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Abstract

Abnormal growth of airway smooth muscle cells is one of the key features in asthmatic airway remodeling, which is
associated with asthma severity. The mechanisms underlying inappropriate airway smooth muscle cell growth in
asthma remain largely unknown. Myocd has been reported to act as a key transcriptional coactivator in promoting
airway-specific smooth muscle development in fetal lungs. Whether Myocd controls airway smooth muscle
remodeling in asthma has not been investigated. Mice with lung mesenchyme-specific deletion of Myocd after lung
development were generated, and a chronic asthma model was established by sensitizing and challenging the mice
with ovalbumin for a prolonged period. Comparison of the asthmatic pathology between the Myocd knockout mice
and the wild-type controls revealed that abrogation of Myocd mitigated airway smooth muscle cell hypertrophy and
hyperplasia, accompanied by reduced peri-airway inflammation, decreased fibrillar collagen deposition on airway
walls, and attenuation of abnormal mucin production in airway epithelial cells. Our study indicates that Myocd is
a key transcriptional coactivator involved in asthma airway remodeling. Inhibition of Myocd in asthmatic airways
may be an effective approach to breaking the vicious cycle of asthmatic progression, providing a novel strategy in
treating severe and persistent asthma.
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Introduction

Asthma is an inflammatory disease of airways, and the
resultant airway structural changes, including both cellu-
lar and extracellular compartments, are referred to as
airway remodeling. Airway remodeling is a typical patho-
logical feature of asthma and can lead to exacerbated
airway hyperresponsiveness, airflow limitation, and even-
tually irreversible decrease of pulmonary function [1].
Airway remodeling can start early in childhood asthma
and continue into adulthood, becoming the major cause
of refractory asthma and asthma-related mortality [2,3].
Therefore, preventing and reversing airway remodeling
is as important as inhibiting airway inflammation for the
treatment of asthma [4].

During asthmatic inflammation, a variety of
factors, including proinflammatory cytokines and

neurotransmitters, act on smooth muscle cells of air-
way medial walls to induce proliferation and hypertro-
phy [5]. The abnormal growth of these airway smooth
muscle cells (ASMCs) is one of the major pathological
changes observed in asthmatic airway remodeling
and is closely associated with asthma severity. These
ASMC s also synthesize and secrete excessive extra-
cellular matrix proteins, resulting in inappropriate
extracellular matrix deposition in the airway walls
and aggravating airway stiffness and stenosis [6].
The pathogenic mechanisms underlying ASMC
abnormality remain incompletely understood.
Therapeutic approaches to reversing and correcting
these changes are very limited. For example, thermo-
plastic brachioplasty has been used to treat patients with
severe asthma by reducing ASMC mass and airway
hyperresponsiveness. However, some asthma patients
respond poorly to this therapy [7]. Glucocorticoids
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(GCs), the major anti-inflammatory drug utilized in
treating asthma, only partially reverse ASMC prolifera-
tion and hypertrophy [8,9]. Long-acting f-adrenoceptor
agonists have little effect on reversing the proliferation
and hypertrophy of ASMCs, although they can alleviate
ASMC contraction [10]. Therefore, a better understand-
ing of ASMC growth regulation during asthmatic
inflammation has become a key for developing new ther-
apeutic approaches [11].

Smooth muscle cell differentiation is characterized
by the sequential appearance of cytoskeletal and contrac-
tile proteins. Expression of these contractile genes
is coordinated by a serum response factor (SRF)-
dependent transcriptional complex through binding to a
DNA sequence motif CC(A/T)¢GG (CArG box) in the
promoters of multiple smooth muscle contractile genes
[12]. However, ubiquitously expressed SRF can form
the active transcriptional complex only when bound to
lineage-restricted co-activator Myocd (also called
myocardin) or its family members (MRTF-A and
MRTF-B) [13]. Deletion of Myocd or Mrifb during
embryonic development could result in a severe defi-
ciency of smooth muscle cells in vivo [14]. Interestingly,
deletion of Myocd in embryonic lung mesenchymal pro-
genitors using the Tbx4 lung enhancer-driven Tet-On
inducible Cre results in deficiency of smooth muscle for-
mation only in the airways, not in the vasculature [15].
This suggests that distinct mechanisms have evolved to
regulate Myocd activity in airway versus vascular
smooth muscle cell development and response to injury.
Therefore, we hypothesized that Myocd might play a
critical role in controlling ASMC remodeling in asthma.
To test this hypothesis, Myocd was deleted specifically
in mouse lung mesenchymal cells after postnatal lung
development using the same Tbx4 lung enhancer-driven
Cre, and these mice were challenged with chronic aller-
gic stimuli. By comparing the asthmatic pathology
between these Myocd conditional knockout mice and
the wild-type (WT) controls, we found that Myocd was
an important transcriptional regulator involved in
ASMC remodeling and asthma progression.

Materials and methods

Mice

Tbx4-rtTA/TetO-Cre transgenic mice were generated in
our lab [16]. Floxed-Myocd (Myocdﬂ/ﬂ) mice were pro-
vided by Dr. Michael Parmacek [17]. Timed mating was
carried out between Thx4-rTA/TetO-Cre/ Myocd” " and
Myocdﬂ/ﬂ mice, and mouse genotypes were determined
by genomic DNA PCR following the aforementioned
published methods. The pups with desired genotypes at
1 month of age were fed doxycycline (Dox) chow
(625 mg/kg) and drinking water (0.5 mg/ml) for 4 weeks
to induce Cre-mediated Myocd deletion. Mice with double
allele deletion of Myocd were referred to as conditional
knockout (CKO), while all mice without any Myocd dele-
tion were simply grouped as WT controls. Both male and
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female mice (about 1:1) were used in each group.
All mice were bred on the C57BL/6]J strain background
and housed in specific pathogen-free conditions at the
animal facility of Children’s Hospital Los Angeles.
The studies followed the NIH Animal Research
Advisory Committee Guidelines (https://oacu.oir.nih.
gov/animal-research-advisory-committee-arac-guidelines,
last accessed 20 December 2020), and all procedures were
approved by the Institutional Animal Care and Use
Committee at Children’s Hospital Los Angeles.

Mouse asthma model: establishment and testing

Ovalbumin (OVA) solution (Sigma-Aldrich, St. Louis,
MO, USA) was prepared in PBS and emulsified with
an equal volume of aluminum hydroxide adjuvant
(Imject Alum, ThermoFisher, Waltham, MA, USA).
One week after the last day of Dox induction, the mice
received an intraperitoneal injection of OVA
(25 mg/50 pl) for initial sensitization (day 0). The
OVA injection was then repeated on day 14. Control
mice were injected with an equal volume of sterile PBS
only. These sensitized mice were then challenged with
25 pg of OVA in 50 pl PBS through noninvasive
intratracheal delivery 5 days a week starting at day
21 (Figure 1). After 4 weeks of continuous OVA chal-
lenge, either pulmonary function tests were performed
or lung specimens, including bronchoalveolar lavage
fluid (BALF) and tissues, were collected 24 h after the
last OVA stimulation. The isolated lung tissues were
either fixed in 4% buffered paraformaldehyde or flash-
frozen in liquid nitrogen.

Histology and morphometric analysis

Lung tissues were inflated under 25 cm H,O pressure
through intratracheal cannulation prior to fixation. The
fixed tissues were embedded in paraffin wax and sec-
tioned at 5-pm thickness. These tissue sections were
used for hematoxylin and eosin (H&E) staining and
immunofluorescence staining to detect cellular markers
using the methods described previously [18]. In
brief, antigen retrieval was performed by boiling the
deparaffinized and rehydrated tissue sections in
Tris-EDTA buffer (pH 9.0) for 30 min. After blocking
in 10% donkey serum for 1 h, the tissue sections were
incubated with the following primary antibodies over-
night at 4 °C: 1:3,000 dilution of mouse anti-Acta2
(A2547; Sigma Aldrich), 1:200 dilution of rat anti-
Cdhl (14-3249-82, Thermo Fisher), or 1:600 dilution
of rabbit anti-Ki67 (122025, Cell Signaling Technology,
Danvers, MA, USA). After washing, the slides were
incubated with 1:600 dilution of donkey secondary anti-
bodies conjugated with Alexa Fluor 488, Alexa Fluor
594, or Alexa Fluor 647 (Thermo Fisher) for 1 h.
The cell nuclei were counterstained using DAPI in the
mounting medium (Vector Laboratories, Newark, CA,
USA). Fluorescence 2D images were captured using a
Zeiss LSM710 confocal microscope at the Imaging Core
Facility of Children’s Hospital Los Angeles. The area of

J Pathol 2023; 259: 331-34I
www.thejournalofpathology.com


https://oacu.oir.nih.gov/animal-research-advisory-committee-arac-guidelines
https://oacu.oir.nih.gov/animal-research-advisory-committee-arac-guidelines
http://www.pathsoc.org
http://www.thejournalofpathology.com

Myocd in asthmatic airway wall remodeling

A B

Tbx4-rtTA/TetO-Cre/Myocd™

Dox
Week 5-8

S

Lung mesenchyme-Myocdde/!

D

333

 Myoed CKO

Sensitization Challenge ~ Challenge Challenge Challenge  pfT
OVA/Alum, i.p. OVA,it. OVA,it. OVA, it. OVA/it.  BAL
Tissue
e I R e e
DO D14 D22 D26 D29 D33 D36 D40 D43 D47 D48
E F
Myocd -o- WT+PBS -+ Myocd CKO+PBS
5 = WT+OVA -¥ Myocd CKO+OVA
*kk 301
- 44
8_
o 3 EE 201
= ‘B -
et
14 %E 10 1
: P s
=
0 T T 0 T T T T
PBS OVA  PBS OVA 0 10 20 40 80
wWT CKO Methacholine (mg/ml)

Figure 1. Postdevelopmental deletion of Myocd in lung mesenchyme attenuates allergen-induced airway hyperresponsiveness. (A) CKO of
Myocd was induced by Dox administration from 5 to 8 weeks of age in mice with the indicated genotypes. (B) Dox-induced Cre expression
was validated by mGFP expression in the mTmG reporter mouse lung. (C) Lung tissue morphology was compared between WT and Myocd CKO
mice. (D) Procedures to establish a chronic asthmatic mouse model. D, day; i.p., intraperitoneal injection; it, intratracheal installation.
(E) Comparison of Myocd expression at mRNA level between different mouse lung tissues; **p < 0.001. (F) Airway hyperresponsiveness to
methacholine was compared among different groups as indicated (mean + SEM, n > 4, *p < 0.05).

peri-airway Acta2-positive smooth muscles and the
number of cell nuclei in the Acta2-positive area were
measured using Imagel software (https://imagej.nih.
gov/ij/index.html, last accessed 5 March 2022).
The area was normalized by dividing by the airway
basement membrane length in each measurement as
previously reported [19]. The hypertrophic index is
the airway muscle area divided by the total number of
smooth muscle cell nuclei and normalized using base-
ment membrane length [20]. Similarly, proliferating
ASMCs were positively stained for both Acta2 and
Ki67 (Acta2"/Ki67"), and the proliferative index was
calculated by dividing the number of Ki67" ASMCs
with total ASMCs (DAPI") [21]. At least four lungs
per genotype and condition were analyzed. Results
were analyzed using two-way ANOVA to compare
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the differences between mean values and were consid-
ered significant if p < 0.05.

BALF collection and analysis

Bronchoalveolar lavage (BAL) was performed as
described in a previous publication [22]. In brief, the
mouse trachea was cannulated with a 20G plastic cathe-
ter. Sterile PBS (600 pl) was instilled and recovered and
repeated three times. The cells in the combined BAL
fluid were quantified using a hemocytometer and loaded
onto microscope slides by cytospin (4 min at 800 rpm).
After staining with Hema 3 (Thermo Fisher), the per-
centage of different inflammatory cells in BAL fluid
were calculated by counting 300 leukocytes in randomly
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selected fields under an oil lens of Zeiss Axioscope with
x 630 overall magnification [23]

Inflammation score

H&E-stained lung tissue sections were examined for
peribronchiolar, perivascular, and alveolar inflammation
under the microscope, following a method published
previously [24,25]. At least 10 randomly selected fields
were scanned in each sample. The peribronchiolar and
perivascular inflammation were scored (0—4): 0, normal;
1, few inflammatory cells; 2, a ring of inflammatory cells
with one cell layer deep; 3, a ring of inflammatory cells
with two to four cell layers deep; 4, a ring of inflamma-
tory cells of more than four cells deep. In addition, the
numerical scores (0-5) for alveolar inflammation were
determined as follows: 0, normal; 1, alveolar walls nor-
mal, few macrophages in alveoli; 2, mild thickening of
alveolar walls and increased alveolar macrophages and
eosinophils; 3, marked thickening of alveolar walls and
alveolar multinucleated giant cells and eosinophils in
30-50% of the field; 4, changes as in 3 but with >50%
of the field; 5, complete consolidation.

Quantitative measurement of cytokine mRNAs

Total RNA was isolated from mouse lung tissue using
the RNeasy kit (Qiagen, Germantown, MD, USA) and
reverse-transcribed into ¢cDNA using the iScript™
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA).
Real-time PCR amplification was conducted using the
SYBR Green Q-PCR kit on an iCycler-iQ system
(Bio-Rad), as described previously [26]. Each sample
was run in triplicate, and PCR reactions without the
addition of the template were used as blank controls.
The primer sequences for 1I4, 1113, Tnf, and Tgfbl are
listed in the supplementary material, Table S1.
The amount of cDNA templates per reaction was nor-
malized using Actb expression as a reference, and the
relative expression of the target gene as compared to
the WT-PBS samples was calculated by the AACT
method [27].

Quantification of fibrillar collagen

Collagens were stained with Picro-Sirius Red to enhance
birefringence of co-aligned collagen fibers. When
viewed with polarizing microscope, only crosslinked
fibrillar collagen exhibits yellow-red color of birefrin-
gence from the dark background of the lung tissues.
The captured birefringence signal was then converted
into grayscale regardless of the original colors and quan-
tified using ImageJ [18]. The fibrillar collagen area was
then normalized for airway size [fibrillar collagen area
(nm?)/airway epithelial perimeter (pm)].

Measurement of airway mucus expression

Mucin expression was assessed by counting under a
microscope the total number of periodic acid—Schiff
(PAS)-positive and PAS-negative epithelial cells in
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10 random airways (with diameters of approximately
100-150 pm) in each mouse lung section. Results were
expressed as the percentage of PAS-positive cells per
airway [28].

Mouse pulmonary function tests

Lung function test was performed using FlexiVent
(SciReq, Montréal, QC, Canada) following a published
method [25]. In brief, the mouse was deeply anesthetized
by intraperitoneal injection of euthasol (0.25 ml/kg body
weight, which is equivalent to pentobarbital 97.5 mg/kg
body weight). In a supine position, an intratracheal cath-
eter was placed through a tracheotomy, and the mouse
was ventilated. The pulmonary function was measured
following the protocol provided by the manufacturer.

Statistical analyses

Quantitative differences among multiple groups with dif-
ferent genotypes and different allergic challenges were ana-
lyzed using two-way ANOVA, followed by Bonferroni
multiple comparison tests. Results are expressed as
mean + SEM; p < 0.05 was considered significant.

Results

Abrogation of lung mesenchymal Myocd mitigates
airway hyperresponsiveness in an OVA-induced
chronic allergic asthma mouse model

As reported previously [15], Myocd is essential for airway
smooth muscle development. To determine the role of
Myocd in regulating ASMC remodeling in adulthood, we
generated mice with the genotypes of Thx4-rtTA/TetO-
Cre/Myocdﬂ/ T and induced lung mesenchyme-specific
deletion of Myocd postnatally by administering Dox to
the mice from the age of postnatal 5 weeks to 8 weeks
(Figure 1A). The Tbx4-rtTA/TetO-Cre transgenic mice
had Dox-inducible Cre expression specifically in lung
mesenchymal cells [16], and Cre induction in adult
mouse lung mesenchymal cells including ASMCs was
validated by the Cre-mediated membrane GFP (mGFP)
expression of the mTmG dual fluorescence reporter
(Figure 1B). Abnormal structures of both airways and
alveoli were not observed in the Myocd CKO lungs com-
pared to those of WT mice under normal conditions
(Figure 1C). The adult mice with lung mesenchymal
Myocd CKO and their WT littermates were then used
to generate a chronic allergic asthma model by sensitiz-
ing and challenging them with OVA for 4 weeks
(Figure 1D) since chronic OV A challenge but not acute
OVA stimulation to OVA-sensitized mice has been
shown to induce ASMC hypertrophy [20]. Myocd
expression at the mRNA level was significantly
increased in WT lungs upon repeated OV A challenges,
whereas the Myocd mRNA level was not altered
between lungs with OV A challenges and PBS controls
in Myocd CKO mice (Figure 1E). Airway hyperrespon-
siveness, an integrated measurement for asthma clinical
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response, was measured using FlexiVent and compared  compared the changes in ASMCs among mice with dif-
among the groups with different Myocd genotypes and  ferent Myocd genotypes and exposure conditions.
allergic challenges (Figure 1F). The increase of airway =~ ASMCs and proliferating cells were detected by airway
resistance in responding to methacholine (10-80 mg/ml)  Acta2 and Ki67 coimmunostaining (Figure 2A) and
was significantly attenuated in Myocd CKO mice  quantitatively measured using Image] software.
compared to WT mice that received OV A challenges,  All calculated ASMC values were normalized by the
suggesting that blockade of Myocd function  underlying length of the basement membrane. The nor-
during chronic allergen exposure mitigates airway  malized average area of the ASMC layer in Myocd
hyperresponsiveness. CKO lungs was significantly decreased compared
to WT mouse lungs with the same chrogic challenge
Myocd knockout inhibits asthmatic ASMC of OVA allergen (2.163 % 0.484 pm’/um versus

L . . 10.100 £ 2.392 pm“/pm, p <0.01 in Figure 2B).
hypertrophy and hyperplasia in the chronic allergic Similarly, the normalized hypertrophy index (ASMC-
asthma model area/ASMC-number/basement membrane length),
To understand the cellular mechanisms underlying the ~ which reflects the average size of individual ASMC,
attenuated airway resistance described earlier, we then ~ was significantly reduced in OVA-challenged Myocd
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Figure 2. Comparison of airway smooth muscle cells (ASMCs) in OVA-induced asthmatic mouse lungs between Myocd CKO and WT groups.
(A) ASMCs were identified by Acta2 immunostaining (red) and proliferating ASMCs were recognized by Ki67 coimmunostaining (magenta).
Airway epithelial cells were marked by Cdh1 costaining (green), and all nuclei were counterstained by DAPI (blue). The ASMC layer at greater
magnification is shown in the inserts, highlighted by dotted lines. (B-D) Comparison of normalized average area of ASMC layers, normalized
ASMC hypertrophy index, and normalized ASMC proliferation index among different groups. There were five mice in the WT-OVA and CKO-
OVA groups, and four mice in the WT-PBS and CKO-PBS groups. *p < 0.05, **p < 0.01, **p < 0.001.
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CKO lungs compared to OVA-challenged WT lungs
(0.103 = 0.010 pm*pum versus 0.329 = 0.041 pm*/pum,
p <0.001 in Figure 2C). Moreover, proliferation of
ASMCs in the Myocd CKO-OV A group was significant
decreased compared to the WT-OVA group (2.002 £
1.389% versus 19.127 £ 6.699%, p <0.05 in
Figure 2D). This suggests that deletion of Myocd inhibits
chronic allergic responses of ASMCs by inhibiting the
abnormal increases in ASMC number and size.

Allergen-induced airway inflammation was also
reduced in the lungs of mice with mesenchymal-
specific knockout of Myocd

Airway inflammation and remodeling are the major
pathological changes seen in chronic asthmatic lungs.
Therefore, we also evaluated inflammatory alterations
in the lungs of Myocd CKO mice. Examination of the
BALF revealed that the number of total cells in BALF
from Myocd CKO-OVA mouse lungs was relatively
reduced compared to the number of BALF cells from
WT-OVA mouse lungs (3.171 x 10° £ 0.459 x 10’ ver-
sus 11.340 x 10° +2.123 x 10°, p < 0.001, Figure 3A).
However, the profiles of inflammatory cell types were sim-
ilar between BALFs of WT-OVA and Myocd CKO-OVA
lungs (Figure 3B-D), although the total numbers of
these cells were significantly decreased in Myocd CKO-
OVA BALF (eosinophils: 0.768 x 10° +0.360 x 105,
lymphocytes: 1.326 x 10° +0.510 x 10°, macrophages:
1.422 x 10° = 0.450 x 10°) compared to WT-OVA
BALF (eosinophils: 2.420 x 10° + 1.520 x 10°, lym-
phocytes: 5.188 x 10° +2.610 x 10°, macrophages:
6.716 x 10° 2.880 x 10°).

We examined lung tissue sections for inflamma-
tion. Massive infiltration by inflammatory cells
(mainly mononuclear cells) was seen in the peri-
airway areas of the WT-OVA group. However,
inflammatory cell infiltration around the airways was
attenuated in the Myocd CKO-OVA group
(Figure 4A). Using a semiquantitative scoring system
as published previously [24,25], we evaluated the
inflammatory response in different anatomic locations
including the peribronchiolar region, the perivascular

Q Yang et al

region, and the peripheral alveolar region. Consistent
with the histological changes, the inflammatory response
in the parabronchiolar region was significantly reduced
in Myocd CKO-OVA lungs compared to WT-OVA
lungs (2.382 £+ 0.105 versus 3.480 = 0.081, p < 0.05 in
Figure 4B), while inflammation in the perivascular and
alveolar regions (3.76 + 0.093 versus 3.904 + 0.043,
p> 0.05 and 2.300 £ 0.063 versus 2.264 + 0.050,
p > 0.05, respectively) was similar between these two
OVA groups (Figure 4C,D). In addition, mRNA expres-
sion of proinflammatory cytokines, including //4 and
1113 (Th2 cytokines) as well as Tnf, was decreased in
Myocd CKO-OVA lungs compared to WT-OVA lungs
(Figure 4E-G). Altered expression of other growth fac-
tor mRNAs, such as Tgfbl, was not detected
(Figure 4H). Therefore, our results suggest that lung
mesenchyme-specific deletion of Myocd not only
inhibits abnormal airway smooth muscle remodeling
but also attenuates airway inflammation.

Mesenchymal deletion of Myocd attenuated
deposition of fibrillar collagen in asthmatic airways

Increased collagen deposition in the airway wall is
one of the pathological changes observed in asthma
[29]. Prolonged allergen exposure has been shown to
enhance collagen deposition in the airways of the rat
asthma model [30]. Consistent with these findings,
we observed increased fibrillar collagen deposition
in the asthmatic airways of WT mice (Figure 5A), as
detected by Picro-Sirius Red staining and visualized
under polarized light using our previously published
method [18,31]. Interestingly, mesenchymal deletion
of Myocd significantly mitigated the deposition of
fibrillar collagen in the OV A-challenged airways, as
validated by semiquantitative measurement for the
area of airway fibrillar collagen and normalization
with the internal perimeter of airway lining epithelia
(2.673 £0.706 pmz/pm in Myocd CKO versus
12.205 +3.939 pm*/ym in WT, *p <0.05 in
Figure 5B). This suggests that deletion of Myocd in
lung mesenchymal cells also inhibits prolonged
allergen-induced airway collagen deposition, directly
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Figure 3. Alteration of inflammatory cells in bronchoalveolar lavage fluid of Myocd CKO lungs. Bronchoalveolar lavage fluid was collected
from the mouse 24 h after the last challenge. (A) With the same OVA challenge, the total cell numbers in the BALF recovered from Myocd
CKO mouse lungs was significantly decreased compared to those from WT mice. However, the cell composition (B, C, and D) of BALF, measured
as percentages of eosinophils, lymphocytes, and macrophages, was not significantly different between Myocd CKO and WT mice. n =5,
**p < 0.001.
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Figure 4. Lung mesenchymal Myocd deletion reduced OVA-induced lung inflammation. (A) Inflammation assessment of lung tissue sections with
H&E staining: massive infiltration of inflammatory cells was seen in peri-airway (black arrow), perivascular (red arrow), and alveolar structures
(blue arrow) of OVA-challenged WT mouse lungs compared to those in PBS-treated WT controls. In contrast, the severity of inflammatory cell infil-
tration in Myocd CKO lungs, particularly in the peri-airway area, was reduced. (B-D) Inflammatory infiltration in peri-airway, vascular, and alveolar
regions was separately evaluated using a semiquantitative scoring method. Significant difference was detected for peri-airway inflammation
(2.382 + 0.236 versus 3.480 + 0.182, *p < 0.05), but not for perivascular and alveolar inflammation between OVA-treated WT and Myocd CKO
groups. Five mice were included in each group, and 10 randomly selected fields were evaluated for each mouse. Ns, no significance. *p < 0.05,
*p<0.01,"*p < 0.001. (E-H) Expression of asthma-related cytokine/growth factor mRNAs //4, 1113, Tnf, and Tgfb1 was determined by RT-qPCR
and presented relative to WT-PBS samples (n = 5, *p < 0.05,**p < 0.01,**p < 0.001). Actb was used as a reference transcript for normalization.

plugs in the airways are associated with mortality in severe
asthma [33]. Mucins are the main components in mucus,
which are a group of heavily glycosylated proteins pro-
duced by epithelial cells. Using PAS staining, mucin
overproduction was easily detected in WT mouse airway
epithelial cells after OVA treatment (Figure 6A). How-
ever, production of mucins was significantly reduced in
the airway epithelial cells of OVA-challenged lungs with
mesenchyme-specific Myocd knockout. This was also

through ASMCs and/or indirectly through other mes-
enchymal cells.

Allergen-induced airway epithelial mucin
overexpression was significantly reduced in
mesenchymal Myocd knockout lungs

Airway mucus hypersecretion is another pathological fea-
ture of chronic asthma [32]. In particular, colloidal mucus
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Figure 5. Lung mesenchyme-specific knockout of Myocd reduced
prolonged OVA treatment-induced fibrillar collagen deposition in air-
way walls. (A) Picro-Sirius Red staining of lung tissue sections of indi-
cated genotypesand allergen challenges viewed under bright field and
polarized light microscopy, respectively. The captured birefringence
signal under polarizing microscopy was converted into grayscale and
quantified using ImagelJ. The PBS group was used as normal control.
(B) Semiquantitative measurement of the area of fibrillar collagen
deposition in airways was performed for more than five fields per sam-
ple, five or six samples per condition, and normalized by the internal
perimeter of airway epithelium. *p < 0.05, *p < 0.01.

supported by quantifying PAS-positive epithelial cells in
the airways (Figure 6B). Therefore, mesenchymal Myocd
not only participates in allergen induced ASMC
remodeling but also affects epithelial mucin expression.
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Figure 6. Deletion of mesenchymal Myocd inhibited mucin expres-
sion in airway epithelial cells under prolonged allergen exposure.
(A) PAS-staining of lung tissue sections with different genotypes
and allergen exposures. Increased mucin expression was obvious
in OVA-challenged WT lung airway epithelial cells, but subtle in
OVA-challenged Myocd CKO lung airway epithelia. (B) The percent-
age of cells that were PAS-positive was calculated per bronchiole
and compared. **p < 0.001 (n > 5 per group).

Discussion

Previous studies found that mesenchymal knockout of
Myocd during fetal lung development results in severe
deficiency in ASMC growth, suggesting that Myocd
plays an essential role in promoting airway smooth mus-
cle development [15]. However, the specific roles of
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Myocd in maintaining and repairing ASMCs under
either physiological or pathological conditions during
postnatal life have not been investigated. In an OVA-
induced chronic asthma mouse model, we have demon-
strated for the first time that genetic deletion of Myocd
in postnatal lung mesenchymal cells mitigates allergen-
induced abnormal airway remodeling and reduces air-
way hyperresponsiveness, accompanied by decreased
peri-airway inflammation and airway epithelial mucus
production.

As described earlier, Myocd is a transcriptional
coactivator that binds SRF, which drives smooth muscle
contractile gene expression by promoting a stable ternary
complex formation on the CArG box of these gene pro-
moters. During asthmatic airway remodeling, Myocd
may interact with SRF and other cofactors such as
pElk-1, leading to ASMC hypertrophy and hyperplasia
in asthmatic airways [34]. The upstream molecular path-
ways remain elusive. Abnormal RhoA/ROCK activation
has been reported to be associated with airway
hyperresponsiveness and airway remodeling [35], and
treatment of bronchial smooth muscle cells with IL-13
results in the upregulation of RhoA [36,37]. Consistent
with this observation, inhibition of RhoA/ROCK signal-
ing alleviates allergen-induced ASMC contraction, air-
way wall thickening, and subepithelial collagen
deposition in asthma animal models [38—42]. In aortic
vascular smooth muscle cells, increased ROCK activation
is associated with the upregulation of SRF and Myocd
expression [43]. It is reasonable to postulate that RhoA/
ROCK regulates Myocd activation and/or expression
[13], which will need to be investigated in the future.

The mechanisms underlying the distinct role of
Myocd in promoting smooth muscle cell growth in pul-
monary airways, but not in pulmonary vasculature,
remain unclear. MRTF-A and MRTF-B are the two
additional transcriptional coactivators for SRF-mediated
smooth muscle cell growth, which may compensate for
Myocd deficiency in some cells such as vascular smooth
muscle cells [44]. Another possibility is that the
Tbx4-driven Cre expression in pulmonary vasculature
is not sufficient after development [16], which would
result in inefficiency of Cre-mediated floxed-Myocd
deletion in the vascular smooth muscle cells.

In addition, the deposition of collagen around the
asthmatic airway was significantly decreased in the
Myocd CKO-OVA lungs compared to the WT-OVA
lungs. Abnormal deposition of collagen underneath the
basement membrane and increased stiffness of the air-
way wall can be attributed to ASMC remodeling. Con-
versely, collagen type I enhances growth factor
induced ASMC proliferation [45]. Therefore, abnormal
ASMC remodeling is mediated not only by cytokine-
stimulated cellular changes but also by excessive
extracellular matrix production-induced phenotype
switching. Interestingly, inhibition of MRTF-A/SRF
signaling was reported to increase fibroblast apoptotic
susceptibility and reduce TGF-f-induced myofibroblast
differentiation in vitro and to attenuate collagen deposi-
tion in mouse lung fibrosis models [46].
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In our chronic asthma mouse model, we also show that
reduction of airway remodeling has an inhibitory effect on
lung inflammation, particularly around the airways. Previ-
ous studies have shown that ASMCs are capable of pro-
ducing several cytokines (including IL-13, IL-5, IL-8,
and TNF), chemokines, and cell adhesion molecules,
which subsequently influence the airway inflammatory
response and airway remodeling by recruiting more
inflammatory cells and autocrine-induced ASMC contrac-
tion, gene expression, and proliferation [47-50]. We
found a significant reduction in Th2 type cytokines (IL-4
and IL-13) and TNF in the lungs of the OV A-challenged
Myocd CKO mice compared to the WT mice, which is
correlated with reduced AMSC abnormal phenotype. As
discussed earlier, these proinflammatory cytokines can
activate RhoA/ROCK  signaling and downstream
SRF/Myocd complex activity. In addition, deletion or
inhibition of Mrtfa (previously known as Mkll) was
reported to reduce vascular inflammation [51]. Therefore,
allergen-induced chronic inflammation and abnormal
ASMC response constitutes a vicious cycle that exacer-
bates asthmatic airway abnormality, and inhibition of
ASMC abnormal remodeling is important for stopping
the progression of asthmatic pathology.

In addition to inflammation—~ASMC remodeling, we
also observed the interaction between airway epithelial
cells and ASMC:s in our chronic asthma mouse model.
Mucin production in airway epithelial cells was
increased in OVA-challenged WT lungs, while a signif-
icant reduction in mucin-positive airway epithelial cells
was seen in OVA-challenged Myocd CKO lungs, indi-
cating that mitigation of ASMC remodeling also has an
indirect effect on airway epithelial cells. It has been
reported that abnormal ASMCs secrete CCL20, which
in turn binds to CCR6 on epithelial cells and induces
mucus production in epithelial cells [52]. In addition,
as adjacent cells, ASMC:s are also affected by the growth
factors released from epithelial cells in altering cell pro-
liferation, differentiation, and inflammatory regulation
[53]. Therefore, ASMC—epithelial interaction also plays
an important role in chronic asthma development, and
our study suggests a central role of ASMCs in affecting
airway epithelial pathology.

In summary, our study showed that abnormal ASMC
remodeling plays central roles in chronic asthma airway
pathology by affecting airway thickness and stiffness,
the inflammatory response, and epithelial hyperplasia
and dysfunction. Myocd is a key transcriptional
coactivator involved in ASMC pathological changes in
a chronic asthma model. Inhibition of Myocd activity
in ASMCs may provide a new approach to breaking
the vicious cycle of asthmatic progression and become
a novel target in treating severe and persistent asthma.
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