies were 
performed in a muscle bath system as described previously (12). Briefly, after incubation with or without 
100 ng/ml IL17A for 16 hours at 37°C with 5% CO2, tracheal rings from WT or  Arhgef12–/– mice were 
treated with increasing doses of  methacholine (MilliporeSigma) for measurement of  contractile force. In 
some case, rings were also incubated with the Arhgef12 inhibitor Y16 at 15 μM Y16 (MilliporeSigma) or 
vehicle control (DMSO) for 16 hours at 37°C with 5% CO2.

Allergic asthma model. Allergic asthma was induced in mice using a total house dust mite (Greer) extract 
as previously described (24). Mice were sensitized by intranasal application of  150 μg house dust mite in 30 
μl saline once per week for 4 weeks. Control mice were sensitized with saline.

Airways responsiveness measurement in vivo. Twenty-two hours after the last challenge, pulmonary resis-
tance was measured in response to a range of  concentrations of  intravenous acetylcholine using the forced 
oscillation technique with the FlexiVent system (SCRIREQ) as previously described (28).

Determination of  HDM-specific IgE. Serum samples were analyzed for house dust mite-specific IgE by 
ELISA. Wells were coated with HDM, and a biotinylated IgE antibody (BD Biosciences, clone R35-72) 
was used to analyze blood samples for IgE.

Assessment of  pulmonary inflammation. Total and differential cell percentages were determined by hemo-
cytometer and by light microscopic evaluation of  more than 300 cells per slide as previously described (28). 
After lavage, lungs were inflated with 10% buffered formalin to 25-cm H2O and transferred to 10% buffered 
formalin. 5-μm sections were stained with H&E for semiquantitative assessment of  inflammation. To quan-
tify inflammation, H&E-stained lung sections were deidentified for blinding and scored for peribronchial 
and perivascular inflammatory cell infiltration: grade 0, no infiltration; grade 1, <25% of  examined area; 
grade 2, 25%–50%; grade 3, 51%–75%; and grade 4, >75%.

Immunoblots. Smooth muscle dissected from mouse trachea and treated overnight with murine IL17A 
(Peprotech) or early passage human airway smooth muscle cells (Lonza) treated overnight with human IL17A 
were homogenized in lysis buffer (MilliporeSigma RIPA buffer) with protease and phosphatase inhibitor cock-
tail (Thermo Fisher Scientific). Lysates were resolved by SDS-PAGE and transferred to a polyvinylidene difluo-
ride membrane (MilliporeSigma). Membranes were blocked for 1 hour with 5% BSA in Tris-buffered saline with 
Tween-20, incubated at 4°C overnight or for 1 hour with primary antibodies, washed in Tris-buffered saline with 
Tween-20, incubated for 1 hour with peroxidase-conjugated secondary antibody, washed in Tris-buffered saline 
with Tween-20, and developed with ECL plus (Perkin-Elmer) prior to exposure to film (Denville Scientific).

Measurement of  RhoA activation. Affinity capture of  active RhoA (RhoA-GTP) was performed by RhoA 
G-LISA (Cytoskeleton) according to the manufacturer’s instructions. Briefly, smooth muscle dissected 
from posterior mouse trachea was homogenized in supplied lysis buffer. After measurement of  protein 
concentration, equal quantities were loaded in supplied RhoA-GTP affinity plates (Cytoskeleton) for 30 
minutes. After wash, captured active RhoA was detected by ELISA with supplied anti-RhoA antibody 
(Cytoskeleton) for colorimetric detection at 490 nm.

Patient airway smooth muscle cells. Airway smooth muscle cells were isolated from specimens obtained at 
surgery at the Mayo Clinic. Indications for surgery included focal, noninfectious causes, such as focal cancers. 
Based on history and chart review, patients were identified as asthmatic (medications for asthma and lung func-
tion are listed at Table 1) or nonasthmatic, age-matched controls. Third- to sixth-generation bronchi from nor-
mal lung regions were isolated and denuded of epithelium, and the remaining airway smooth muscle tissue 
was enzymatically dissociated to generate cells used for experiments. First- or second- cultures were maintained 
under standard conditions of 37°C (5% CO2, 95% air) and serum starved for 24 hours prior to experimentation.

RNA-seq of  human airway samples. RNA libraries were prepared using 200 ng total RNA per manufactur-
er’s instructions for the TruSeq RNA Sample Prep Kit (v2, Illumina). Concentration and size distribution 
of  completed libraries was determined using an Agilent Bioanalyzer DNA 1000 chip and Qubit fluorom-
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etry (Invitrogen). Libraries were sequenced at 8 samples per lane to generate approximately 30–45 million 
reads per sample following standard protocols using the Illumina cBot and cBot Paired end cluster kit 
(version 3). Flow cells were sequenced as 51 paired-end reads on an Illumina HiSeq 2000 using TruSeq SBS 
sequencing kit (version 3) and HCS (v2.0.12) data collection software. Base calling was performed using 
Illumina’s RTA version 1.17.21.3.

Allergen exposure and laser capture microdissection. Mice were intranasally challenged with 10 mg Alternaria 
alternata (Greer), 10 mg Aspergillus fumigatus (Greer), 10 mg house dust mite (Greer), and 10 mg ovalbumin 
(MilliporeSigma) 3 times per week for 4 weeks. Control mice were given sterile PBS 3 times per week for 4 
weeks. Twenty-four hours after the last challenge, mice were anesthetized by intraperitoneal injection of  ket-
amine (100 mg/kg) and xylazine (20 mg/kg). Under RNase-free conditions, lungs were harvested, frozen in 
liquid nitrogen, and stored at –80°C. Frozen lungs were cut into 10-μm sections and processed as previously 
described (29, 30). In brief, laser capture microdissection of  airway smooth muscle was performed using an 
Arcturus XT microdissection system (Molecular Devices). Small airways (300- to 350-μm diameter) were 
visualized by light microscopy (×200 magnification). Airway epithelial and smooth muscle layers were iden-
tified. Using an infrared laser, layers were microdissected and captured onto CapSure Macro LCM caps. 
Total airway smooth muscle RNA was isolated from caps using the ARCTURUS PicoPure RNA Isolation 
Kit (Applied Biosystems). cDNA for qRT-PCR was synthesized (Roche LightCycler 96 System).

Data availability. RNA-seq data for the human airway smooth muscle samples have been deposited at 
the NCBI’s Gene Expression Omnibus database (GEO GSE119580).

Statistics. Data were evaluated by 2-way ANOVA with post hoc pairwise comparison Tukey’s test 
and 1-tailed Student’s t test. Differences with a P value less than or equal to 0.05 were considered sta-
tistically significant.

Study approval. For patients studies, written informed consent was obtained from all subjects, and the 
study was approved by the Mayo Clinic Institutional Review Board. For animal studies, all experiments were 
approved by the Institutional Animal Care and Use Committee of the University of California, San Francisco.
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