
Molecular Medicine REPORTS  22:  1518-1526,  20201518

Abstract. Idiopathic pulmonary fibrosis (IPF) is a fatal 
lung disease of unknown etiology. Under pathological 
conditions in lungs with IPF, myofibroblasts serve a key role 
in fibrogenesis via the accumulation of an excessive amount 
of extracellular matrix. To develop effective therapeutic 
interventions against IPF, studies have recently focused on 
how to dedifferentiate established myofibroblasts. The present 
study revealed that JQ1, an inhibitor of bromodomain and 
extra‑terminal proteins, markedly suppressed the expression 
levels of α‑smooth muscle actin and ED‑A‑fibronectin in 
myofibroblasts prepared from the lung of a patient with 

end‑stage IPF. Furthermore, these findings were supported 
by transcriptome analysis using RNA sequencing, in which 
differentially expressed genes (DEGs) downregulated by JQ1 
treatment were significantly enriched in the fibrosis‑related 
signaling pathway. On the other hand, the upregulated DEGs 
in response to JQ1 treatment were significantly enriched in 
glutathione metabolism, which may affect the cell status 
of fibroblast/myofibroblast. To the best of our knowledge, 
this was the first study to comprehensively analyze 
transcriptome profiles associated with dedifferentiation of 
IPF myofibroblasts.

Introduction

Fibrosis is a common pathological outcome of chronic inflam-
mation in various organs. All fibrotic diseases have abnormal 
and excessive accumulation of extracellular matrix (ECM) 
components, such as collagen, fibronectin, and elastin in the 
lesion area, which leads to organ malfunction (1). Idiopathic 
pulmonary fibrosis (IPF) is a progressive, chronic, and 
fibrotic interstitial lung disease of unknown etiology and has 
an extremely poor prognosis in most patients. Nintedanib 
and pirfenidone have been approved by the Food and Drug 
Administration as pharmacological therapies for IPF; however, 
neither of them have been proven effective (2). Therefore, new 
strategies that can enable the survival of patients suffering 
from IPF are required.

The activation of ECM‑producing myofibroblasts plays 
a key role in the process of fibrotic tissue remodeling. 
Fibroblastic foci are formed by myofibroblasts resulting 
in an aberrant deposition of ECM in the lung. Further, the 
extent of fibroblastic foci is correlated with the mortality of 
patients with IPF. Myofibroblasts can differentiate from a 
variety of precursor cell types, and fibroblast to myofibroblast 
differentiation (FMD) in response to TGF‑β1 is well docu-
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mented (3). Therefore, inhibition of FMD may represent an 
effective therapeutic strategy contributing to the development 
of fundamental treatments for IPF. However, most patients 
with IPF showing subjective symptoms are considered under 
the lung fibrotic stage because of the reduced forced vital 
capacity (4). This fact tempts us to consider that the resolution 
of established fibrosis through the promotion of myofibroblast 
dedifferentiation is a preferable and beneficial intervention for 
patients with IPF.

Based on this notion, we cultured primary myofibro-
blasts (α‑smooth muscle actin (SMA)highED‑A‑fibronectin 
(FN)+S100 calcium‑binding protein A4 (S100A4)‑) derived 
from a patient with severe lung fibrosis. Furthermore, a small 
molecule inhibitor library was screened to identify candidate 
molecules with antifibrotic activity as an index of myofibro-
blast dedifferentiation defined by the reduced expression of 
α‑SMA and ED‑A‑FN. During screening, a bromodomain 
and extra‑terminal (BET) inhibitor, JQ1, was identified as the 
most potent dedifferentiating agent for myofibroblasts among 
several candidates. While JQ1 attenuates pulmonary fibrosis 
induced by bleomycin (BLM) or radiation, probably through 
the inhibition of FMD, BET inhibition‑induced myofibro-
blast dedifferentiation and the accompanied gene expression 
changes remain unknown  (5,6). Thus, we performed the 
transcriptomic analyses of mRNA in patient‑derived lung 
myofibroblasts with or without JQ1 treatment to understand 
the gene expression modulation.

Materials and methods

Cell culture. Lung tissue was obtained after surgery from a 
46‑year‑old male patient who underwent lung transplantation 
due to severe IPF (usual interstitial pneumonia pattern). The 
patient provided informed consent, and the study was approved 
by the Ethics Committee of Chiba University, Graduate 
School of Medicine and Hospital. Lung myofibroblasts were 
prepared as described in our previous study  (7). Briefly, 
lung tissue was minced into small pieces, and the pieces 
were incubated in Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 1  mg/ml collagenase type  I 
(Worthington), 0.5 mg/ml dispase (Thermo Fisher Scientific, 
Inc.), 2 U/ml DNase (Qiagen), 0.1 mg/ml streptomycin, and 
100 U/ml penicillin at 37˚C for 15 min with gentle shaking. 
The pieces were then washed twice with DMEM, transferred 
to a 90 mm culture dish (IWAKI Science Products), dipped 
in culture medium (10% fetal bovine serum in DMEM with 
antibiotics described), and cultured at 37˚C and 5% CO2. 
The outgrown cells were harvested, expanded, and then 
verified for the population of α‑SMAhighED‑A‑FN+S100A4‑ 
cells as myofibroblasts (Fig. S1). The antibodies used for 
immunofluorescence staining (for 1 h at room temperature) 
were as follows: mouse anti‑α‑SMA antibody (Ab; dilution 
1:200; cat. no. ab7817, Sigma‑Aldrich), mouse monoclonal 
anti‑FN Ab (clone IST‑9, ED‑A domain‑specific, dilution 
1:200; cat. no.  sc‑59826, Santa Cruz Biotechnology, and 
rabbit monoclonal anti‑S100A4 Ab (dilution 1:250; cat. 
no. ab124805; Abcam). Actin filaments were detected using 
Alexa Fluor 488‑conjugated phalloidin. Nuclei were stained 
using (4',6‑diamidino‑2‑phenylindole) DAPI. More than 90% 
of the cells were detected as myofibroblasts, named as 46G‑F 

cells. As control cells, normal human lung fibroblasts (NHLF) 
were purchased from Lonza.

Western blotting. After 24 h of serum deprivation, 46G‑F cells 
or NHLF were treated with JQ1 (1 µM, Cayman Chemical), 
TGF‑β1 (10  ng/ml, PeproTech) or JQ1 (1  µM)  +  TGF‑β1 
(10 ng/ml) for an additional 48 h. The cultured cell‑derived 
lysates were subjected to 10% sodium dodecylsulfate‑poly-
acrylamide gel electrophoresis (SDS‑PAGE) and transferred 
to polyvinylidene difluoride (PVDF) membranes. After 
washing and blocking, the membranes were incubated with 
anti‑α‑SMA Ab (dilution 1:1,000), anti‑ED‑A‑FN Ab (dilution 
1:1,000), or mouse monoclonal anti‑β‑actin Ab (clone AC‑15; 
dilution 1:5,000; cat. no. A5441, Sigma‑Aldrich) for 1 h at room 
temperature. After washing, the membranes were incubated 
with appropriate secondary Abs conjugated with horseradish 
peroxidase for 30 min at room temperature. The blot was 
exposed to an X‑ray film to visualize the immunoreactive 
signals by chemiluminescence. The intensity of the signals on 
the developed X‑ray films was measured with ImageJ software 
(National Institutes of Health).

RNA preparation and reverse transcription‑quantitative PCR. 
After 24 h of serum deprivation, 46G‑F cells were treated with 
or without JQ1 (1 µM) for a further 48 h duration. Total RNA 
of 46G‑F cells was extracted using ISOGEN plus (Nippon 
Gene according to the manufacturer's instructions, and the 
first‑strand cDNA was prepared using a RevertAid First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific). Thereafter, 
quantitative PCR (qPCR) was performed using a PowerUp 
SYBR-Green Master Mix and Pikoreal 96 Real‑Time PCR 
System (Thermo Fisher Scientific, Inc.). Gene expression was 
normalized to GAPDH mRNA content, and the ∆∆Cq method 
was used for all qPCR analyses (Pikoreal software 2.2; Thermo 
Fisher Scientific, Inc.) (8). The primer sequences used were as 
follows: ACTA2: (forward) 5'‑CTGGCATCGTGCTG 
GACTCT‑3' and (reverse) 5'‑GATCTCGGCCAGCCAGATC‑3'; 
FN1: (forward) 5'‑GAGCTATTCCCTGCACCTGATG‑3' and 
(reverse) 5'‑CGTGCAAGGCAACCACACT‑3'; and GAPDH: 
(forward) 5‑GCACCGTCAAGGCTGAGAAC‑3' and (reverse) 
5'‑TGGTGAAGACGCCAGTGGA‑3'. Amplification parame-
ters were as follows: 1 cycle of 50˚C for 2 min and 95˚C for 
2 min, followed by 40 cycles of 95˚C for 15 sec, 55˚C for 
15 sec, and 72˚C for 60 sec. The PCR amplifications were 
performed in triplicates.

RNA sequencing. Total RNA of 46G‑F cells with or without 
JQ1‑treatment was extracted using ISOGEN plus. Thereafter, 
500 ng of total RNA were ribosomal RNA‑depleted using a 
NEBNext rRNA Depletion Kit (New England Biolabs). The 
resulting total RNA was converted to an Illumina sequencing 
library using a NEBNext Ultra Directional RNA Library 
Prep Kit (New England Biolabs). The library was validated to 
determine the size distribution and concentration using a bioan-
alyzer (Agilent Technologies). Sequencing was performed on 
NextSeq 500 (Illumina) with paired‑end 36‑base read options. 
Reads were mapped to the hg19 human reference genome and 
quantified using CLC Genomics Workbench version 10.1.1 
(Qiagen). RNA‑seq data sets have been deposited in the Gene 
Expression Omnibus (GEO) database at the National Center 



Molecular Medicine REPORTS  22:  1518-1526,  20201520

for Biotechnology Information (NCBI) with the accession 
number GSE140476.

Identification of differentially expressed genes. To analyze the 
expression pattern of transcripts between the JQ1‑treated group 
and untreated group, read counts were normalized by calculating 
the number of reads per kilobase per million for each transcript in 
individual samples using the CLC Genomic Workbench software 
version 12.0 (9). Filtering characteristics of fold-change ‑2 to 2 
(false discovery rate (FDR) at P <0.05) were used to identify the 
DEGs. Subsequently, the distinct gene expression patterns were 
analyzed comparatively through principal component analysis 
(PCA) and clustering heatmap. The scatter plot and volcano plot 
were used to compare the gene expression levels in terms of the 
log2 fold-change. The gene ontology (GO) (regarding molecular 
function and biological process) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analyses of differentially 
expressed genes (DEGs) between the two groups were performed 
using the ToppGene Suite (https://toppgene.cchmc.org) (10). 
Gene set enrichment analysis (GSEA) for fibrosis‑related path-
ways derived from the REACTOME (https://reactome.org) 
pathway analysis was also performed (11).

MicroRNA array analysis. Total RNA of the cells was 
extracted using ISOGEN plus, and microRNA (miRNA) 
array analysis was performed by Filgen Co. KEGG pathway 
analysis of miRNAs was performed using mirPath v.3 soft-
ware (http://snf‑515788.vm.okeanos.grnet.gr). Microarray data 
sets have been deposited in the NCBI GEO database with the 
accession number GSE140475.

Statistical analysis. Data are expressed as the mean ± standard 
error of the mean (S.E.M). Statistical analysis was conducted 
using GraphPad Prism Version  6 (GraphPad Software). 
Statistical significance was determined through an analysis 
of variance (ANOVA) followed by Tukey's test or unpaired 
Student's t‑test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

JQ1‑induced dedifferentiation of myofibroblasts from a patient 
with IPF. FMD is characterized by the upregulated expres-
sion of α‑SMA and ED‑A‑FN; therefore, these two proteins 
are recognized as myofibroblast markers (3,12). As shown 

Figure 1. JQ1‑induced downregulation of myofibroblast markers. (A) Changes in expression of α‑SMA and ED‑A‑FN in NHLF and 46G‑F cells observed by 
western blotting. The signal of β‑actin for each lane was determined as an internal control. (B) The signal of each sample was determined using a densitometer 
and normalized to each internal control. Signal values are presented as fold changes from the control value of NHLF and as means ± SEM (n=3). *P<0.05 
(ANOVA followed by Tukey's test). (C) Quantitative PCR analysis of ACTA2 and FN1 expression in 46G‑F cells treated with PBS (NC) or JQ1. Quantitative 
data are presented as fold-changes from the control value and as means ± SEM (n=3). *P<0.05 (unpaired Student's t‑test). ACTA2, actin α 2, smooth muscle; 
FN1, fibronectin 1; NC, normal control; NHLF, normal human lung fibroblasts; n.s., not significant.
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in Fig. 1A, the expression of both α‑SMA and ED‑A‑FN in 
NHLF was observed to be markedly upregulated in response 
to TGF‑β1, and the upregulation level was comparable to that 
of the untreated 46G‑F cells. Although stimulation of 46G‑F 
cells by TGF‑β1 tended to upregulate the two markers further, 
no significant statistical difference was observed between 
the untreated 46G‑F cells and TGF‑β1‑treated 46G‑F cells 
(Fig. 1B), suggesting that the IPF patient‑derived myofibro-
blasts may be well differentiated. In addition to 46G‑F, the 
differentiation efficiency of two other lines of myofibroblasts 
from patients with pulmonary fibrosis was also analyzed (data 
not shown). We used 46G‑F cells as the most established myofi-
broblasts in the present study. JQ1 significantly downregulated 
the expression of both α‑SMA and ED‑A‑FN in 46G‑F cells 
with or without TGF‑β1, and the level was observed to similar 
to that of the untreated NHLF (Fig. 1A and B). To elucidate 
whether the JQ1‑induced downregulation of two marker 
proteins resulted from changes in their mRNA levels in 46G‑F 
cells, qPCR analysis was performed for ACTA2 (α‑SMA) and 
FN1. As shown in Fig. 1C, JQ1 significantly downregulated the 
expression of ACTA2 and FN1 mRNAs in 46G‑F cells. Thus, 
JQ1 markedly downregulated the expression of the two typical 
myofibroblast markers at the mRNA and protein levels.

JQ1 broadly suppresses fibrosis‑related gene expression. 
RNA sequencing analysis was performed to understand the 
molecular basis of functional alteration by JQ1. As shown 
in Fig. 2A, PCA plots showed two major distinct clusters in 
which transcripts of samples from JQ1‑treated 46G‑F cells 
were clearly separated from those of the normal control group 
(NC, samples from untreated 46G‑F cells). Moreover, the 
hierarchical clustering analysis showed significant changes in 
DEGs between the JQ1 and NC groups (adjusted FDR P<0.05). 
JQ1 downregulated 2,825 DEGs and upregulated 1,330 DEGs 
compared to the NC group (Fig. 2B and Table SI). The top 
10 enriched terms of functional GO annotations and KEGG 
pathway analysis for the JQ1‑downregulated 2,825 DEGs are 
illustrated in Fig. 2C. Interestingly, these genes were signifi-
cantly enriched in molecular functions, including collagen 
binding (GO:0005518), ECM structural constituent conferring 
tensile strength (GO:0030020), and ECM structural constit-
uent (GO:0005201), and in biological processes, including 
extracellular structure organization (GO:0043062) and ECM 
organization (GO:0030198). In accordance with the results 
of ranked GO terms, KEGG pathway analysis revealed that 
the DEGs were significantly enriched in the ECM‑receptor 
interaction pathway (BSID:83068). In addition to the downreg-
ulation of fibrosis‑related gene sets in 46G‑F cells, the GO and 
pathway analysis revealed that JQ1 significantly downregulated 
molecular functions, including actin binding (GO:0003779) 
and cytoskeletal protein binding (GO:0008092); biological 
processes, including cytoskeleton organization (GO:0007010), 
actin cytoskeleton organization (GO:0030036), and supra-
molecular fiber organization (GO:0097435); and pathways, 
including vascular smooth muscle contraction (BSID:96530) 
and focal adhesion (BSID:83067). To further evaluate the 
concordant difference of fibrosis‑related gene sets between 
the two groups, GSEA was performed using ranked GO terms 
in REACTOME pathway analysis. As shown in Fig. 2D, the 
DEGs were significantly enriched in fibrosis‑related gene sets, 

such as ECM organization, collagen formation, and elastic 
fiber formation. Moreover, the GSEA graphs and their corre-
sponding normalized enrichment scores (NES) indicated that 
all three pathways were significantly downregulated in the 
JQ1 group compared to the NC group. These findings clearly 
suggest that JQ1 reduces the accumulation of ECM, a main 
pathological function of myofibroblasts in IPF, wherein JQ1 
apparently induces the functional alteration of myofibroblasts. 
In this alteration process, the marked downregulation of 
α‑SMA by JQ1 may play an important role because the actin 
stress fibers in myofibroblasts possibly affect their morpholog-
ical features, contraction, and focal adhesion maturation (13).

Profiling of upregulated DEGs in myofibroblasts treated 
with JQ1. In addition to the downregulated DEGs, profiling 
of DEGs upregulated by JQ1 in 46G‑F cells is of interest 
to identify the active molecular candidates that regulate 
the dedifferentiation of myofibroblasts. Scatter plot and 
volcano plot showed 1,330  DEGs that were significantly 
upregulated (>2) in JQ‑1‑treated 46G‑F cells as compared 
to NC (Fig. 3A and B). The top 10 enriched terms of func-
tional GO annotations and KEGG pathway analysis for the 
JQ1‑upregulated 1,330 DEGs are illustrated in Fig. 3C. The 
DEGs were significantly enriched in molecular functions 
including several transmembrane transporter activities 
and in biological processes including several metabolic 
processes, indicating that JQ1‑induced dedifferentiation of 
myofibroblasts is associated with cellular functions. Previous 
studies have demonstrated a marked decrease in glutathione 
(L‑γ‑glutamyl‑L‑cysteinyl‑glycine, GSH) in the lungs of 
patients with IPF, and patients with IPF have been treated 
with N‑acetylcysteine (a molecular precursor to GSH) 
monotherapy or combination therapy (14,15). Importantly, 
the KEGG pathway analysis revealed a significant enrich-
ment of GSH biosynthesis/metabolism pathway‑related 
DEGs. Hierarchical cluster analysis of DEGs involved in 
the KEGG pathway for GSH metabolism was performed 
between JQ1 and NC groups, as shown in Fig. 3D. JQ1 signifi-
cantly upregulated the following genes: microsomal GSH 
S‑transferase 1 (MGST1), GSH S‑transferase P1 (GSTP1), 
GSH S‑transferase M3 (GSTM3), glutamate‑cysteine ligase 
modifier subunit (GCLM), ornithine decarboxylase 1 (ODC1), 
glucose‑6‑phosphate dehydrogenase (G6PD), phosphoglu-
conate dehydrogenase (PGD), GSH synthetase (GSS), GSH 
peroxidase 3 (GPX3), and GSH‑disulfide reductase (GSR).

Discussion

Myofibroblasts have been considered to be a terminally differen-
tiated fibrotic cell phenotype (16). However, it has been recently 
demonstrated that myofibroblasts can dedifferentiate  (17). 
When the patient is diagnosed with IPF, activated myofibro-
blasts may already harbor the fibroblastic foci (4). To discover 
the potential therapeutic agents for IPF, an assay system with 
myofibroblast dedifferentiation considered as an index may be 
useful (18). In addition, the utilization of IPF myofibroblasts 
in the assay is preferable. The prostaglandin E2 capable of 
dedifferentiating TGF‑β1‑established myofibroblasts failed to 
affect the IPF myofibroblasts, suggesting that the in vitro FMD 
induced by TGF‑β1 may not replicate genetic and epigenetic 
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Figure 2. Identification of DEGs between NC and JQ‑1 treated cells. (A) PC analysis. PC1 (x‑axis, 55.3%) and PC2 (y‑axis, 14.8%) of the total variation in 
expressed genes of all cells. (B) Hierarchical clustering of the expression profiles of DEGs between NC and JQ‑1‑treated groups (adjusted FDR P<0.05). Red 
represents high relative expression, and blue represents low relative expression. Upregulated DEGs (1,330 genes; JQ‑1 vs. NC) and downregulated DEGs (2,825 
genes; JQ‑1 vs. NC). (C) GO and pathway analysis of downregulated DEGs. Top 10 enriched GO terms associated with molecular functions (top) and biological 
processes (middle), and KEGG pathway analysis (bottom). (D) Gene set enrichment analysis plots show enrichment of fibrosis‑related gene sets (extracellular 
matrix organization, collagen formation and elastic fiber formation) in two groups. The NES, normal P‑value and FDR q value are also indicated. DEGs, 
differentially expressed genes; FDR, false discovery rate; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; NC, normal control; NES, 
normalized enrichment score; PC, principal component.
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changes in IPF myofibroblasts (19,20). Therefore, in the present 
study, we prepared myofibroblasts established from a patient 
with end‑stage IPF/usual interstitial pneumonia (Fig. S1).

During the screening of a small library of epigenetics‑related 
inhibitors (80 compounds, Sigma‑Aldrich), JQ1 showed the 

highest ability to dedifferentiate IPF myofibroblasts among 
several candidates (data not shown). It has been clearly 
demonstrated that JQ1 can ameliorate lung fibrosis induced 
by BLM and radiation in animal models, probably through 
TGF‑β1‑mediated FMD (5,6). However, the involved molecular 

Figure 3. Identification and enrichment analysis of upregulated DEGs in JQ‑1‑treated cells. (A) Scatter plot and (B) volcano plot of expression profiles between 
two groups. Points colored in red were significantly different (adjusted false discovery rate P<0.05). (C) Functional enrichment analysis of 1,330 upregulated 
DEGs. Top 10 enriched Gene Ontology terms associated with molecular functions and biological processes, and KEGG pathways, and the negative log10 of 
the P‑value. (D) Hierarchical cluster analysis of DEGs in the KEGG pathway for glutathione metabolism between two groups. Red represents high relative 
expression and blue represents low relative expression. DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes; NC, normal 
control.
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mechanisms appear to be different between the inhibition of 
TGF‑β1‑mediated FMD by JQ1 and the reversal of established 
myofibroblasts by JQ1. To date, the transcriptional profiles 
related to the dedifferentiation of IPF myofibroblasts remain 
unknown. Hence, we have investigated the DEGs involved 
in the dedifferentiation of IPF myofibroblasts treated with 
JQ1, a potent reversal agent. The functional GO annotations 
and KEGG pathway analysis of the genes downregulated 
by the JQ1‑treatment clearly demonstrated the enrichment 
of ECM‑related gene sets (Fig. 3C). Furthermore, another 
pathway analysis, REACTOME, followed by GSEA also 
showed that fibrosis‑related gene sets could be enriched in 
the downregulated genes (Fig. 3D). Moreover, the changes 
in cytoskeletal organization and contractile activity were 
ranked in the top 10 of functional GO annotations and KEGG 
pathway analysis, which were probably associated with the 
downregulation of α‑SMA. Collectively, the results imply that 
JQ1 can reverse IPF myofibroblasts and suppress their main 
pathological aspects.

Interestingly, KEGG pathway analysis of the upregulated 
gene sets by JQ1 revealed that the GSH biosynthesis/metabo-
lism pathway could be potentiated by the reversal of IPF 
myofibroblasts (Fig. 3C). This notion was supported by the 
hierarchical cluster analysis of GSH metabolism‑related 
genes. Intracellular GSH has been reported to evoke an 
antioxidant function, and pretreatment of fibroblasts with 
a precursor of GSH, γ‑glutamylcysteine ethyl ester, was 
reported to ameliorate TGF‑β1‑induced FMD  (21,22). In 
contrast, inhibition of the GSTP1 gene‑encoding GST‑Pi1, 
which catalyzes FAS S‑glutathionylation by utilizing GSH, 
has been reported to ameliorate established lung fibrosis (23). 
Therefore, GSH and GSH‑related enzyme‑mediated intracel-
lular balance of oxidation/reduction states may correlate 
with the cell status of fibroblast/myofibroblast. Ferroptosis 
observed in the top 10 of the KEGG pathway analysis was 
also notable. To elucidate whether the ferroptotic pathway 
is involved in the dedifferentiation process of IPF myofi-
broblasts, we investigated the effect of ferrostatin‑1, an 
inhibitor of ferroptosis, on the downregulation of α‑SMA and 
ED‑A‑FN by JQ‑1. However, ferrostatin‑1 did not show any 
effect on JQ1 action, suggesting that the ferroptotic pathway 
may not function in the dedifferentiation process (data not 
shown). Myofibroblasts are resistant to FasL/FAS axis‑medi-
ated apoptosis compared to the normal fibroblasts  (24). 
Hence, dedifferentiated myofibroblasts might acquire high 
sensitivity to apoptosis as well as ferroptosis. Ferroptosis 
is regulated by glutathione and iron metabolism‑dependent 
lipid peroxidation (25). Therefore, the correlation between 
the two picked‑up pathways is of interest in estimating the 
cell status.

The BET proteins function as epigenetic reader proteins 
that specifically recognize acetyl‑lysine residues located on 
histones and promote the recruitment of transcription factors 
and chromatin organizers. Among the BET family proteins, 
the involvement of BRD4 in the progression of fibrotic disease 
in several organs, including IPF, has been well character-
ized (26). Epigenetics involved in the pathogenesis of IPF has 
been thoroughly investigated in various studies. The studies 
have revealed that a DNA hypermethylation‑associated 
decrease in mRNA expression can be detected in 16 genes of 

patients with IPF (27), histone deacetylase blockers efficiently 
inhibit FMD and the proliferation of IPF fibroblasts (28), and 
miRNAs function as profibrotic and antifibrotic mediators 
in IPF (29). We then performed miRNA microarray analysis 
using total RNA isolated from 46G‑F cells treated with or 
without JQ1 (Tables SII‑SIV; NCBI GEO accession number 
GSE140475). A previous report by Mullenbrock et al  (30) 
performed comprehensive analysis of miRNAs differentially 
expressed in fibroblasts from the lungs of patients with IPF 
and control groups. Therefore, information regarding upregu-
lated or downregulated miRNAs (three upregulated miRNAs 
and 16 downregulated miRNAs) in IPF fibroblasts compared 
to control fibroblasts was obtained from a previous study and 
checked against the data of the present study to evaluate the 
association of the overlapped miRNAs with lung fibrosis. 
As shown in Fig. S2, the Venn diagram revealed that our 
upregulated miRNAs overlapped six of the 16 downregulated 
miRNAs (hsa‑miR‑17‑5p, hsa‑miR‑21‑3p, hsa‑miR‑20a‑5p, 
hsa‑miR‑93‑5p, hsa‑miR‑155‑5p, and hsa‑miR‑345‑5p). 
Among these six differentially expressed miRNAs, both 
miR‑17‑5p and miR‑20a‑5p are the members of the miR‑17‑92 
cluster, which can reverse IPF fibroblast activation, but are 
downregulated in fibroblastic foci in the lung with IPF (31). 
Moreover, miR‑93‑5p can function as a negative regulator of 
TGF‑β signaling but is downregulated in the lungs of slowly 
progressive IPF  (32,33). These antifibrotic miRNAs were 
observed to be upregulated in the JQ1‑treated 46G‑F cells in 
which the fibrosis‑related genes were downregulated (Fig. 2). 
Hence, provided that JQ1 could reverse the characteristics of 
IPF myofibroblasts, the antifibrotic miRNAs downregulated 
in IPF fibroblasts may be recovered by treating 46G‑F cells 
with JQ1. In contrast, miR‑21 evokes fibrogenic action and 
is predominantly upregulated in myofibroblasts in the lungs 
of mice instilled with BLM as well as patients with IPF (34). 
Likewise, the expression level of miR‑155 in peripheral blood 
mononuclear cells is correlated with progressive systemic scle-
rosis interstitial lung disease (35). Whether these profibrotic 
miRNAs are upregulated by the compensatory actions of JQ1 
remains unknown but is of particular interest. Additionally, 
the downregulated miRNAs identified in the present 
study overlapped three of the 16 downregulated miRNAs 
(hsa‑miR‑99a‑5p, hsa‑miR‑146b‑5p, and hsa‑miR‑125b‑2‑3p). 
The mechanism regarding the relationship of these three 
miRNAs with the pathogenesis of IPF remains unclear, and 
further studies are required. KEGG pathway analysis for each 
differentially expressed miRNA is shown in Fig. S2B. Paying 
attention to the top 5 target pathways of each miRNA from 
the viewpoint of the beneficial effects of JQ1, cancer‑related 
pathways covered four different miRNAs. This result is 
expected since role of BET proteins as promising therapeutic 
targets in cancer is widely accepted (36).

In conclusion, we have clearly demonstrated that the 
inhibition of BET proteins by JQ1 could dedifferentiate IPF 
myofibroblasts. Furthermore, our study has provided new 
perspectives on gene and miRNA expression profiles associ-
ated with the reversal of IPF lung‑derived myofibroblasts. 
This notion will be more convincing if several established IPF 
myofibroblasts are used in future studies, although the myofi-
broblasts derived from an end‑stage IPF patient were used in 
the present study.
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