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GRAPHICAL ABSTRACT
Background: In asthma remodeling airway smooth muscle cells
(ASMCs) contribute to airway wall thickness through increased
proliferation, migration, and extracellular matrix deposition.
Previously, we described that protein arginine
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Abbreviations used

ASMC: Airway smooth muscle cell

COPD: Chronic obstructive pulmonary disease

ECM: Extracellular matrix

ERK: Extracellular signal-regulated kinase

MAPK: Mitogen-activated protein kinase

miR: MicroRNA

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide

PDGF: Platelet-derived growth factor

PRMT1: Protein arginine methyltransferase 1

RT-qPCR: Real-time quantitative PCR

siRNA: Small interfering RNA

SMA: Smooth muscle actin

STAT: Signal transducer and activator of transcription

UTR: Untranslated region
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Methods: ASMCs from healthy subjects and asthmatic patients
were activated with platelet-derived growth factor (PDGF)–BB.
PRMT1 was localized by means of immunohistochemistry in
human lung tissue sections and by means of
immunofluorescence in isolated ASMCs. PRMT1 activity was
suppressed by the pan-PRMT inhibitor AMI-1, signal
transducer and activator of transcription 1 (STAT1) was
suppressed by small interfering RNA, and extracellular signal-
regulated kinase (ERK) 1/2 mitogen-activated protein kinase
(MAPK) was suppressed by PD98059. MicroRNAs (miRs) were
assessed by using real-time quantitative PCR and regulated by
miR mimics or inhibitors.
Results: PRMT1 expression was significantly increased in lung
tissue sections and in isolated ASMCs of patients with severe
asthma. PDGF-BB significantly increased PRMT1 expression
through ERK1/2 MAPK and STAT1 signaling in control
ASMCs, whereas in ASMCs from asthmatic patients, these
proteins were constitutively expressed. ASMCs from asthmatic
patients had reduced miR-19a expression, causing upregulation
of ERK1/2 MAPK, STAT1, and PRMT1. Inhibition of PRMT1
abrogated collagen type I and fibronectin deposition, cell
proliferation, and migration of ASMCs from asthmatic patients.
Conclusions: PRMT1 is a central regulator of tissue remodeling
in ASMCs from asthmatic patients through the pathway:
PDGF-BB–miR-19a–ERK1/2 MAPK and STAT1. Low miR-19a
expression in ASMCs from asthmatic patients is the key event
that results in constitutive increased PRMT1 expression and
remodeling. Therefore PRMT1 is an attractive target to limit
airway wall remodeling in asthmatic patients. (J Allergy Clin
Immunol 2016;nnn:nnn-nnn.)

Key words: Airway wall remodeling, primary airway smooth muscle
cell, protein arginine methyltransferase 1, miR-19a, extracellular
signal-regulated kinase, STAT1

Asthma is a respiratory disease characterized by chronic
inflammation and remodeling of airway tissues. Airway wall
remodeling in asthmatic patients describes the structural changes
of the tissue composition, including smooth muscle hypertrophy,
hyperplasia, basement membrane thickening, and subepithelial
fibrosis.1 It also includes goblet cell hyperplasia and derangement
of the airway epithelium. It is currently discussed whether airway
wall remodeling and inflammation are 2 independent events or
whether they are causally linked in the pathogenesis of asthma.2,3

In the pathologically changed airway wall structure, airway
smooth muscle cells (ASMCs) play a central role through their
increased capacity to proliferate, migrate, and depose proinflam-
matory extracellular matrix (ECM) components, such as collagen
type I or fibronectin.4,5 These ASMC-specific cellular pathologies
are maintained in isolated cells and are considered major
contributing factors to the pathogenesis of asthma.1

Increased ASMC mass in the airway wall in asthmatic patients
also increases the contractility of the airways, which further
reduces the lumen during asthma attacks.2,3 The mechanisms that
upregulate ASMCmass and change the ASMC phenotype toward
increased secretion of proinflammatory cytokines and mediators
are incompletely understood. Several studies indicated that
platelet-derived growth factor (PDGF)–BB, which is secreted
by activated platelets, as well as by endothelial, epithelial, glial,
or inflammatory cells, is a major stimulus for ASMC proliferation
and airway tissue remodeling in patients with chronic lung
inflammation.6,7 Increased levels of PDGF-BB have been
reported in the lungs of asthmatic patients and might contribute
to the increased ASMC hyperplasia. Both in vivo and in vitro
studies elucidated that PDGF-BB also drives the shift of
human ASMCs from the contractile phenotype toward a
proliferative, migratory, and synthetic phenotype (proremodeling
phenotype).8,9 The molecular mechanisms that regulate these
changes of ASMC biology are not completely understood.

The causative role of posttranscriptional events in ASMCs and
their contribution to asthma pathologies is an emerging field of
investigation. Different epigenetic mechanisms have been
reported to modulate ASMC contractility, proliferation, and
chemokine secretion, and they are critical to identify novel
potential therapeutic targets for asthma, especially to limit or
reverse airway wall remodeling.10 Arginine methylation of
histones and other proteins catalyzed by protein arginine
methyltransferase 1 (PRMT1) was suggested to play an important
role in lung cancer, pulmonary fibrosis, pulmonary hypertension,
chronic obstructive pulmonary disease (COPD), and asthma.11 In
regard to lung inflammation, our previous studies revealed that
PRMT1 is upregulated in both the acute and chronic stages of
inflammation in an E3 rat asthma model.12,13 Furthermore, in
primary human fibroblasts we showed that PDGF-BB
stimulated PRMT1 expression through the extracellular signal-
regulated kinase (ERK) 1/2 mitogen-activated protein kinase
(MAPK) signaling pathway,14 highlighting its potential role
in asthma-associated airway wall remodeling. However, the
regulatory mechanisms underlying the expression and activation
of PRMT1 remained unclear.

Functional studies identified the critical role or roles of
microRNAs (miRs) in the regulation of airway inflammation,
remodeling, and hyperresponsiveness, and thus miRs have to be
considered novel regulators of PRMT1 expression and airway
wall remodeling.15,16 Specifically, themembers of themiR cluster
17-92 have been suggested to participate in the pathogenesis
of lung diseases by regulating protein expression at the
posttranscriptional level.17 In tumor cells the expression of the
miR cluster 17-92 was linked to upregulated ERK1/2 MAPK
activity.18 Although miRs are important regulators of MAPK1
expression, there are no functional data in asthmatic patients.
Therefore it is imperative to hypothesize that changes in miR
expression modulate MAPK1 expression and function and
thereby contribute to the pathogenesis of asthma.
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Based on our previous studies, we aimed to identify the
asthma-specific regulatory mechanism or mechanisms control-
ling PRMT1 expression and airway wall remodeling in ASMCs
from asthmatic patients and prove the involvement of miRs in this
process.
METHODS

Primary human lung ASMCs
Lung tissue specimens were obtained from the Clinic of Pneumology

(University Hospital Basel, Basel, Switzerland) with approval of the local

ethics committee (EK: 05/06) and with written consent of each tissue donor

(control subjects, n5 8; asthmatic patients, n5 9; patients with COPD, n5 9)

who underwent biopsy or partial therapeutic lung tissue reduction for other

reasons.

Details for age, sex, diagnosis, and therapy are provided in Table I. The

control group consisted of patients who underwent lung biopsy for diagnosis

of diseases other than asthma andCOPD,mainly for lungmetastases of tumors

in other organs.

Primary human lung ASMCs were isolated from tissues of lung biopsy

specimens, as previously described, and propagated under standard

cell-culture conditions (378C, 100% humidity, and 5% CO2).
19 ASMC growth

medium consisted of Dulbecco modified Eagle medium supplemented with

5% FBS, 1 mmol/L sodium pyruvate, 10 mmol/L HEPES, and 8 mmol/L

L-glutamine (all from GIBCO Laboratories, Grand Island, NY). All

experiments were performed in ASMCs between passages 2 and 8.
ASMC isolation and stimulation
ASMCs were seeded into 6-well plates, allowed to adhere, serum

deprived overnight, and stimulated with PDGF-BB (10 ng/mL) for 1, 3,

6, 12, 24, and 48 hours. ASMCs were treated with different signal

protein inhibitors to investigate PDGF-BB–induced PRMT1 expression:

ERK1/2 MAPK was inhibited by PD98059 (10 mmol/L), which was

added 2 hours before PDGF-BB simulation. For signal transducer and

activator of transcription (STAT) 1 experiments, ASMCs were pretreated

with small interfering RNAs (siRNAs), according to the manufacturer’s

protocol (Santa Cruz Biotechnology, Santa Cruz, Calif) for 48 hours.

The siRNA and the corresponding control sequence were used at a

final concentration of 50 nmol/L and transfected into ASMCs with

Lipofectamine 2000 (Invitrogen, Carlsbad, Calif) for 48 hours. PRMT1

activity was inhibited after 2 hours of preincubating ASMCs with AMI-1

(10 mmol/L).
Lung immunohistochemistry and

immunofluorescence
Tissue sections from healthy control lungs (n 5 4) and lungs of asthmatic

patients (n5 5) were obtained from the Department of Respiratory Diseases,

University of Naples, Naples, Italy, after the consent of the local ethical

committee. Healthy control lungswere defined as lungs obtained frompatients

without known lung diseases.

After deparaffinization and rehydration, lung tissue sections were

incubated with 1:100 diluted anti-PRMT1 antibody (Abcam, Cambridge,

United Kingdom) in blocking solution (2% BSA in PBS) at 48C overnight,

followed by visualization with the 2-step plus Poly-HRP anti-goat IgG

detection kit (Abcam). The intensity of the brown color was determined by

using Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, Md) to

estimate protein expression in lung tissues.

For immunofluorescence analysis, ASMCs were seeded on 10-mm sterile

glass slides in 24-well plates. After 24 hours of serum deprivation,

ASMCs were stimulated with PDGF-BB with or without pretreatment with

the ERK1/2 MAPK inhibitor. ASMCs were fixed in 4% paraformaldehyde in

PBS for 2 3 5 minutes. Immunofluorescence staining was performed, as

described previously.14 Briefly, anti-PRMT1 antibody, anti–a-smooth muscle

actin (SMA) antibody, anti–collagen type I antibody, or anti-fibronectin
antibody (all from Abcam) was diluted 100-fold in 2% BSA-PBS and incu-

bated at 48C overnight, followed by 3 washes and subsequent staining with

a phycoerythrin-labeled goat anti-rabbit IgG secondary antibody for

PRMT1, fibronectin, and COL1A1 or fluorescein isothiocyanate–labeled

goat anti-mouse IgG secondary antibody (Santa Cruz Biotechnology) for

a-SMA. Nuclei were stained with 49-6-diamidino-2-pheylindole

dihydrochloride. Images were captured with an Olympus BX61 fluorescence

Microscope (Olympus Optical, Tokyo, Japan).
Western blotting
Cells were lysed in RIPA buffer, lysates were centrifuged at 12,000 rpm

(15 minutes), and the protein concentration of the supernatant was quantified

by using BCA (Thermo Scientific, Waltham, Mass). Equal amounts of

denatured proteins (20 mg) were separated in 8-16% SDS–PAGE (Thermo

Scientific) and subsequently electrotransferred onto polyvinylidene difluoride

membranes. The proteins of interest were detected with antibodies specific to

PRMT1 (Abcam), phosphorylated (phospho)-ERK, total ERK, a-tubulin (all

from Cell Signaling Technology, Danvers, Mass), phospho-STAT1, collagen

type I (COL1A1), or fibronectin (all from Santa Cruz Biotechnology). Protein

bands were visualized after binding of species-specific secondary horseradish

peroxidase–conjugated antibodies (Abcam) by using chemiluminescent sub-

strate (Thermo Scientific).
miR expression and function
Growing ASMCs were transfected with either mimics or inhibitors of

miR-19a or miR-101 by using Transfection Reagent from Qiagen

(Hombrechtikon, Switzerland). Detailed information of mimics and

inhibitors is as follows: has-miR-19a-3p mimic (catalog no. MSY0000073);

anti–has-miR-19a-3pmiR inhibitor (catalog no.MIN0000073); has-miR-101-

3p mimic (catalog no. MSY0000099); and anti–has-miR-101-3p miR

inhibitor (catalog no. MIN0000099). ASMCs were seeded in 6-well plates,

and for each well, 0.6 mL of miR mimic (20 mmol/L stock) or 6 mL of miR

inhibitor (20 mmol/L stock) was diluted in 400 mL of culture medium

without serum (final concentration: miR mimic, 5 nmol/L; miR inhibitor,

50 nmol/L). HiPerFect Transfection Reagent (10mL) was added to the diluted

miR mimic/inhibitor and mixed by means of vortexing. After incubating the

samples for 5 minutes at room temperature, the complex was added dropwise

onto the cells. Proteins and total RNA were collected after incubating the

cells with the transfection complex under normal growth conditions for

24 hours.
Real-time quantitative PCR
For detection of miRs, 500 ng of total RNA was isolated with the

Quick-RNA Mini Prep Kit (Zymo Research, Los Angeles, Calif), and

the miR-specific stem loop reverse transcription reaction was used to

synthesize cDNA by using the Mir-X miRNA First-Strand Synthesis

Kit (Clontech, Takara Shiga, Japan). For detection of normal genes, a

total of 2 mg of RNA were used for each reverse transcription reaction in

the presence of oligo d(T) primers. cDNA was synthesized with the

RevertAid First Strand cDNA Synthesis Kit (Applied Biosystems, Foster

City, Calif).

Real-time quantitative PCR (RT-qPCR) was performed by using the

Applied Biosystems 7300/7500 Real-time System (Applied Biosystems)

with Power SYBR Green PCR Master Mix (Applied Biosystems) for

quantification. Gene or miR expression was normalized to b-actin or to U6

small nuclear RNA, respectively. The purity of PCR products was confirmed

by using melting curve analysis, and all data were reanalyzed with the

22DDCt (relative quantification) method. The information for all primers is

shown in Table II.
ASMC activity, proliferation, and migration
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was

used to determine the overall activity of ASMCs, and direct cell count after



TABLE I. Clinical and medical characteristics of healthy control subjects, asthmatic patients, or patients with COPD

Diagnosis Sex Age (y) FEV1 FVC Medication

Asthmatic patients Male 81 91 128 Oxis, Alvesco, Spiriva, Pantozol, Xolair, Singulair

Female 64 64 87 Prednisone, Remicade, Alvesco, Foradil, Berotec

Male 45 45 68 Seretide, Spiriva, Ventolin, Singulair, prednisone

Female 55 63 102 Xolair

Male 52 36 50 Prednisone, Alvesco, Spiriva, Onbrez, Symbicort, Singulair

Female 64 64 87 Prednisone, Remicade, Alvesco, Foradil, Berotec

Female 69 48 99 Avamys, Flutiform, Pantozol,

Female 61 52 109 Symbicort, Ventolin

Female 45 99 117 Seretide, Singulair

Mean 6 SEM 59.6 6 3.2 62.4 6 5.4 94.1 6 6.6

Patients with COPD Female 76 51 79 Spiricort, Symbicort, Spiriva, Berodual, Liviol, Zandip

Female 54 20 58 Spiriva, Relvar, aspirin, Spiricort

Male 67 39 90 Ventolin, BecloSpin, Tarka

Female 77 51 116 Ultibro, Flutiform, azithromycin, prednisone

Male 71 41 82 Oxis, Spiriva, Pulmicort, Zitromax, metformin

Male 69 63 88 Spiriva, azithromycin

Male 68 40 82 Oxis, Spiriva, Pulmicort, Zitromax, metformin

Male 70 40 82 Oxis, Spiriva, Pulmicort, Zithromax, metformin

Male 62 27 65 Symbicort, Spiriva

Mean 6 SEM 68.2 6 1.7 41.4 6 3.6 82.5 6 4.1

Control subjects Male 55 ND ND None

Female 62 ND ND None

Male 55 ND ND None

Male 66 ND ND None

Female 63 ND ND None

Female 49 ND ND None

Male 63 ND ND None

Female 61 ND ND None

Mean 6 SEM 59.3 6 2.6

FVC, Forced vital capacity; ND, not determined.
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48 hours was used as an indicator of proliferation.20 Cells (13 104 cells/well)

were seeded into 96-well plates, and proliferationwas determined 48 hours af-

ter PDGF-BB stimulation with or without inhibitors of signaling proteins or

PRMT1. Cells were incubated with 50 mL of MTT reagent for 4 hours at

378C and then lysed with dimethyl sulfoxide to determine the amount of for-

mazan at 560 nm with a microplate reader (Synergy H1 Hybrid Microplate

Reader; BioTek, Winooski, Vt).

For migration assays, ASMCs were seeded onto 6-well plates

(0.25 3 106 cells/well) and allowed to adhere overnight, and then serum

was deprived overnight. Scratches into the confluent cell layer were made

with a sterile 10-mL pipette tip. The migration of ASMCs into the wounded

area was determined at different time points (6 and 24 hours) after treatment

with or without PDGF-BB or AMI-1. All images were captured by a blinded

observer.
Collagen type I and fibronectin ELISA
Levels of deposed collagen type I and fibronectin were measured by using

an in-house ELISA, as described earlier.20 ASMCs (1 3 104 cells/well) were

seeded into 96-well plates and stimulated with PDGF-BB in the presence or

absence of AMI-1 for up to 48 hours. Cells were fixed with 4% paraformalde-

hyde in PBS (23 5 minutes at room temperature), and plates were washed 3

times with PBS before being blocked by 2% BSA in PBS for 1 hour at room

temperature. Afterward, 50 mL of either anti–collagen 1A1 (Abcam) or

anti-fibronectin antibody (1:200; Santa Cruz Biotechnology) was added and

incubated overnight at 48C. After 3 washes with PBS, 50 mL of horseradish

peroxidase–conjugated secondary antibody was added (1:1000; Santa Cruz

Biotechnology) and incubated at room temperature for 1 hour. After 3 washes

with PBS, TMB substrate was added and incubated at 378C for 20 minutes.

The reaction was terminated by adding 2 mol/L H2SO4, and the absorption

was read at 450 nm with an ELISA reader (Synergy H1 Hybrid Microplate

Reader; BioTek).
Prediction of candidate miRs binding to MAPK1 39
untranslated region

The MiRanda (http://www.microrna.org/microrna/getGeneForm.do) and

TargetScan (http://www.targetscan.org/vert_50/) databases were used to pre-

dict the candidate miRs binding to the MAPK1 39 untranslated region

(UTR) after online instructions.
Statistical analysis
The null hypothesis was that no treatment had any effect on signaling or

PRMT1 expression, and a P value of less than .05 was regarded as significant.

All data are expressed as means 6 SEMs. The statistical analysis was per-

formed by using the Mann-Whitney U test for comparison between groups.

The effects of inhibitors on PRMT1 and remodeling were analyzed by using

1-way ANOVA.
RESULTS

PRMT1 is upregulated in lung sections from

patients with severe asthma and in isolated ASMCs
As summarized in Table I, patients with asthma, patients with

COPD, and control subjects had a comparable age range and sex
distribution, which was not significantly different between groups
(Mann-Whitney U test). Increased PRMT1 expression correlates
with neither age nor sex but with the diagnosis of asthma, as
described below.

Based on our earlier animal studies, we compared the
expression level of PRMT1 in human airway tissue sections
by means of immunohistochemical staining. In healthy and
asthmatic tissue PRMT1 staining was found in epithelial cells

http://www.microrna.org/microrna/getGeneForm.do
http://www.targetscan.org/vert_50/


TABLE II. Primer information for RT-qPCR

Gene Species Sequence(59-39) Size (bp) Annealing temperature (8C)

PRMT1 Homo sapiens Forward TTGACTCCTATGCCCACT

Reverse CCACATCCAGCACCACC

126 62

STAT1 Homo sapiens Forward TGCGCGCAGAAAAGTTTCATT

Reverse AGACATCCTGCCACCTTGTG

171 60

GAPDH Homo sapiens Forward CGGCAAGTTCAACGGCACAG

Reverse GAAGACGCCAGTAGACTCCACGAC

148 60

miR-101-3p Homo sapiens TACAGTACTGTGATAACTGAA 21 60

miR-19a-3p Homo sapiens TGTGCAAATCTATGCAAAACTGA 23 60

miR-130a-3p Homo sapiens CAGTGCAATGTTAAAAGGGCAT 22 60

miR-200a-3p Homo sapiens TAACACTGTCTGGTAACGATGT 22 60

miR-1-3p Homo sapiens TGGAATGTAAAGAAGTATGTAT 22 60

miR-181c-5p Homo sapiens AACATTCAACCTGTCGGTGAGT 22 60

miR-21-5p Homo sapiens TAGCTTATCAGACTGATGTTGA 22 60
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and subepithelial ASMCs, with more PRMT1-positive cells
in tissues from asthmatic patients (Fig 1, A, lower panels).
Furthermore, the subepithelial layer of mesenchymal cells was
significantly increased in tissue sections from asthmatic patients
(Fig 1, A, lower right panel). The overall staining for PRMT1 in
lung tissue sections was analyzed by means of optical densitom-
etry, showing a significant increase (P 5 .0244) in tissue from
asthmatic patients, with a mean of 272.3 6 8.242 versus
44.07 6 8.242 arbitrary units in control sections.

In isolated ASMCs PRMT1 expression was detected by means
of Western blotting (Fig 1, B and C) and RT-qPCR (Fig 1, D). As
in the tissue sections, we observed a significantly higher
expression of PRMT1 in nonstimulated, nongrowing, serum-
deprived ASMCs of asthmatic patients on both the protein and
mRNA levels when compared with control ASMCs under the
same conditions.
PRMT1 is upregulated by PDGF-BB in control

ASMCs but not ASMCs from asthmatic patients
On the basis of our earlier studies, we selected PDGF-BB as the

most potent mitogenic stimulus, which also induces ASMC
remodeling through activation of TGF-b and also stimulates
wound repair.12-14 For PRMT1 expression, we performed kinetic
studies: control ASMCs were stimulated with 10 ng/mL PDGF-
BB for various time periods over 48 hours, and we observed a
time-dependent significant upregulation of PRMT1 starting at
1 hour and lasting for 48 hours (Fig 2, A). Based on our
earlier studies, we assessed the role of ERK1/2 MAPK in
PRMT1 regulation and show in Fig 2, A (lower panel), that the
ERK1/2 MAPK inhibitor PD98059 significantly reduced the
PDGF-BB–induced PRMT1 expression in control ASMCs. The
densitometric analysis of all Western blotting is summarized in
Fig 2, B.

Interestingly, in ASMCs from asthmatic patients, the baseline
expression of PRMT1 was higher when compared with that in
control ASMCs, and PRMT1 expression was not further
increased by PDGF-BB (Fig 2, C). As in control ASMCs,
preincubation with the ERK1/2 MAPK inhibitor significantly
reduced the expression of PRMT1 in ASMCs from asthmatic
patients (Fig 2, C), and the densitometric analysis of all Western
blotting is depicted in Fig 2, D.

The immunofluorescence analysis of PRMT1 expression in
ASMC cellular compartments showed that in unstimulated control
ASMCs, PRMT1 was faintly expressed in the cytosol (Fig 2, E,
first panel), whereas after 24 hours of stimulation with
PDGF-BB, it accumulated in the nuclei (Fig 2, E, second panel).
In ASMCs from asthmatic patients, PRMT1 showed a
consistently high expression in the nuclei (Fig 2, E, third panel),
and this was not further increased by PDGF-BB (Fig 2, E, fourth
panel).
PDGF-BB regulates PRMT1 through ERK1/2 MAPK

and STAT1 signaling
Cross-talk of ERK1/2 MAPK with STAT signaling had

been suggested earlier in lung fibroblasts.14 The expression of
PRMT1, phospho-ERK1/2 MAPK, total ERK1/2 MAPK and
phospho-STAT1 was detected by using Western blotting in 3
primary control ASMC lines and 3 primary ASMC lines from
asthmatic patients. Compared on the basis of equal protein
concentration, PRMT1, phospho-ERK1/2 MAPK, total ERK1/2
MAPK, and phospho-STAT1 levels were significantly increased
in ASMCs from asthmatic patients (Fig 3, A, lanes 1-3 vs lanes
4-6). The densitometric analysis of the protein expression was
determined in all Western blotting and is summarized in the
corresponding bar charts (Fig 3, A).

In control ASMCs ERK1/2 MAPK was phosphorylated within
5 minutes by PDGF-BB and peaked at 15 minutes (Fig 3, B).
PDGF-BB also induced phosphorylation of STAT1 within
5 minutes, which lasted more than 1 hour (Fig 3, B). In ASMCs
from asthmatic patients, PDGF-BB further increased the
pre-existing phosphorylation of ERK1/2MAPKwithin 5minutes,
which lasted for an extended period compared with that seen in
control ASMCs (Fig 3, C). However, PDGF-BB did not
have any significant effect on the phosphorylation of STAT1
(Fig 3, C). The densitometric analysis of all Western blotting is
provided as bar charts.

ASMCswere transfected with STAT1 siRNAor pretreatedwith
the ERK1/2 inhibitor PD98059 and stimulated with PDGF-BB,
and PRMT1 expression was assessed after 24 hours to confirm the
role of ERK1/2 MAPK and STAT1 in PRMT1 expression (Fig 3,
E). In control ASMCs PDGF-BB increased PRMT1 expression at
24 hours, which was prevented in ASMCs treated with either
STAT1 siRNA or the ERK1/2 MAPK inhibitor PD (Fig 3, E).
Similarly, in ASMCs from asthmatic patients, pretreatment
with STAT1 siRNA, as well as with 10 mmol/L PD, completely
suppressed PRMT1 (Fig 3, E).



FIG 1. Expression of PRMT1 is upregulated in asthmatic patients. A, Representative PRMT1 (arrows)
immunohistology in human lung sections (n 5 4). B and C, PRMT1 was quantified by means of Western

blotting in ASMCs of control subjects (Fig 1, B; n 5 5) and asthmatic patients (Fig 1, C; n 5 5). D, PRMT1

mRNA was normalized to actin. Bars 5 means 6 SEMs. Mann-Whitney U test for control subjects versus

asthmatic patients: *P < .05 and ***P < .001.
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Inhibition of ERK1/2 MAPK activation decreases

PRMT1 expression in ASMCs from asthmatic

patients
Next, we confirmed the role of ERK1/2MAPK in the increased

expression of PRMT1 in ASMCs. In 3 primary ASMC lines from
asthmatic patients, ERK1/2 MAPK inhibition significantly
reduced phosphorylation of ERK1/2 MAPK and phospho-
STAT1 and the expression of PRMT1 within 24 hours (Fig 4,
A). The densitometric analysis of all Western blotting is shown
in Fig 4, B, for the ratio of phospho-ERK1/2 MAPK/total
ERK1/2 MAPK and for PRMT1 in Fig 4, C.

miR-101 and miR-19a are downregulated in ASMCs

from asthmatic patients
To identify miRs that regulate the expression of MAPK1, we

searched for putative miR binding sites within the 39 UTR of



FIG 2. Asthma-specific PRMT1 expression in ASMCs. A and C, Representative Western blots of PDGF-BB

induced PRMT1 expression and its regulation by ERK1/2 MAPK in ASMCs: control subjects (Fig 2, A) and
asthmatic patients (Fig 2, C). PD, PD98059 (10 mmol/L). B andD,Densitometry ofWestern blots (6 per group).

E, Bars5means6 SEMs. Mann-Whitney U test for PDGF-BB–treated versus nontreated cells: **P < .01 and

***P < .001. PDGF-BB versus PDGF-BB1PD: ^P < .05, ^^P < .01, and ^^^P < .001.
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MAPK1 mRNA by using miR computer-assisted target
analysis programs (miRanda and TargetScan), which suggested
that the 39 UTR of the MAPK1 gene contains complementary
binding sites for miR-101, miR-19a, miR-130a, miR-200a,
miR-1, miR-21, and miR-181a. Because all miRs are highly
conserved in different mammalian species, their critical role for
miR-mRNA interaction is suggested (see Fig E1 in this article’s
Online Repository at www.jacionline.org). All candidate miRs
were determined in ASMCs by using RT-qPCR and compared
between 6 control subjects versus 6 asthmatic patients and 8
patients with COPD. As shown in Fig 5, expression of miR-101
and miR-19a showed a significant disease-specific decrease
in numbers of asthmatic ASMCs; additionally, miR-101 and
miR-200a decreased significantly in ASMCs from patients with
COPD.
miR-19a deficiency increases PRMT1 expression in

ASMCs from asthmatic patients through targeting

ERK1/2 MAPK
We next examined whether miR-101 or miR-19a regulates

expression of MAPK1 and PRMT1. ASMCs from asthmatic pa-
tients were transfected with either miR-101 or miR-19a mimics
and inhibitors, and protein levels of ERK1/2 MAPK and PRMT1
expression were measured by using Western blotting. As shown
in Fig 6, A and B, in both control ASMCs and ASMCs from
asthmatic patients, miR-19a double-stranded RNA mimics
decreased the level of total ER1/2 MAPK and thus the
phosphorylation of ERK1/2 MAPK and STAT1. Subsequently,
miR-19a mimics also reduced the expression of PRMT1 in both
control ASMCs (Fig 6, A) and ASMCs from asthmatic patients
(Fig 6, B). The transfection of control ASMCs and ASMCs

http://www.jacionline.org


FIG 3. PDGF-BB upregulates PRMT1 through STAT1. A, Protein expression in unstimulated ASMCs was

disease specific (3 asthmatic patients and 3 control subjects). B and C, PDGF-BB disease specifically

modified protein expression and phosphorylation. D and E, Downregulation of PRMT1 by small interfering

STAT1 or PD98059 (10 mmol/L). Bars 5 means 6 SEMs. Untreated versus PDGF-BB–treated cells: *P < .05

and **P < .01. PDGF-BB versus inhibitor: ^P < .05.
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FIG 4. PRMT1 regulation by ERK1/2 in ASMCs from asthmatic patients.

Three ASMC lines from asthmatic patients were incubated with or without

PD98059 (PD; 10 mmol/L), and expression of phospho-ERK, total ERK,

phospho-STAT1, total STAT1, and PRMT1 was detected (A) and analyzed

by using densitometry (B and C). Bars 5 means 6 SEMs (n 5 3).

Mann-Whitney U test for asthma versus asthma 1 PD: *P < .05 and

**P < .01.
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from asthmatic patients with the miR-19a inhibitor enhanced the
production of ERK1/2MAPK and the phosphorylation of ERK1/2
MAPK and phospho-STAT1, as well as increasing PRMT1
expression, compared with treatment with control miR or control
inhibitor. The densitometric analysis of all Western blotting and
the comparison between control ASMCs and ASMCs from
asthmatic patients are displayed on a bar chart in Fig 6, C and D.

In contrast, the transfection of ASMCs with miR-101 did not
show any significant effect on ERK1/2 MAPK, STAT1, or
PRMT1 expression (see Fig E2 in this article’s Online Repository
at www.jacionline.org).
Inhibition of PRMT1 activity decreases ASMC cell

activity, proliferation, ECM deposition, and cell

migration
Increased overall activity in nonstimulated ASMCs from

asthmatic patients was detected based on higher MTT uptake
over 24 hours. In control cells MTT uptake was increased by
PDGF-BB. Incubation with the PRMT1 inhibitor AMI-1
significantly reduced MTT uptake by ASMCs from asthmatic
patients (Fig 7, A, left panel).
Proliferation was determined based on direct cell counts and
was faster in ASMCs from asthmatic patients compared with
control ASMCs (Fig 7, A, right panel). Inhibition of PRMT
activity by AMI-1 significantly reduced proliferation of ASMCs
from asthmatic patients (Fig 7, A, right panel).

In ASMCs from asthmatic patients, expression of a-SMA,
collagen type I, and fibronectin was significantly increased
compared with that in control ASMCs, and pretreatment with
the pan-PRMT inhibitor AMI-1 significantly reduced the
expression of all 3 remodeling parameters, as monitored by using
Western blotting (Fig 7, B). Densitometric analysis of all Western
blots is depicted as a bar chart in Fig 7,C. Increased expression of
collagen type I and fibronectin was also detected by using ELISA
in ASMCs from asthmatic patients compared with control
ASMCs (Fig 7, D). The asthma-specific increased expression of
collagen type I and fibronectin was significantly reduced by the
PRMT1 inhibitor AMI-1 in ASMCs from asthmatic patients, as
shown in Fig 7, D. We confirmed the inhibitory effect of AMI-1
on a-SMA, collagen type I, and fibronectin expression using
immunofluorescence staining (Fig 7, E). Importantly, PDGF-BB
had no further stimulatory effect on any of the 3 remodeling
indicators in cells from asthmatic patients.

Finally, we assessed whether PRMT1 is involved in ASMC
migration because it was suggested to occur in the airways of
asthmatic patients after repetitive injury. Confluent ASMC layers
were ‘‘wounded’’ by scratching, and the repopulation of this area
with ASMCwas monitored at different time points over 24 hours.
As shown in Fig 8, PDGF-BB stimulated themigration of ASMCs
into the wounded area (second row panels) in control ASMCs
compared with untreated control ASMCs (first row panels).
Sequential observation by using microscopy in regular time
intervals indicated that the repopulation of the wounded area
occurred through migration rather than proliferation. Interest-
ingly, the migratory effect in nonstimulated ASMCs from
asthmatic patients (third row panels) was similarly as strong as
that achieved by PDGF-BB in control ASMCs. Importantly, the
inhibition of PRMT1 by AMI-1 significantly reduced migration
of ASMCs from asthmatic patients (lower row panels).
DISCUSSION
For the first time, this study shows in human subjects that

ERK1/2 MAPK, STAT1, and PRMT1 are constitutively
overexpressed in ASMCs from asthmatic patients because of
the reduced expression of miR-19a. Unlike in ASMCs of control
subjects, PDGF-BB does not further increase PRMT1 expression
in ASMCs from asthmatic patients. PRMT1 expression is
controlled by the same signaling cascade in ASMCs from healthy
subjects and asthmatic patients; however, this signaling cascade is
constitutively activated in ASMCs from asthmatic patients.

Our previous studies in animal models suggested that PRMT1
participates in both the inflammation and remodeling process in
asthmatic patients, which was induced by either TGF-b or IL-4.
The stimulatory effect on PRMT1 was cell type and stimulus
specific, with IL-4 being active on epithelial cells but not on
fibroblasts and TGF-b being active on both cell types.12-14 At
early stages of acute lung inflammation, PRMT1 increased
mainly in epithelial cells, exacerbating inflammation in the rat
lung, whereas in the setting of chronic inflammation, PRMT1
expressionwas located in subepithelial cells, including fibroblasts
and ASMCs.12 Here we show that in human airway tissue from

http://www.jacionline.org


FIG 5. Expression of miRs binding to MAPK1 39 UTR. miR target prediction programs (miRanda,

TargetScan) indicated miR-101-3p, miR-130-3p, miR-181-5p, miR-21-5p, and miR-200a-3p to bind MAPK1

39 UTR. Expression of miRs was detected by using quantitative RT-PCR in ASMCs from control subjects

(n 5 6), asthmatic patients (n 5 6), and patients with COPD (n 5 9). Bars 5 means 6 SEMs. Mann-Whitney

U test for control subjects versus asthmatic patients or patients with COPD: *P < .05.
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asthmatic patients, PRMT1 is expressed at a higher level in
epithelial and subepithelial cells. The increase of PRMT1 expres-
sion in ASMCs from asthmatic patients was detected on both the
level of transcription and the protein level. The fact that this pa-
thology was maintained in isolated ASMCs enabled us to further
characterize the detailed regulatory mechanism of PRMT1
expression on asthma.

In asthmatic patients characteristic structure abnormalities of
the airway wall include the accumulation of ASMCs, which
express increased levels of connective tissue characteristics, and
thus the cells are in a different stage of differentiation compared
with ASMCs from subjects without asthma. Several studies have
shown that this asthma-specific ASMC pathology correlates with
the severity of asthma and is resistant to conventional therapies.
The observation that asthma symptoms improve from reduced
ASMC mass is supported by clinical data after thermoplasty
therapy, which further supports the eminent role of this cell type
in the pathogenesis of asthma.21,22 These data imply that
removing or silencing of ASMCs might resolve asthma-
associated airway wall remodeling and improve lung function
and quality of life. Therefore other less invasive methods to
reduce airway wall remodeling in asthmatic patients should be
established.

In addition to other growth factors, PDGF-BB induced ASMC
proliferation, as well as activating the secretion of proinflamma-
tory ECMcomponents.23,24 Interestingly, airwaywall remodeling
by ASMCs can be induced by mechanical stress imposed during
bronchoconstriction, ECMmodification, and/or hypoxia,25 which
all might be related to increased PDGF-BB activity.21 Further-
more, the innate and adaptive immune response can trigger the
proliferation and activation of subepithelial airway wall
ASMCs.25 The mechanism by which this pathology leads to
increased thickness of the subepithelial basal membrane remains
unclear, but its contribution to the pathogenesis of asthma, espe-
cially of reduced airway flexibility and increased constriction, has
been demonstrated by others.26

In asthmatic patients damaged bronchial epithelium secrets
increased levels of proinflammatory growth factors and
cytokines, including PDGF-BB, which activates ASMC and
airway remodeling.27 In asthmatic patients most PDGF-BB
seems to originate from lung-infiltrating inflammatory cells,
such as monocytes and macrophages, during an asthma attack
and is accompanied by increased expression of the corresponding
PDGF receptors on ASMCs.28 ERK1/2 MAPK phosphorylation
is a major downstream signal activated by the PDGFb receptor
and mediates ASMC proliferation.29,30 In a previous study we
reported that PDGF-BB induced PRMT1 through activation of
ERK1/2 MAPK in primary human lung fibroblass,14 and this
mechanism is also functional in ASMCs, both from healthy
subject and asthmatic patients, as we report here. Thus,
once activated, PDGF-BB signaling can lead to chronic
activation of ASMCs in asthmatic patients and present as



FIG 6. ERK1/2 as a putative target of miR-19a-3p. A and B, ASMCs from 3 control subjects (Fig 6, A) and 3

asthmatic patients (Fig 6, B) were transfected with either control double-stranded RNA, mimic miR-19a-3p

(10 nmol/L), or miR-19a-3p control inhibitor (50 nmol/L). C and D, Expression of ERK, phospho-ERK, PRMT1,

and phospho-STAT1 was detected after transfection by means of Western blotting, and analyzed by using

densitometry. Results are expressed as means 6 SEMs. ***P < .001.
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constitutively reduced miR-19a, leading to constitutively acti-
vated phospho-ERK1/2 MAPK–STAT1–PRMT1, as suggested
by our data.

In patients with other inflammatory diseases, there is evidence
of cross-talk between ERK1/2 MAPK with STAT1 signaling,
which results in radical oxygen generation and histone modifica-
tion.31-33 In addition, ERK1/2 MAPK signaling plays an impor-
tant role in the regulation of cell proliferation, migration,
differentiation, and angiogenesis, suggesting a role for PRMT1
in these events.34,35 In this study we observed that inhibition of
ERK1/2 MAPK suppressed STAT1 phosphorylation, which is
consistent with the findings of others.36 Furthermore, STAT1 acti-
vation was necessary to increase PRMT1 expression.

Enhanced phosphorylation of ERK1/2 MAPK was observed in
airways obtained from asthmatic patients37 and was greater in
resting or suboptimal activated ASMCs from asthmatic
patients.38 Here we show that the constitutive activation of
ERK1/2 MAPK is maintained in isolated ASMCs from asthmatic
patients over several cell division cycles. This indicates a
correlation between the extent of phosphorylated ERK1/2
MAPK and increased proliferation of asthmatic ASMCs.19,38 In
our experiments the inhibition of ERK1/2 MAPK activation
reduced PRMT1 expression in cells from asthmatic patients and
those from healthy subjects. Therefor it is suggested that
PRMT1 inhibition might present a novel target for the therapy
of asthma-associated airway wall remodeling.

Computer-assisted mRNA structure analysis suggested that
ERK1/2 MAPK is a target for several miRs (see Fig E1). Studies
on miR expression and function in ASMCs suggested their
control function in cell proliferation, hypertrophy, and
differentiation,39 and aberrant expression of miRs was associated
with various lung diseases, including asthma and COPD.40

However, regulation of ERK1/2 MAPK by specific miRs in
human ASMCs lacked experimental evidence. Our data
indicated that the 39 UTR of the human MAPK1 gene contains
complementary sites for the seed region of miR-101, miR-19a,



FIG 7. Inhibiting PRMT1 decreases ASMC proliferation and ECM production. PRMT1 inhibition reduced cell

activity (MTT) and cell numbers (A), differentiation (a-SMA) (B), and collagen I and fibronectin deposition by

using Western blotting (C) and ELISA (D) and by using immunofluorescence (E) in 4 ASMC lines. *P < .05,

**P < .01, and ***P < .001 between control ASMCs and other groups. ^P < .05, ^^P < .01, and ^^^P < .001 be-

tween ASMCs from asthmatic patients and asthmatic patients 1 AMI-1.
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FIG 8. Inhibiting PRMT1 activity decreases ASMC migration. ASMCs (from control subjects and asthmatic

patients) were injured and stimulated by PDGF-BB in the absence/presence of the PRMT1 inhibitor AMI-1.

ASMCmigration wasmonitored by cells within thewounded area at 6 and 24 hours. Representative pictures

for one of 3 ASMC lines from asthmatic patients and one of 3 ASMC lines from control subjects are depicted.
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miR-130a, miR-200a, miR-1, miR-21, and miR-181a. To prove
the disease-specific role of certain miRs in asthmatic patients,
we included ASMCs obtained from patients with COPD because
both diseases show similar airway remodeling pathologies and
have been discussed to represent the extreme opposing
phenotypes of one basic disease. The fact that we detected a
disease-specific pattern for specific miRs indicates a different
pathogenesis at this level.

In ASMCs from asthmatic patients, miR-101 and miR-19a
levels were significantly decreased compared with those in cells
of control subjects and patients with COPD, which suggested that
ERK1 MAPK might be deregulated in a disease-specific manner.
Expression of miRs in ASMCs from patients with COPD was
added to our study because COPD shares several pathologies with
asthma and parameters for the distinction of both diseases are
important. Downregulation of miRs in cells from asthmatic
patients is not completely new because miR-19a, miR-27a,
miR-106, miR-128, and miR-155 were downregulated in
bronchial epithelial cells from asthmatic patients.41 However,
this might be a cell type–specific effect because profiling of
miR expression in human asthma airway-infiltrating T cells
showed increased expression of miR-19a.42 Here we show that
diminished miR-19a expression in ASMCs from asthmatic
patients caused constitutive activation of ERK1/2 MAPK
signaling, leading to consistently high expression of PRMT1,
and led to increased ASMC remodeling. Our data confirmed
that miR-19a has cell type–and disease-specific functions in
asthmatic patients and thus supports the hypothesis that it plays
a directive role for the fine tuning of cell differentiation and
pathogenesis.

Most chronic inflammatory pulmonary diseases are character-
ized by excessive deposition of specific ECM components in and
around inflamed or damaged tissue, leading to thick and stiff
airway walls.25 PDGF-BB is a profibrotic cytokine that stimulates
fibroblasts andASMCs to synthesize ECMproteins.43 In our study
ASMCs from asthmatic patients versus control ASMCs produced
more ECM components because of collagen type-I and fibro-
nectin. Inhibition of PRMT1 activity by AMI-1 significantly
reduced all profibrotic activities of ASMCs, including collagen
type I and fibronectin deposition. None of the existing drugs for
asthma therapy have such an effect, and thus PRMT1 inhibition
might present a novel therapeutic target for reducing ECM accu-
mulation during airway wall remodeling in asthmatic patients.

In addition, the higher level of fibrillar a-SMA arrangement in
airways of asthmatic patients has been suggested to increase the
contractile force of ASMCs during asthma attacks.44 Our data
show that inhibition of PRMT1 reduces the overall expression
and fibrillar arrangement of a-SMA in ASMCs from asthmatic
patients, which might reduce their contractility and also their
ability to migrate.
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PDGF-BB promoted ASMC motility through an incompletely
understood mechanism.45 Here we show data that ASMCs from
asthmatic patients migrated faster than control cells and that the
inhibition of PRMT reduced their motility. In addition,
confirming the inductive role of PDGF-BB on ASMC migration,
we show that in vitro PRMT1 inhibitionmarkedly reduced ASMC
migration into wounded areas. This observation strongly
indicates that the molecular mechanism causing the asthmatic
ASMC phenotype can be delineated from the nonasthmatic
phenotype and thus has potential as a novel therapeutic target
for the mitigation of asthma.

In conclusion, for the first time, we report constitutive reduced
miR-19a expression, which leads to the consistent upregulation of
ERK1/2MAPK–STAT1–PRMT1 and causes overall activation of
ASMCs from asthmatic patients (see the graphic abstract). Our
data suggest that miR-19a and PRMT1 might be novel indicators
of asthma and present new disease-specific therapeutic targets to
reduce airway wall remodeling and inflammation in asthmatic
patients.

We thank Xinggang Wang and Lei Fang for their expert assistance, helpful

discussions, and productive critiques. We also thankMr C. T. S’ng for his help

in preparing this article.

Key messages

d The lack of miR-19a in ASMCs from asthmatic patients
leads to constitutive enhanced production and activity of
ERK1/2 MAPK.

d Constitutive expression and activation of ERK1/2 MAPK
increases PRMT1 expression in asthmatic smooth muscle
cells.

d Enhanced PRMT1 aggravates airway remodeling in lungs
from asthmatic patients by inducing ASMC proliferation,
migration, and ECM deposition.

REFERENCES

1. Gosens R, Grainge C. Bronchoconstriction and airway biology potential impact

and therapeutic opportunities. Chest 2015;147:798-803.

2. Kariyawasam HH, Aizen M, Barkans J, Robinson DS, Kay AB. Remodeling and

airway hyperresponsiveness but not cellular inflammation persist after allergen

challenge in asthma. Am J Respir Crit Care Med 2007;175:896-904.

3. Grainge CL, Lau LC, Ward JA, Dulay V, Lahiff G, Wilson S, et al. Effect of

bronchoconstriction on airway remodeling in asthma. N Engl J Med 2011;364:

2006-15.

4. Bourke JE, Li X, Foster SR, Wee E, Dagher H, Ziogas J, et al. Collagen

remodelling by airway smooth muscle is resistant to steroids and beta(2)-agonists.

Eur Respir J 2011;37:173-82.

5. Dolhnikoff M, da Silva LFF, de Araujo BB, Gomes HAP, Fernezlian S, Mulder A,

et al. The outer wall of small airways is a major site of remodeling in fatal asthma.

J Allergy Clin Immunol 2009;123:1090-7.

6. Hosoki K, Ying S, Corrigan C, Qi HB, Kurosky A, Jennings K, et al. Analysis of a

panel of 48 cytokines in BAL fluids specifically identifies IL-8 levels as the only

cytokine that distinguishes controlled asthma from uncontrolled asthma, and

correlates inversely with FEV1. PLoS One 2015;10:e0126035.

7. Lewis CC, Chu HW, Westcott JY, Tucker A, Langmack EL, Sutherland ER, et al.

Airway fibroblasts exhibit a synthetic phenotype in severe asthma. J Allergy Clin

Immunol 2005;115:534-40.

8. Hirota JA, Ask K, Farkas L, Smith JA, Ellis R, Rodriguez-Lecompte JC, et al.

In vivo role of platelet-derived growth factor-BB in airway smooth muscle

proliferation in mouse lung. Am J Respir Cell Mol Biol 2011;45:566-72.

9. Ito I, Fixman ED, Asai K, Yoshida M, Gounni AS, Martin JG, et al.

Platelet-derived growth factor and transforming growth factor-beta modulate the
expression of matrix metalloproteinases and migratory function of human airway

smooth muscle cells. Clin Exp Allergy 2009;39:1370-80.

10. Harb H, Renz H. Update on epigenetics in allergic disease. J Allergy Clin Immunol

2015;135:15-24.

11. Nicholson TB, Chen TP, Richard S. The physiological and pathophysiological

role of PRMT1-mediated protein arginine methylation. Pharmacol Res 2009;60:

466-74.

12. Sun Q, Liu L, Roth M, Tian J, He Q, Zhong B, et al. PRMT1 upregulated by epithe-

lial proinflammatory cytokines participates in COX2 expression in fibroblasts and

chronic antigen-induced pulmonary inflammation. J Immunol 2015;195:298-306.

13. Sun Q, Yang X, Zhong B, Jiao F, Li C, Li D, et al. Upregulated protein arginine

methyltransferase 1 by IL-4 increases eotaxin-1 expression in airway epithelial

cells and participates in antigen-induced pulmonary inflammation in rats.

J Immunol 2012;188:3506-12.

14. Sun Q, Liu L, Mandal J, Molino A, Stolz D, Tamm M, et al. PDGF-BB induces

PRMT1 expression through ERK1/2 dependent STAT1 activation and regulates

remodeling in primary human lung fibroblasts. Cell Signal 2016;28:307-15.

15. Ambros V. The functions of animal microRNAs. Nature 2004;431:350-5.

16. Deshpande DA, Dileepan M, Walseth TF, Subramanian S, Kannan MS. MicroRNA

regulation of airway inflammation and airway smooth muscle function: relevance

to asthma. Drug Dev Res 2015;76:286-95.

17. Mendell JT. miRiad roles for the miR-17-92 cluster in development and disease.

Cell 2008;133:217-22.

18. Zhou P, Ma L, Zhou J, Jiang M, Rao E, Zhao Y, et al. miR-17-92 plays an

oncogenic role and conveys chemo-resistance to cisplatin in human prostate cancer

cells. Int J Oncol 2016;48:1737-48.

19. Johnson PRA, Roth M, Tamm M, Hughes M, Ge Q, King G, et al. Airway smooth

muscle cell proliferation is increased in asthma. Am J Respir Crit Care Med 2001;

164:474-7.

20. Lambers C, Qi Y, Eleni P, Costa L, Zhong J, Tamm M, et al. Extracellular matrix

composition is modified by beta(2)-agonists through cAMP in COPD. Biochem

Pharmacol 2014;91:400-8.

21. Chakir J, Haj-Salem I, Gras D, Joubert P, Beaudoin EL, Biardel S, et al. Effects of

bronchial thermoplasty on airway smooth muscle and collagen deposition in

asthma. Ann Am Thorac Soc 2015;12:1612-8.

22. Denner DR, Doeing DC, Hogarth DK, Dugan K, Naureckas ET, White SR. Airway

inflammation after bronchial thermoplasty for severe asthma. Ann Am Thorac Soc

2015;12:1302-9.

23. Karakiulakis G, Papakonstantinou E, Aletras AJ, Tamm M, Roth M. Cell type-

specific effect of hypoxia and platelet-derived growth factor-BB on extracellular

matrix turnover and its consequences for lung remodeling. J Biol Chem 2007;

282:908-15.

24. Simon AR, Takahashi S, Severgnini M, Fanburg BL, Cochran BH. Role of the

JAK-STAT pathway in PDGF-stimulated proliferation of human airway smooth

muscle cells. Am J Physiol Lung Cell Mol Physiol 2002;282:L1296-304.

25. Westergren-Thorsson G, Larsen K, Nihlberg K, Andersson-Sjoland A, Hallgren O,

Marko-Varga G, et al. Pathological airway remodelling in inflammation. Clin

Respir J 2010;4(suppl 1):1-8.

26. Jones RL, Elliot JG, James AL. Estimating airway smooth muscle cell volume and

number in airway sections. Sources of variability. Am J Respir Cell Mol Biol 2014;

50:246-52.

27. Togo S, Holz O, Liu X, Sugiura H, Kamio K, Wang X, et al. Lung fibroblast repair

functions in patients with chronic obstructive pulmonary disease are altered by

multiple mechanisms. Am J Respir Crit Care Med 2008;178:248-60.

28. Ingram JL, Bonner JC. EGF and PDGF receptor tyrosine kinases as therapeutic tar-

gets for chronic lung diseases. Curr Mol Med 2006;6:409-21.

29. Ammit AJ, Panettieri RA Jr. Invited review: the circle of life: cell cycle regulation

in airway smooth muscle. J Appl Physiol (1985) 2001;91:1431-7.

30. Page K, Hershenson MB. Mitogen-activated signaling and cell cycle regulation in

airway smooth muscle. Front Biosci 2000;5:D258-67.

31. Laliena A, San Miguel B, Crespo I, Alvarez M, Gonzalez-Gallego J, Tunon MJ.

Melatonin attenuates inflammation and promotes regeneration in rabbits with

fulminant hepatitis of viral origin. J Pineal Res 2012;53:270-8.

32. Escobar J, Pereda J, Lopez-Rodas G, Sastre J. Redox signaling and histone acety-

lation in acute pancreatitis. Free Radic Biol Med 2012;52:819-37.

33. Li PC, Sheu MJ, Ma WF, Pan CH, Sheu JH, Wu CH. Anti-restenotic roles of

dihydroaustrasulfone alcohol involved in inhibiting PDGF-BB-stimulated prolifer-

ation and migration of vascular smooth muscle cells. Mar Drugs 2015;13:3046-60.

34. Pintus G, Tadolini B, Posadino AM, Sanna B, Debidda M, Carru C, et al. PKC/Raf/

MEK/ERK signaling pathway modulates native-LDL-induced E2F-1 gene

expression and endothelial cell proliferation. Cardiovasc Res 2003;59:934-44.

35. Yu Z, Xu J, Liu J, Wu J, Lee CM, Yu L, et al. Epithelium-specific Ets-like

transcription factor 1, ESE-1, regulates ICAM-1 expression in cultured lung

epithelial cell lines. Mediators Inflamm 2015;2015:547928.

http://refhub.elsevier.com/S0091-6749(16)31432-4/sref1
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref1
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref2
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref2
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref2
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref3
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref3
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref3
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref4
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref4
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref4
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref5
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref5
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref5
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref6
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref6
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref6
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref6
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref7
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref7
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref7
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref8
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref8
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref8
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref9
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref9
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref9
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref9
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref10
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref10
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref11
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref11
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref11
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref12
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref12
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref12
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref13
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref13
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref13
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref13
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref14
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref14
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref14
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref15
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref16
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref16
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref16
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref17
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref17
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref18
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref18
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref18
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref19
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref19
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref19
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref20
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref20
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref20
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref21
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref21
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref21
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref22
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref22
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref22
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref23
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref23
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref23
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref23
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref24
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref24
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref24
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref25
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref25
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref25
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref26
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref26
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref26
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref27
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref27
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref27
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref28
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref28
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref29
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref29
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref30
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref30
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref31
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref31
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref31
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref32
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref32
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref33
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref33
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref33
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref34
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref34
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref34
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref35
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref35
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref35


J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

SUN ET AL 15
36. Fang Y, Zhong L, Lin M, Zhou X, Jing H, Ying M, et al. MEK/ERK dependent

activation of STAT1 mediates dasatinib-induced differentiation of acute myeloid

leukemia. PLoS One 2013;8:e66915.

37. Liu WM, Liang QL, Balzar S, Wenzel S, Gorska M, Alam R. Cell-specific

activation profile of extracellular signal-regulated kinase 1/2, Jun N-terminal

kinase, and p38 mitogen-activated protein kinases in asthmatic airways.

J Allergy Clin Immunol 2008;121:893-902.

38. Burgess JK, Lee JH, Ge Q, Ramsay EE, Poniris MH, Parmentier J, et al. Dual ERK

and phosphatidylinositol 3-kinase pathways control airway smooth muscle

proliferation: differences in asthma. J Cell Physiol 2008;216:673-9.

39. Joshi SR, Comer BS, McLendon JM, Gerthoffer WT. MicroRNA regulation of

smooth muscle phenotype. Mol Cell Pharmacol 2012;4:1-16.

40. Solberg OD, Ostrin EJ, Love MI, Peng JC, Bhakta NR, Hou L, et al. Airway

2pithelial miRNA expression is altered in asthma. Am J Respir Crit Care Med

2012;186:965-74.
41. Martinez-Nunez RT, Bondanese VP, Louafi F, Francisco-Garcia AS, Rupani H,

Bedke N, et al. A microRNA network dysregulated in asthma controls IL-6

production in bronchial epithelial cells. PLoS One 2014;9:e111659.

42. Simpson LJ, Patel S, Bhakta NR, Choy DF, Brightbill HD, Ren X, et al. A

microRNA upregulated in asthma airway T cells promotes TH2 cytokine

production. Nat Immunol 2014;15:1162-70.

43. Simeone-Penney MC, Severgnini M, Rozo L, Takahashi S, Cochran BH, Simon

AR. PDGF-induced human airway smooth muscle cell proliferation requires

STAT3 and the small GTPase Rac1. Am J Physiol Lung Cell Mol Physiol 2008;

294:L698-704.

44. Berair R, Saunders R, Brightling CE. Origins of increased airway smooth muscle

mass in asthma. BMC Med 2013;11:145.

45. Krymskaya VP, Goncharova EA, Ammit AJ, Lim PN, Goncharov DA, Eszterhas A,

et al. Src is necessary and sufficient for human airway smooth muscle cell

proliferation and migration. FASEB J 2004;18:428.

http://refhub.elsevier.com/S0091-6749(16)31432-4/sref36
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref36
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref36
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref37
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref37
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref37
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref37
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref38
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref38
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref38
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref39
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref39
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref40
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref40
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref40
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref41
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref41
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref41
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref42
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref42
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref42
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref43
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref43
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref43
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref43
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref44
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref44
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref45
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref45
http://refhub.elsevier.com/S0091-6749(16)31432-4/sref45


METHODS
Based on computer-assisted target analysis, the depicted miRs were

suggested as regulators for MAPK1 mRNA. In Fig E1 we depict the base

pair match of the miRs with MAPK1 mRNA sequences. Data were generated

by using the MiRanda (http://www.microrna.org/microrna/home.do) and

TargetScan (http://www.targetscan.org/vert_71/) databases, which were used

to predict the candidate miRs binding to MAPK1 39 UTR according to online

instructions.

In addition to miR-19a, the computer-assisted analysis suggested that miR-

101a is another regulator ofErk1/2MAPK translation, and therefore the effects

of inhibitors andmimics formiR-101awere assessed on the expression of total

Erk1/2 MAPK, phospho-Erk1/2 MAPK, PRMT1, and phospho-STAT1.

Expression of ERK, phospho-ERK, PRMT1, and phospho-STAT1 after

transfection was detected and shown as representative immunoblotting. As

shown in Fig E2, we did not observe any significant effect on the named signal-

transducing proteins in healthy control cells or cells from asthmatic patients.
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FIG E1. miRs binding to MAPK-1 39UTR. Paring of theMAPK1 39UTRwith its targeting miRs is shown. Data

collection and analysis revealed that the MAPK1 39 UTR contains complementary binding sites for seed

regions of miR-101, miR-19a, miR-130a, miR-200a, miR-1, miR-21, and miR-181a. All miRs are highly

conserved in different mammalian species.
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FIG E2. ERK1/2 might not be a putative target of miR-101. Representative

immunoblots of the effect of miR-101a mimics and inhibitors in ASMCs are

shown. ASMCs from nonasthmatic control subjects (A) and asthmatic

patients (B) were used. Cells were transfected with either 10 nmol/L control

mimic RNA or mimic miR-101, 50 nmol/L miR-101, or control inhibitor.

Similar results were obtained in ASMCs of 2 additional control subjects

and 2 additional asthmatic patients.
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