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Summary

Background: The shift in airway smooth muscle cells (ASMCs) phenotype between pro-
liferation and contraction during asthma has been reported recently, highlighting a role of
ASMCs plasticity in the pathophysiology of asthma. As an event involved in epigenetic
post-translational modification, histone H3 lysine27 (H3K27) demethylation has attracted
significant attention with respect to the epigenetic changes in diverse cells; however, little
is known about its contribution to the switching of ASMCs phenotype in asthma.
Objective: To investigate the role of trimethylated H3K27 (H3k27me3) demethyla-
tion in ASM remodelling as well as the underling mechanism.

Methods: Mice were exposed five times a week to house dust mite (HDM) extract
for 5 weeks. Lung function was measured following the final HDM challenge. Air-
way inflammation and remodelling were then assessed in lungs of individual mice.
Human ASMCs were purchased from Sciencell Research Laboratories. Proliferation,
synthesis, migration and contraction of ASMCs were analysed, respectively.

Results: We observed demethylation at H3k27me3 sites in lungs harvested from
mice exposed to HDM extract. Administration of a selective inhibitor of H3K27
demethylase (GSK-J4) could ameliorate the classical hallmarks of asthma, such as
airway hyperresponsiveness, airway inflammation and remodelling. We established a
proliferative as well as a contractive model of human ASMCs to explore the impacts
of H3K27 demethylase inhibition on ASMCs phenotype. Our results indicated that
GSK-J4 decreased ASMCs proliferation and migration elicited by PDGF through the
Akt/JNK signalling; GSK-J4 also prevented the upregulation of contractile proteins in
ASMCs induced by TGF-f through the Smad3 pathway.

Conclusions: Inhibition of H3K27me3 demethylation alleviated the development of
asthmatic airway disease in vivo and modulated ASMCs phenotype in vitro. Collec-
tively, our findings highlight a role of H3K27me3 demethylation in experimental
asthma and ASMCs phenotype switch.
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1 | INTRODUCTION

As effector cells involved in abnormal contraction and stenosis in

1% airway smooth muscle cells (ASMCs) are

asthmatic airways,
believed to be important in airway remodelling. Apart from their
contractile function, ASMCs also have potential proliferative and
secretory capacities. Recent studies have revealed two phenotypes
of ASMCs: the contractile phenotype and the proliferative/synthetic
phenotype. ASMCs cultured in vitro switch from one phenotype to
the other depending on the stimuli they are exposed to.*° In vivo,
different phenotypes may coexist in the same set of asthmatic air-
ways, forming heterogeneous populations of ASMCs.>” In the pres-
ence of diverse stimuli, ASMCs may alter their phenotype and
exhibit diverse biological functions, contributing to the perpetuation
of airway inflammation and/or remodelling. As components serving
multiple and diverse roles in airways, ASMCs are considered promis-
ing targets for asthma management, which may be achieved by mod-
ulating ASMCs phenotype.

Epigenetic modifications of histone, such as acetylation or
methylation, have been reported to be involved in the pathogene-
sis of various diseases, including asthma.® Histone 3 Lys27
(H3K27) trimethylation (H3K27me3) is believed to dynamically
repress gene transcription, whereas H3K27me3 demethylation by
specific demethylases, Jumonji C domain containing protein 3
(JMJDS, also termed KDM6B) and ubiquitously transcribed X chro-
mosome tetratricopeptide repeat protein (UTX), is thought to acti-
vate gene transcription.”*® Previous studies have demonstrated
the important role of H3K27me3 demethylation in the differentia-
tion and reprogramming of numerous cells, including immune cells

)1415 and structural cells (neurons

(dendritic cells and macrophages
and epithelial cells).'®*® This event has also been confirmed to
have a role in the cellular phenotype transformation known as
epithelial-mesenchymal transition (EMT).Y® However, its contribu-
tion to the phenotype switch of ASMCs observed in asthma
remains obscure.

In this study, we focused on the potential role of H3K27me3
demethylation in a house dust mite (HDM)-induced murine model of
asthma treated with a selective demethylase inhibitor (GSK-J4). Fur-
thermore, the effect of GSK-J4 was also assessed on ASMCs pheno-
type switch in vitro.

2 | MATERIALS AND METHODS

2.1 | Animals

Specific pathogen-free (SPF) female BALB/c mice (18 to 22 g),
6-8 weeks of age, were purchased from Vital River Laboratories
(Beijing, China). The mice were housed in a temperature-controlled
room under a 12-hour/12-hour dark/light cycle and were provided
with food and water ad libitum. All experimental protocols for ani-
mals and tissue samples were approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University (Nanjing,
China).

2.2 | Antigen and drug administration

A total of 40 SPF female BALB/c mice were randomly divided into
five groups (control, HDM, HDM + GSK-J4, HDM + dexamethasone
(DEX) and HDM + dimethylsulfoxide (DMSQ)). Mice were intrana-
sally given droplets containing purified HDM extract (Greer Labora-
tories, Lenoir, NC, USA) (25 pg of protein solubilized in 25 pL of
phosphate-buffered saline (PBS)) for 5 days/wk for up to five consec-
utive weeks. During the last two consecutive weeks, GSK-J4 (Tocris
Bioscience, Bristol, UK) (2.5 mg/kg body weight), dexamethasone
(Sigma-Aldrich; St. Louis, MO) (1 mg/kg body weight) or a vehicle
(DMSO) (Sigma-Aldrich) was administered intraperitoneally 1 hour
before HDM challenge. All treatments were administered under

isoflurane anaesthesia and ended 24 hours before sacrifice.2%?!

2.3 | Measurement and analysis of airway
responsiveness

Airway hyperresponsiveness (AHR) was induced with methacholine
(Mch) (Sigma-Aldrich; St. Louis, MO) 24 hours after the final HDM
challenge. Lung function was assessed by direct measurement of
lung resistance and dynamic compliance (Cgyn). Measurements of
lung resistance and compliance were conducted with the FinePointe
RC System (Buxco Research Systems, Wilmington, NC), in which
mice were mechanically ventilated. Mice were sequentially chal-
lenged with aerosolized PBS (baseline), followed by increasing doses
of methacholine ranging from 3.125 to 50 mg/mL. Maximum resis-
tance and average compliance values were recorded during a
3-minute period after each challenge. We continuously computed RL
and dynamic compliance (Cdyn) by fitting flow, volume and pressure

to an equation of motion.??

2.4 | BALF collection and differential cell counts

Following measurement of AHR, bronchoalveolar lavage fluid (BALF)
was collected and processed for cell counts as previously
described.?° The BALF supernatants were stored at —80°C until fur-

ther evaluation.

2.5 | Immunohistochemistry and
immunofluorescence

Lung tissues fixed in 4% paraformaldehyde and embedded in paraffin
were sectioned into 5-pm thick slices and stained with haematoxylin
and eosin (H&E), periodic acid-Schiff (PAS), Masson's trichrome (MT)
stain or were immunostained for a-smooth muscle actin (a-SMA)
(1:200) (Abcam, Cambridge, UK), proliferating cell nuclear antigen
(PCNA) (1:10,000) (Abcam) and H3K27me3 (1:200) (Cell Signaling
Technology Inc, Danvers, Massachusetts, USA). Frozen lung sections
were stained with antibodies against H3K27me3 (1:200). The degree
of inflammation was measured as previously described.?>?* The peri-
bronchial smooth muscle layer was outlined and quantified using
Image) (National Institutes of Health, Bethesda, MD). The results are
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expressed as the area of a-SMA-positive staining (square microme-
tres) per micrometre of length of the bronchiole basement mem-

brane, as previously described.?*

2.6 | ELISA

Total IgE was measured in BALF and serum (MultiSciences, Hang-
zhou, Zhejiang, China). Levels of IL-4, IL-5, IL-13 and eotaxin-1 (Ray-
biotech, Atlanta, USA) in BALF and lung homogenates were
quantified by ELISA. Levels of VEGF (eBioscience, San Diego, CA)
and eotaxin-1 in the ASMCs supernatant were also measured by
ELISA according to the manufacturer's protocols. Absorbance was
measured at 450 nm using an ELISA reader (CANY, Shanghai, China).

2.7 | Cell culture and treatment

Normal human ASMCs were purchased from Sciencell Research Lab-
oratories (Carlsbad, CA, USA) and cultured at 37°C and 5% CO, in
smooth muscle cell medium (SMCM) (Sciencell) supplemented with
20 U/L penicillin, 20 pg/mL streptomycin, 1% smooth muscle cell
growth supplement and 2% foetal bovine serum (Sciencell). Cells at
passages 3-8 were used for the experiments. Cells at 70%-80% con-
fluence were synchronized by withdrawing serum for 12 hours. Fol-
lowing serum starvation, ASMCs were stimulated with 20 ng/mL
PDGF or 4 ng/mL TGF-B (Peprotech, Rocky Hill, USA) alone or in
combination with 7.5 pmol/L GSK-J4. Next, the cells were further
cultured for the indicated durations.

2.8 | Cell viability assay and cell proliferation assay

ASMCs were cultured in a 96-well plate at a density of 5 x 10°
cells per well and treated with GSK-J4 at concentraions of 0O, 1, 2,
5, 7.5, 15 and 20 pmol/L for 24 hours or 48 hours. Then, cells
were incubated in 10% CCK-8 solution (Dojindo Molecular Tech-
nologies, Inc., Kumamoto, Japan) for an additional 4 hours at 37°C.
Optical density (OD) was measured on a microplate reader (CANY,
Shanghai, China). CCK-8 signal was calculated using the following
formula: Cell viability = [ODgsk-j4 — ODpjani)/[ODcontrol = ODpjankls
where blank represents wells containing cell culture medium and
CCK-8 solution but no cells; control represents wells containing cell
culture medium, CCK-8 solution and cells; and GSK-J4 represents
wells containing cell culture medium, CCK-8 solution, cells and
GSK-J4. The experiment was repeated three times in four samples
from each group per experiment under identical experimental con-
ditions. The cytotoxicity of GSK-J4 and the effects of PDGF and
GSJ-J4 on ASMCs were examined using the CCK-8 assay. The 5-
ethynyl-2’-deoxyuridine (EdU) assay was used to determine the
impact of GSK-J4 on the proliferation of ASMCs, and cells were
cultured using the aforementioned procedure. After 48 hours of
treatment, an EdU assay kit (Ribobio, Guangzhou, China) was used
for labelling according to the manufacturer's instructions. Images
were obtained using a fluorescence microscope (Olympus IX71,
Japan).

2.9 | Flow cytometry

Subconfluent cells were treated with PDGF in the presence or
absence of GSK-J4 for 48 hours. Cells were then harvested and
fixed with ice-cold 70% (v/v) ethanol for 24 hours. Following cen-
trifugation, cells were washed with PBS and resuspended in propid-
ium iodide (PI) solution (BD Biosciences, San Jose, CA) containing PI
(50 mg/mL), Triton X-100 (0.1%, v/v) and RNaseA (50 mg/mL). Cells
were then incubated for 30 minutes in the dark at 37°C. DNA con-
tent was determined using a FACScan flow cytometer (Beckman
Coulter, CA, USA).

2.10 | Transwell assay

Migration experiments were performed using Corning Transwell
8-um pore polycarbonate membrane cell culture inserts. ASMCs
were digested by means of trypsinization (trypsin/0.25% EDTA solu-
tion for about 1-2 minutes, neutralized by SMCM medium contain-
ing 2% FBS), and then seeded into the upper chambers of Corning
Transwell 8-pm pore polycarbonate membrane cell culture inserts at
a concentration of 2-3 x 10* cells/well. Each lower chamber con-
tained 500 pL of medium containing 2% FBS with or without
PDGF/GSK-J4. After incubation at 37°C for 24 hours, the membrane
with cells was fixed in 4% paraformaldehyde for 30 minutes. Non-
migrated cells were gently removed with a cotton swab, and the
cells that had migrated onto the lower surface of the membrane
were stained with crystal violet. One random microscopic field of
each group at a magnification of 10x was observed. Six random
microscopic fields at a magnification of 20x were observed for sub-

sequent cell counts.

2.11 | Wound healing assay

The wound healing assay was carried out using the ibidi-p-Dish3>™™
high and ibidi Culture-Insert 2 Well (Ibidi GmbH, Martinsried, Ger-
many). An ASMCs suspension was prepared at a concentration of
6 x 10° cells/mL in SMCM, and 70 pL of the suspension was seeded
onto each well. Cells were incubated at 37°C with 5% CO,. After
24 hours, the Culture-Insert 2 Well was gently removed using sterile
tweezers, and the dish was filled with new cell free SMCM with or
without PDGF/GSK-J4. Wounds were photographed at baseline
and 12 hours later. The wound healing area was quantified by means
of Imagel, and the percentage of wound healing area was calcu-
formula:

lated using the [Areapaseiine — Areaanour)/

Areabaseline x 100%.

following

2.12 | Immunofluorescence

ASMCs were fixed with 4% paraformaldehyde for 30 minutes; non-
specific binding was blocked by incubating cells in a solution con-
taining 5% BSA and 0.1% Triton X-100 for 1 hour at room tempera-
ture. ASMCs were incubated overnight at 4°C with the a-SMA
(1:200) and MLCK (1:250) primary antibodies (Abcam). After three
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washes with PBS, ASMCs were incubated with the corresponding
FITC-conjugated goat anti-rabbit IgG (1:200) (Abcam) for 2 hours at
room temperature, and the nuclei were stained with DAPI. Images

were taken using a fluorescence microscope (Olympus IX71, Japan).

2.13 | Western blotting

Whole cell extractions from mice lung tissues and ASMCs were har-
vested using RIPA lysis buffer in the presence of protease inhibitors
and a phosphatase inhibitor. Protein concentrations were measured
using the BCA protein assay (Beyotime, Shanghai, China). Equal
amounts of total protein samples were subjected to electrophoresis
on a 10% SDS-polyacrylamide gel and electroblotted to a polyvinyli-
dene fluoride membrane. After blocking with 5% non-fat milk in TBS
Tween-20 (TBST; 25 mmol/L Tris [pH 7.5], 150 mmol/L NaCl, and
0.1% Tween-20), the membrane was incubated overnight at 4°C with
antibodies against o«-SMA (1:2000), MLCK (1:5000) (Abcam),
H3K27me3 (1:1000), phospho-Akt (1:1000), Akt (1:1000), phospho-
p38 (1:1000), anti-p38 (1:1000), phospho-ERK (1:1000), ERK (1:1000),
phospho-JNK (1:1000), JNK (1:1000), Smad2/3 (1:1000), phospho-
Smad3 (1:1000) (Cell Signaling Technology Inc, Danvers, Massachu-
setts, USA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:5000) (Peprotech, Rocky Hill, USA). After washing, the membrane
was incubated with HRP-conjugated secondary antibody (1:5000)
(Peprotech, Rocky Hill, USA) for 1 hour at room temperature. Signals
were detected using an ECL kit (Pierce, Thermo Scientific, Waltham,
USA), and the binding of specific antibodies was visualized using a
Bio-Rad Gel Doc/Chemi Doc Imaging System and analysed by ImageJ

software.

2.14 | Data analysis and statistics

All experiments were performed in triplicate, and data were pre-
sented as the mean + SEM. Results were then plotted using Prism
software (Graphpad Software, San Diego, CA, USA). Statistical com-
parisons were performed using Student's t test or one-way analysis
of variance (ANOVA) followed by Bonferroni's multiple comparisons

test. P values <0.05 were considered statistically significant.

3 | RESULTS

3.1 | H3K27me3 demethylation in a HDM-induced
murine asthma model

We first established a HDM-induced murine asthma model as shown
in Figure 1A. The expression of H3K27me3 was downregulated in
the lungs of HDM-exposed mice compared to the lungs of control
mice (Figure 1B,C). We further confirmed this observation by
immunocytochemistry and immunofluorescence staining, as evi-
denced by the decreased number of H3K27me3-positive cells (Fig-
ure 1D,E). The effect of GSK-J4 on H3K27me3 expression was also
confirmed by western blotting analysis. As expected, GSK-J4

treatment inhibited HDM-elicited

(Figure 1G,H).

H3K27me3 demethylation

3.2 | Impacts of GSK-J4 treatment on HDM-
induced AHR and airway inflammation

Higher lung resistance and lower Cg4,, were observed in HDM-
exposed mice compared to control mice (Figure 11,J). As with DEX,
GSK-J4 treatment suppressed lung resistance in asthmatic mice (Fig-
ure 11). In agreement with lung-resistance findings, the results of
Cayn showed an improved response in GSK-J4-treated mice com-
pared with HDM-treated mice (Figure 1J). We also observed robust
airway inflammation in mice from the HDM group by evaluating the
infiltration of inflammatory cells into the BALF. In contrast, treat-
ment with GSK-J4 induced decreases in the total cell counts and the
number of eosinophils, neutrophils and lymphocytes (Figure 1K).
GSK-J4-treated mice also exhibited diminished inflammatory infiltra-
tion around airway lumens and vessels compared to that observed in
mice in the HDM group (Figure 2A,B). Moreover, total IgE levels
were increased in the BALF and serum after HDM exposure
(188.2 + 30.5 and 640.2 + 41.9 ng/mL, respectively), and this eleva-
tion was abolished by GSK-J4 administration (88.9 + 28.5 and
340.2 + 48.2 ng/mL, respectively) (Figure 2C). We also observed that
HDM-treated mice had increased amounts of IL-4, IL-5, IL-13 and
eotaxin-1 in the BALF (33.5 + 2.0, 45.24 + 1.7, 129.5 + 10.4 and
68.32 + 5.23 pg/mL, respectively) as well as in lung homogenates
(741 £ 6.1, 3178 £29.2, 190.2 +£19.9 and 333.5 * 36.7 pg/mL,
respectively). Elevation of IL-5, IL-13 and eotaxin-1 induced by HDM
exposure was attenuated by GSK-J4 treatment (28.7 + 2.3,
941 £ 9.2 pg/mL and 36.54 + 6.1 in the BALF, respectively, and
169.1 £ 20.7 pg/mL, 120.8 £ 14.0 and 199.7 + 13.4 pg/mL in lung
homogenates, respectively; Figure 2D,E). However, IL-4 levels did
not differ significantly between mice in the HDM group and those in
the GSK-J4 group (GSK-J4 group: 30.4 + 1.3 pg/mL in the BALF and
71.49 + 9.8 pg/mL in lung homogenates) (Figure 2D,E).

3.3 | Impacts of GSK-J4 on HDM-induced airway
remodelling

The percentage of airway epithelium cells that stained positively with
PAS was reduced in the GSK-J4-pretreated group compared to the
HDM group (Figure 3A). The extent of collagen deposition around the
interstitia of the airways and vessels was also decreased in the lung
tissues of the GSK-J4-pretreated mice compared to those of the
HDM-exposed mice (Figure 3A). To evaluate contractile protein
expression, we examined a-SMA levels. Reduced a-SMA-stained cells
in the peribronchial area were observed in mice from the GSK-J4
group compared to those in the HDM group (Figure 3A), indicating a
thinner peribronchial smooth muscle layer. Furthermore, as is depicted
in Figure 3A, the percentage of PCNA-positive lung mesenchymal cells
was increased in response to HDM, whereas GSK-J4 administration
partly inhibited this increase in PCNA expression.
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FIGURE 1 Chemical structure of GSK-J4 and the experimental protocol for asthma model. H3K27me3 was demethylated in a HDM-
induced murine asthma model. Effects of GSK-J4 treatment on AHR and inflammatory cell infiltration in the BALF. A, HDM model timeline
with GSK-J4, DEX or vehicle (DMSO) administration for 5 days/wk for five consecutive weeks. B, Total H3K27me3 in lung tissues was
measured by western blotting. C, The density quantification of H3K27me3 was expressed as a ratio relative to GAPDH.

D, Immunohistochemical staining for H3K27me3 in lung sections from mice in the control group (left) and the HDM group (right).

E, Immunofluorescent staining for H3K27me3 in lung sections from mice in the control group (left) and the HDM group (right) (magnification,
40x; scale bar, 50 pm). F, General chemical structure of GSK-J4. G, The effect of GSK-J4 on H3K27me3 level was measured by western
blotting. H, The density quantification of H3K27me3 was expressed as a ratio relative to GAPDH. |, J, Mice inhaled increasing doses of
methacholine (3.125-50 mg/mL), and lung resistance and Cgy, were measured. K, Inflammatory cell numbers and differentiation counts in the
BALF were determined using a haemocytometer, and at least 200 cells were counted. Data represent the mean + SEM. (n = 8 per group).
#P < 0.05 compared to the control group. *P < 0.05, **P < 0.01 and **#*P < 0.001 compared to the HDM group
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FIGURE 2 Effects of GSK-J4 treatment on HDM-induced airway inflammation and levels of total inflammation and individual cytokines.

A, H&E-stained lung sections for analysis of inflammatory cell infiltration (magnification, 40x; scale bar, 50 um). B, Layers of inflammatory cells
were counted, and the total inflammation score was summed using the peribronchial (PB) and perivascular (PV) inflammation scores. C, Total
IgE in the BALF (left) and serum (right). D, E, Concentrations of Th2 cytokines (IL-4, IL-5 and IL-13) and eotaxin-1 in the BALF (D) and lung
homogenates (E) were measured by ELISA. Data represent the mean + SEM. (n = 7 per group). *P < 0.05 compared to the control group.

*P < 0.05, **P < 0.01 and ***P < 0.001 compared to the HDM group
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3.4 | Impacts of GSK-J4 on ASMCs proliferation

First, the toxicity of GSK-J4 on ASMCs was measured. Cell viability
was observed to be 88% + 1% and 84% + 4% in the 7.5 pmol/L
group at 24 and 48 hours, respectively (Figure 4A). PDGF stimulated
ASMCs proliferation compared to the control group in a dose-depen-
dent manner (Figure 4B), whereas pretreatment with GSK-J4
(7.5 pmol/L) significantly reduced the PDGF (20 ng/mL)-induced

(P < 0.05) (Figure 4C). Furthermore, our results demonstrated that
the number of EdU-positive cells treated with PDGF alone was sig-
nificantly elevated compared to that in the control group, and pre-
GSK-J4 distinctly inhibited PDGF-induced
proliferation (Figure 4D,E).

To further elucidate the effects of GSK-J4 on PDGF-induced

ASMCs proliferation, we also examined cell cycle events by flow

treatment  with

cytometry. As depicted in Figure 4F,G, PDGF stimulation resulted in

ASMCs proliferation from 130.4% +2.8% to 110.4% + 3.3% a higher synthesis phase (S phase) population ratio compared to that
(A) control HDM+DMSO
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FIGURE 3 Effects of GSK-J4 on airway remodelling. A, Reduced production of mucus, peribronchial collagen deposition, area of
peribronchial a-SMA staining and PCNA-positive cells in the airways of mice in the GSK-J4 group compared to those in the HDM group
(magnification, 40 x ; scale bar, 50 pm). B, Bar graph shows the mucus score and the MT staining score quantified by multiplying the
percentage of positive cells and the staining intensity, respectively. C, Bar graph shows the quantitative analysis of the area of a-SMA-positive
staining. D, Bar graph shows the percentage of PCNA-positive peribronchial mesenchymal cells. Data represent the mean + SEM. (n = 8 per
group). #P < 0.05 compared to the control group. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to the HDM group [Colour figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 4 Effects of GSK-J4 on ASMCs proliferation. A, The effect of GSK-J4 on the viability of ASMCs was assessed by CCK-8 assay. B,
The effect of PDGF on the proliferation of ASMCs was assessed by CCK-8 assay (48 h). C, Effect of GSK-J4 on PDGF-stimulated human
ASMCs as assessed by the CCK-8 assay. D, E, PDGF-induced Edu-positive cells were decreased by GSK-J4 treatment (magnification, 20x; scale
bar, 100 pm). F, G, GSK-J4 pretreatment blocked PDGF-induced S phase entry of ASMCs. Data represent the mean + SEM of at least three
independent experiments. P < 0.05, #P < 0.01 and **#P < 0.001 compared to the control group. *P < 0.05, **P < 0.01 and ***P < 0.001
compared to the PDGF group
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in the control mice (18.6% + 1.6% vs 6.5% + 1.2% in the control
group, P < 0.05). In contrast, the effect of PDGF was partly sup-
pressed by GSK-J4 pretreatment (11.5% + 0.9% vs 18.6% + 1.2% in
the PDGF group, P < 0.05).

3.5 | Impacts of GSK-J4 on ASMCs synthesis and
migration

PDGF stimulation caused significant VEGF release from ASMCs at
24 and 48 hours, respectively (114.4 + 104 to 326 + 21.6 pg/mL
and 149.3 £ 9.8 to 479.8 + 41.5 pg/mL, respectively), and GSK-J4
treatment did not exhibit a significant effect on PDGF-induced VEGF
synthesis (Figure 5A). Moreover, PDGF stimulation did not induce
significant synthesis of eotaxin-1 from ASMCs in our study (Fig-
ure 5B). However, the results from the migration assay and wound
healing assay suggested that GSK-J4 suppressed PDGF-induced
ASMCs migration (Figure 5C-F).

3.6 | Impacts of GSK-J4 on PDGF-induced
activation of the Akt/MAPKs pathway

PDGF treatment caused decreased H3K27me3 level while GSK-J4
induced recovery of H3K27me3 level (Figure 5G,)). To further elu-
cidate the underlying mechanism of the inhibitory effect GSK-J4
has on ASMCs functions, we investigated the phosphorylation of
Akt and mitogen-activated protein kinases (MAPKs) (JNK, p38 and
ERK). As shown in Figure 5G, GSK-J4 decreased PDGF-
induced phosphorylation of Akt and JNK in ASMCs without
impinging on p38 or ERK phosphorylation. These data revealed
that the Akt and JNK signalling pathways were involved in the
inhibitory effect of GSK-J4 on PDGF-mediated ASMCs prolifera-

tion and migration.

3.7 | Impacts of GSK-J4 on ASMCs contraction

Based on our previous findings in mice, we assessed the expres-
sion of contractile proteins in human ASMCs. ASMCs may switch
to a hypercontractile phenotype in response to TGF-p.>” ASMCs
were incubated with TGF-p (4 ng/mL) in the absence and presence
of GSK-J4 (7.5 pmol/L). In accordance with previous studies, TGF-p
increased a-SMA and MLCK expression compared to that in the
control group, as demonstrated by both immunofluorescence stain-
ing and western blot analysis. In contrast, treatment with GSK-J4
inhibited these effects (Figure 6A,B). Likewise, TGF-p treatment led
to a slight decrease in H3K27me3 level, and GSK-J4 suppressed
this change in part (Figure 6D). Furthermore, we assessed the
phosphorylation of Smad3 in the different groups. Western blot-
ting of ASMCs extracts demonstrated an increase in the
phosphorylation of Smad3 following TGF-p stimulation. Moreover,
this increase was blocked by pretreatment of ASMCs with GSK-
J4 (Figure 6D). These results indicated that the decrease in TGF-B-
induced contractile protein expression conferred by GSK-J4
treatment was partly dependent on the Smad3 signalling pathway.

4 | DISCUSSION

Using a HDM-mediated allergic asthma model, we observed a signifi-
cant loss of H3K28me3-positive cells in lungs from asthmatic mice.
Furthermore, inhibiting H3K27me3 demethylase activity with GSK-
J4 alleviated the classical symptoms in asthmatic mice, such as AHR,
airway inflammation and remodelling. As accumulating evidence has

revealed an important role of ASMCs in asthma,>?>2¢

we especially
focused on the ASMCs phenotypic transformation elicited by
H3K27me3 demethylation. Our results demonstrated, for the first
time, that important cytokines in asthma, such as PDGF and TGF-g,
switched the phenotypes of ASMCs, and the selective inhibitor GSK-
J4 reduced both the proliferative/synthetic and contractile functions
of ASMCs, highlighting a role of H3K27me3 demethylation in
ASMCs plasticity.

As the specific demethylases targeting the trimethyl groups on
histones, JMJD3 and UTX are responsible for H3K27me3 demethy-
lation, which removes the inhibition of the transcription of multiple
genes.?” GSK-J4, a selective inhibitor of JMJD3 and UTX, has been
reported to maintain the H3K27me3-driven repression of gene
expression.?® Most of the synthesized inhibitors targeting demethy-
lases have presented poor specificity?’; however, GSK-J4 has been
demonstrated to be the most specific inhibitor for JMJD3 and
UTX.2® Thus, we used GSK-J4 as an effective tool to determine the
contribution of H3K27me3 demethylation to ASMCs plasticity.

In asthma, ASMCs is considered to be important in the develop-
ment of AHR, airway inflammation and airway remodelling. For
example, ASMCs proliferation leads to increased ASMCs mass, secre-
tion of inflammatory mediators perpetuates airway inflammation,
and contraction induces bronchoconstriction.>” Besides, ASMCs
migration may partially contribute to airway remodelling.3? Studies
have also confirmed that ASMCs phenotype switching exerts a func-
tional influence on ASMCs from human origin.*23% Due to pheno-
type plasticity, ASMCs may possess diverse biological functions in
the presence of multiple stimuli. Exposure of ASMCs to mitogens,
such as PDGF, results in a proliferative/synthetic phenotype (modula-
tion), while TGF-B induces a switch to a hypercontractile phenotype
by upregulation of contractile proteins (maturation).>”

PDGF, which is associated with those changes in airway struc-
ture and function in asthma,* has been confirmed as an important
factor for ASMCs proliferation, synthesis and migration.> A previous
study demonstrated that GSK-J4 led to decreased proliferation and
migration of fibroblast-like synoviocytes,®> our study confirmed that
GSK-J4 pretreatment partially counteracted PDGF-induced ASMCs
proliferation and migration as well. Considering that targeting
H3K27me3 demethylation in lung cancer is promising,¢>’ further
studies on the effect of H3K27me3 demethylation in asthma are
also of great interest. However, the impact of GSK-J4 pretreatment
on ASMCs synthesis was not significant. As important factors

involved in angiogenesis in asthmatic airways®®3’

and eosinophil
inflammation, VEGF and eotaxin-1 derived from ASMCs have been
confirmed to be overexpressed in asthmatic airways.***! However,

in our study, no notable decrease in PDGF-induced VEGF production
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FIGURE 5 Effects of GSK-J4 on PDGF-induced synthesis and migration of ASMCs and the activation of the Akt/MAPKs pathway. A, B,
Effects of GSK-J4 on PDGF-induced VEGF and eotaxin-1 synthesis from ASMCs at 24 and 48 hours. C, D, GSK-J4 treatment notably
suppressed PDGF-induced ASMCs migration as determined by the transwell assay. The cells that migrated across the membrane were counted
from six microscopic fields of each membrane after 24 hours, and the bar graph shows the average (magnification 20x). One representative
random microscopic field of each group is shown (magnification 10x; scale bar, 200 pm). E, F, GSK-J4 treatment remarkably inhibited PDGF-
induced ASMCs migration as tested by a wound healing assay. Wounds were photographed at baseline and 12 hours later (magnification 10x;
scale bar, 200 pm). G, H3K27me3 expression, phosphorylation and total protein levels of Akt, JNK, p38 and ERK (1 h) were measured by
western blotting. H, |, Relative density quantification of phosphorylated proteins relative to total proteins. (J) The density quantification of
H3K27me3 was expressed as a ratio relative to GAPDH. Data represent the mean + SEM of at least three independent experiments.

#p < 0.05 compared to the control group. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to the PDGF group
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FIGURE 6 Effects of GSK-J4 on TGF-B-induced accumulation of contractile proteins in ASMCs and the activation of the Smad3 pathway.
A, Immunofluorescence staining of a-SMA (red), MLCK (red) and nuclei (blue) in ASMCs (magnification, 40x; scale bar, 50 pm). B, Protein levels
of a-SMA and MLCK (48 h) were measured by western blotting. C, The density quantification of a-SMA and MLCK was expressed as a ratio
relative to GAPDH. D, Protein levels of H3K27me3, Smad3 and the phosphorylation of Smad3 (1 h) were measured by western blotting. E,
The relative density quantification of phospho-Smad3 was expressed as phosphorylated proteins relative to total proteins. The density
quantification of H3K27me3 was expressed as a ratio relative to GAPDH. Data represent the mean + SEM of at least three independent
experiments. *P < 0.05 compared to the control group. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to the TGF-p group
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was observed following GSK-J4 pretreatment, and no PDGF-elicited
upregulation of eotaxin-1 was observed. Considering the inhibitory
effect of GSK-J4 on eotaxin-1 in the BALF and lung homogenates
from HDM-exposed mice, we hypothesize that H3K27me3 demethy-
lation is involved in the regulation of eotaxin-1 synthesis via other
factors in vivo. Further studies are needed to illustrate the underly-
ing mechanisms.

Akt (also termed protein kinase B) and MAPKs regulate a vast array
of cellular processes, such as cell proliferation and migration. MAPKs
comprise a family of protein kinases, including ERK, JNK and p38,
whose functions and regulation have been conserved across organ-
isms. ERK functions in the control of cell division, JNK is a critical regu-
lator of transcription and p38 is a key modulator of inflammatory
cytokines.*? Bao et al'® have confirmed that GSK-J4 administration
inhibited ERK signalling in neuromast cells, while Turgeon et al*®
demonstrated that decreased H3K27 di-trimethylation affected JNK
and p38 phosphorylation in response to IL-1p in intestinal epithelial
cells. Herein, we demonstrated that GSK-J4 treatment suppressed
phosphorylation of Akt and JNK in PDGF-treated ASMCs, whereas no
impact was observed on the phosphorylation of p38 or ERK. Our
results reveal that H3K27me3 demethylation plays a role in PDGF-
induced ASMCs proliferative-synthetic phenotype transformation,
which is probably mediated by Akt/JNK signalling, thereby highlighting
this signalling pathway as a promising target for ASMCs modulation.

As a pleiotropic cytokine contributing to airway remodelling,***°
TGF-p has been reported to show increased expression in asthmatics
airways.**4” As mentioned above, TGF-§ treatment can induce a
hypercontractile phenotype of ASMCs by upregulation of contractile
proteins. a-SMA and MLCK, which phosphorylates the myosin light
chain and increase ASMCs contraction,*® are typical indicators of
contractile tension. Therefore, we investigated whether GSK-J4
affected TGF-p-triggered ASMCs maturation. Stimulation with TGF-§
resulted in a significant increase in a-SMA and MLCK levels in
ASMCs, whereas GSK-J4 administration abolished this effect. More-
over, TGF--induced EMT is also associated with airway remod-
elling® and previous study revealed that GSK-J4 significantly
inhibited TGF-p induced EMT process.}? Therefore, we speculated
that H3K27me3 demethylation might play a role TGF-§ signalling
pathway.

Among the Smad proteins, Smad3, an important downstream sig-
nalling molecule of the TGF-p pathway, serves as a multifaceted reg-
ulator and has been implicated in various diseases, including diabetes
and carcinoma.”®>! TGF-p stimulation has been suggested to induce
significant phosphorylation of Smad3 in ASMCs in COPD.>? Consis-
tent with the results from a previous study, our data indicated that
the inhibitory role of GSK-J4 in TGF-p signalling was also Smad3
dependent. Considering the small magnitude of TGF-p-induced
H3K27me3 level change, it would seem that TGF- might contribute
slightly to H3K27me3 demethylation. However, different incubating
time of TGF-p may also exert an effect on H3K27me3 level (1 hour
in our study), which deserves further investigation.

We found that the Akt/JNK and Smad3 pathways were part of
the mechanisms implicated in H3K27me3 inhibition to modulate

ASMCs phenotype switch. Treatment with GSK-J4 impaired the
phosphorylation of Akt/JNK and Smad3, without impinging on the
expression of total proteins. It can be inferred that, upon PDGF/
TGF-p stimulation, Akt/JNK and Smad3 transduce signalling into
nucleus, respectively, leading to more H3K27me3 demethylases on
target gene promoter to initiate gene transcription. However, inhibi-
tion of H3K27me3 demethylases with GSK-J4 may block this
change, reciprocally affecting transcription of relevant proteins
involved in PDGF/TGF-f signalling activation. Previous studies have
revealed a role of phosphatase and tensin homolog (PTEN) in PDGF/
TGF-p signalling and H3K27me3 regulation, respectively.>®>>¢ Thus,
we speculate that PTEN may be a potential player, and further stud-
ies are needed to explore the detailed mechanism.

Altogether, our results revealed that inhibition of H3K27me3
demethylases with GSK-J4 alleviated asthma by preventing the
induction of both a proliferative/synthetic and a hypercontractile
phenotype. Our study not only provided novel insight into the epige-
netic regulatory mechanisms of ASMCs phenotype plasticity but also
identified an exploitable epigenetic target in asthma.
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